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ABSTRACT 

 

On the base of theoretical and experimental investigations we study 

filtration process of gas-liquid systems with regard to non-linear effects and 

inhomogeneity of a plate and on this base we determine filtration parame-

ters allowing to use more rationally internal energy of produced fluid and 

oil recovery improvement of a stratum. 

We consider filtration of homogeneous porous medium of fractal 

structure. 

Vibration wave influence on a stratum and bottomhole zone of walls 

is studied and investigated with regard to sliding fluid. Depth of penetration 

of elastic waves in a stratum is studied. Experimental investigations for im-

proving filtration and infiltration of fluid in porous media are carried out.  
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ORIGINAL LANGUAGE 
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OEIIJ:ASI XAPAKTEPHCTMKA PA60Tbl 

Aicry8JlbHOCTb TeMbl. Y senH11enne ne<tneoT.n,a11n rmacTOB n 6onee 

paunona'lbnoe ncnoJib30Banne anyrpenneil: 3tteprnn ,il.Ofo.1aaeMbIX 

ctimon.n,oB nap11.u.y c .n,pyrHMH ctiaI<TOpar-m, eme BO MHOrOM 3aBHCHT OT 

npaBtt.rlbHOro Bb16opa pe)KHMOB <fJH.'lbTIJaIIHH ctimon.n,oB c YlJeTOM 

HeJIHHeHHbIX 3cpcpeKTOB. 

<l>ttJiblpal.{IDI ra30)f(H,!1,KOCTHbIX CHCTeM B nopHCTblX reTeporeHHbIX 

cpe.u.ax conpoBOil<,IJ;aeTCH pa3JIH4Hb1MH npo11eccaMH, BJUUlHHe KOTOpblX 

npHBO.!J.HT K HeJIHHeHHbIM 3cpcpeI<TaM. 

Cne.u.yeT OTMeTHTb, ~1ro necpTeraJOHOCH&Ie nnacT&I a 6oJI&IIIHHCTBe 

C.'IYlJaeB HMelOT C.JIOJl<HYIO CTIJYKTYPY " JlB.'IJllOTCJl Heo.u.nopo.u.noii no 

npOHHQaeMOCTH cpe.u.oii. 

CTpH necra11Honapn&1x npo11eccax " B npo11ecce BbITecnenIDI o.u.Hoii 

)KH,11.KOCTH .zi;pyroii npoJIB.TIHeTCJl PM BIDKHhlX oco6eHHOCTeii. TaK, 

HanpHMep, B03HHKaeT npHCTeHHbie 3cpcpeKTbI, KOTOpbie npHBO.ZJ.HT K 

npOCKaJib3bIBaHHIO. 

HeYlJeT HeK0Top&1x He.'IHHeiinhIX 3cpcpeKTOB H cpp3.KTaJibHOCTH 

nopHCTOH cpe.ZJ;bl MOryT npHBeCTH K cepbe3HblM OIIIH6KaM npH 

HCCJie.ZJ;OBaHHH H H3YlJeHHH cpH.Tlblpal.{HH raJO)KH,11.KOCTHblX CHCTeM. 

Qe.nb pa6oTbl. Ha octtose TeopeTH'leCKHX H 3KcnepnMeHTa.i'lbHblX 

HCCJIC.U.OBaHHH, H3YlJeHHe cpHJiblpal.{HOHHOro npo11ecca raJO)l(H,11.KOCTHblX 

CHCTCM c YlJeTOM HeJIHHCHHblX 3cpcpeKTOB H neo.u.nopo.zi;HOCTH 1macTa Ha 

OCHOBe, 11ero onpe.u.enenne napaMelpOB cpHJib1'pal.{HH D03BO.TIJllOll{HX 

6onee pal..\HOHaTJbHO HCilOJib30BaTb BnyrpeHHIOIO 3HeprHIO .U.OObIBaeMbIX 

clin10H,11.a H yJI)"lwenne ttecpTeOT.ZJ;a'IH rmacra. 

MeTOAbI nccneAOBaHHR. PaccM011JeHHble a .u.uccepTaQHOHHOH 

pa6oTe 3a,n;a11n 6bIJIH peIIIeHbI MeTO.U.OM npeo6pa3oaanHH Jlannaca, 

MeTO.U.OM pa3.ZJ;eJieHHJl nepeMeHHbIX, MeTO.U.OM HHTerpHpoBa.HHJI 

.u.nit><PepeHQHa.JlbHbIX ypaaneHHH .zi;po6ttoro nOp'1.!J.Ka, MeTO.U.OM 

npeo6pa3oBaHHH Knpxrocpa n npn6JIIDKeHHblM Mero.zi;oM - MeTO.U.OM 

HHTerpaJibHbIX COOTHOIIIeHHH, npHMeHJleMbie B o6naCTH pa3pa6oTKH 

neit>TJlHblX MeCTOpOiK,D;CHHH H MaTeMaTH'IeCKOH TeOpHH <!>HJiblpa.QHH. 

Hay-1HaR HOBHlHa 33.KJit011aeTCJ1 a cne.u.YJQu:i:eM: 

- CToKaJaHO, 'ITO B reTCporeHHblX cpe.n;ax npH <!>HJib'IpaQHH OT MeH&WeH 

rrpoHHIIaeMOCTH K 60JibIIIeH, pacxo.zi; C'TaHOBHTCJI 60JibIIIe, 'ICM npH 

o6paTHOH ~HJIDYpaltHH. 
I10K3.33.HO, 'ITO c yaeJIH'leHHeM ii>PaICraJibHOH pa3MepHOCTH 

conpOTHBJieHHe cpe.ZJ;hI pacTeT, a pacxo.zi; )KH.ZJ;KOCTH pe3KO na,n;aeT. 
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- 00Ka3aHO, 'ITO C yMeHLIUemteM lJaCTOTbl ynpyrHX BO:IH rny61ma H:X 
npoHHKHOBeHHJI B n;iacT ysemt'IHBaeTCJI. Optt4eM c pocTOM se:ittlJHHbI 

Aro .n.o 10 -3 
M 

3 
/ c 2 

r:iyfarna npoHHKHOBeHHJI ynpyrttx BOJIH pe3KO 

yMeH1>maeTCJ1, a noc.,c Hero cTa6fl.'IH311pyc'TCJ1 H c.,a6o 3aBHCHT OT Aro . 
Hatt6on1>mttH. 34J.peI<T OT so3µ:eH.cTe1rn )l.OCTHraeTCJI B HHTepea.'le 

O:-::;Aro:S:l0-3
M

3/c2
. 

- 00JI)'4CHbl aHaJIHTHlJeCKHe Bbipa:>KeHHM ,ll.JIJI pacnpe.zi.eneHHJI ,ll.aBJieHUJI H 

pacxo.n.a :>KH;lKOCTH c yqeroM 3.p<tJeI<Ta npoc1<a!Jb3bIBattMJI. CToKa.Jatto, 'ITO 

npu onpe;le.TJeHHblX 3Ha'leHHllX ,laBJieHHJI HMeeT MCCTO aHOMaJibHOC 
)'Benuqeuue pacxo.n.a )l(H,ll.KOCTH. 

31<cnepuMeHTa.11>Ho u3yqeu1>1 oco6cuttaCTH .punLrpaI.lHH u 
HH¢HJibrpauHH :iKH.!lKOCTH B MO,n:eJIH nnacTa, r.!le 6LIJIO noKa3aHO, 'ITO B 

rereporettHLIX cpe.n,ax npH ¢un1>rpaQHH OT MeHblllCH npOHHQaeMOCTH K 
6on1>meii: npottcXO.!lHT yeC.'1H4eHue Ka34J4JuuueHTa npo.n,yI<THBHOCTH e 
cpe.n.HeM ua 15% no cpaeHeHHta c ttH<tJtt.'lbrpaI.ltteii:. OpeMmKeH 
MeXaHH3M Ha6.'lta)laCMblX JIB.lCHHH. 

- BHe.n:peHHe pe3yn1>Taroe H uroros npoee.n.eHHbIX uccne.n.oBaHHH 
noKa.Ja'lH, 'ITO pa6oTa ycTLeeoro retteparopa BO.'IHbI ttacrpoeHHaro Ha 
OCHOBe no.!JyqcHHbTX B pa6oTe pe3y.TILTaTOB o6ecne'l·HBalOT 6oJ,ee 

pauHOHaJlbHOC HCilOJib30BaHHe nnacroeoii: 3HeprHH H BHyrpeHHeH 

3HeprHH ;io61>rnaeMoii: )l(H)(KOCTH, noe1>1IUeHue KO)], .'1H¢Ta, yee.'lH'leHue 
o6'beMOB .n.o6wrn, CHH:iKeHue noTepL 3Hepruu. 

IlpaKTH'leCKaSI ueHHOCTb H peanHJaQHSI pelyJJLTaTOB pa6oT. 

Pa.Jpa6oraH uoe1>1ii: Tun ycTLeeoro ea.'lHOeoro reHeparopa perynupyeMoH: 
qaCTOTbl, o6ecne4HBalOLUHH yeeJIH'leHliC npHTOKa )l06hlBaCMOH 

npo.n:yKUHH, a TaK:iKe yMeHbUJCHHJI pacxo.n.a ra3a H CHIDKeHue n0Tep1> 

3HeprHH )lOObIBaeMOH :iKH,ll.KOCTH B nu<tJroebIX rpy6ax. 
OnbITHbIH o6pa.JCU pa3pa6oTaHHOro ycr1>eeoro eonHoeoro 

reHeparopa H3roTOBJieH H npoIUeJI nptteMO'IHble HCilblTaHHJI Ha CKB~HHe 

.N22015 Hr)J,Y «He¢TJ1H1>1e KaMHH». 

B peJyJILTaTe ette.n.peHHJI ycrpoH.cTea .n.oCTnrHyTO :yBenuqeHHe 
.n:ofa1qn He¢Tu Ha 20-25%, a CHH)l(eHne pacxo.n.a ra3a e cpe.zi:HeM Ha 20%. 

Anpo6a~ust pa60TL1. OcHaBH1>1e pe3y,11>TaTb1 .zi:ncceprauuaHHOH 

pa6oTbl )lOKJia.ll:bIBaJIHCb Ha: 
- HayqHo-npaicruqec1<0M KaH<tJepeHQHH «Xn;}meftqazyataq-2002», liaK)', 
2002r. 
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- Hayt.IHo-npaKTHt.IeCKOH KOH<f>epcHIJ.HH «XJZ;)rneftqazyataq -2004». Eal<)', 

2004r. 

- Me)J()l)'Hapo.LJ.HOH Kott<f>epem.1.uu, nocBHll.l.eHHOH 125-nCTHtO co ,n:HH 
po)J()lettnH aKa;J.e~rnKa JI.C. JleH:6ett3otta H I 00-JJeTHtO co JJ.Hll po)J()leHHH 

aKa.n.eMttKa A.n. KpbrnoBa, MocKBa, 2004r. 

- Ha:yqttbrx ceMHHapax HMM HAH A3ep6aH)J.)l(atta H OT)J.ena «MexaHHKa 

:>KH.LJ.KOCTH, raJa H TeopnH nnacTwrnocTH» HMM. 
Ily6JJHl<'.aUllH. Ha OCHOBe )J.HCCepTaU.HOHHOH pa60Tbl 6hrno 

ony6mtKOBaHO 5 (rni:Tb) CTaTeH H 3 ('rpu) Te3Hca. 

06beM H CTpyteTypa ,z:tucceprnunn. JJ.uccepTau.110HHaH pa6oTa 

coCToHT H3 BBe,lleHHH, TPCX mas, BbIBO.ll.OB H cnucKa .1HTeparypb1. Pa&rra 

H3.'lO:>KeHa Ha 119 CTPaH11u.ax, Bl(.,lJOt.IM 21 pucyttoK u 2 Ta6nHIJ.hI. CnncoK 

,1HTCparypbI CO)J.ep)f(HT 96 HaHMCHOBaHHH. 

CO,[J:EP)KAHME ,[J:MCCEPT AL(MM 

Bo see,z:tettnn o6octtoBatta aKryalbHOCTb Bhmo.1tteHHOH pa60ThI, 

Hayt.IHaH HOBH3Ha, npa1crw1eCKaH u.eHHOCTb, a TaIOKe c<f>opMynttposaHbl 

1.1.e.ilb H Ja;J.aqn pa60Tb1. 

B nepsoii rJJaee µ,uccepTau.1111 nposO.LJ.HTCH atta1H3 cospeMettttoro 

COCTOHHHH TeOpCTHt.IeCKHX " 3KcnepnMeHT3.JlbHbIX pa6oT, nOCBHllJ.eHHblX 

<f>ttJibTP~HOHHOMY npou.eccy )J(H)J.KOCTH B nopHCTbIX cpe,i:tax, a TaIOKe 

pa60T nocTPoeHHll MO.LJ.eneH: lf>ttJihTPal.(HH )f(H)J.KOCTH H nocTaHOBKH 

MaTeMaTnt.IeCKHX 3a;J.at.I H MeTO.LJ.OB nx pewettnH. B 3TOH o6naCTu BaJKHble 

)1.JIJI TeopHH H npaKTHKH pe3yJibTaTbl noJJyqeHbl M.T. A6acOBblM, r.J.1. 

Eapett6narroM, M.A. fyceuH-3a.Ll.e, B.M. EHTOBhIM, IO.fl )l(eJJTOBbIM, 

A.X. Mup3a;J.)l(a.ttJa.Zle, B.H. Il(e.11Kaqes&1M, J.1.A. lfapttbIM u MHOrHMH 

.LJ.pyrHMH yqeHbIMH. l13-3a Bbl)J.C.TJeHHR ra3a H o6pa30BaHHR ra30BOH 

npocnoHKH Ha CTeHKaX KaTIHJIJIHpOB npH Tet.ICHHH ra3ttpOBaHHOH 

:>KH)J.KOCTH B6JIH3H )1.aBJICHHJI HaCbillJ.eHHR npOHCXO)J.HT npHCTeHHble 

31f>lf>eKTbl. 3ro B CBOKl O'lepe.LJ.b npHBO)J.HT K 31f>lf>eKTY npOCKa1Jb3bIBaHHH. 

31f>lf>eKT npocKa.1&3hIBaHHH nccne.LJ.yeTcR B pa&rrax A.A. EonoTOsa, AX. 

Mup3aJl.)J(a.H3a.Ll.C, E.A. Cy.1JeHMaHOBa, r.x. MeJIHKOBa. 

B pa6oTax K.C. EacHHeea, AM. Bnacosa, 11.H. Ko'IHHOH, B.M. 

MaxcHMosa, C.H. EYJHHoaa, H.,ll,. YMpHXHHa, E.A. CyneiiMaHosa, 3.M. 

A66acosa H3:y1-ICHO BJIHllHHe tteMrHOBCHHoro 11peKpameHID1 npHTOKa 

)J(H.LJ.KOCTH B CKBa)l<HHY Ha KpHB&1e eoccTattos.IJeHHll .LJ.aBneHIDI. Ha 
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npou.ecc ct>HJibTJ)auHH )f(H)J:KOCTH B nopHCTbIX cpe.uax CHJibHO BJIH.HeT 

31}ict>eKT npocKaJib3blBa.HH.H, qTO npHBO,LlHT K He.,HHelfHblM 3Qict>eKTaM. 
003TOMY HJyqettHe cl>HJibTJ)aU,HOHHOI'O npouecca B IlOpHCTblX CpC,LlaX H 
KpHBbIX aoccraHOBJieHH.H .aaaneHH.H c Y'IeTOM HCMrttoaettttoro 

npeKpa.J.UeHH.SI npHTOKa )l(H,LlKOCTH B CKBa)f<HHY H 3QiQieKTa 

npOCKaJib3bIBaJllfH, a TaIOKe pa3pa6oTKa MeTO,LlOB onpe.aeneHH.SI 
napaMeTJ)OB cpe,Llbl npe,LlCTaBJI.HeT KaK ttayqHbIH, TaK H npaKTH'IeCKHH 

HJrrepec. 
Bo eTopoM naparpact>e nepeou rnaeb1 HJyqettbI <flaKT0pb1, 

BJIHHIOW.He Ha cpuJibTpauuoHHyro cnoco6HocTb nJiaCTa u MeTOJlbI ee 

yJiyqllleHH.H. OpeµMeTOM u3yqeHID1 MHOrHx ucc.ireJJ:oBare:ieu BBH.ilY 

npaKTH'IeCKOU 3HaqHMOCTH RBJI.HeTCH pa3pa6oTKa MCTO){OB onpe){eJICHH.SI 

napaMeTJ)OB 30HarfbHO-HeO){HOp0.LlHbIX rn1aCTOB npH tteyCTattOBHBlllHXC.H 

Qiu.TibTJ'a:UUOHHbIX npoueccax. Cyw.ecTByeT PM MeTo.n.oa B03.LleucTBIDI Ha 

npuJa6oiffiyro 30HY CKB~HH, HanpHMep al<)'CTH'IeCKOe, BH6poBO.TIHOBOC, 

3.TieICTpo H Martturnoe u T.Jl. Hau6oJiee nepcneKTHBHbIMH 

npe){CTaBJIRIOTCR <flH3H'-!eCKHe MeTO.LlbI, KOTOpbie He 'rpe6yroT npHMCHeHH.H 
.LlOporocTOHl.ll;HX ycTaHOBOK. B qacTHOCTH, npeJJ:JIO)l(eHHbie aKa,a:eMHKOM 

AX. MHp33.){)l(aHJa,a:e MeTO.Ll HMDYJibcttoro ao3.n.eikTBID1, 6apoo6pa6oTKH 
H «IDOKa». 

B TpeTbeM naparpacfie nepeou rJiaBbI npoBOJJ:HTCJl aHaJIH3 

reopeTH'IeCKHX H 3KCnepuMeHTIL"'lbHblX pa6oT IIOCBHII].eHHblX cpHJib'IJ)aumo 

)ICH){KOCTH B Heo,ll.HOPO.LlHblX nopHCTbIX cpe){aX. 

B 'leTeepTOM naparpacfie nepeoii rJiaBbl npoBO.LlHTCJl aHaJIH3 pa6oT 

DOCBRuteHHblX <flH.TibTJJaLlHH c yqeroM cppaKTa.llbHOH CTJ'YKTYPbl DJiaCTa. 

lliyqeHHIO <flHJibTJ)aU.HH B nopHCTOH cpe){e c cppaKTa.TibHOH CTJ'YICTYPOU 

nocanutettbI pa6oTb1 pMa aBropoa, TaKHX Ka.J< A.B. MaJibIDaKoaa, P.n. 
Meii.Tlattoaa, P.P. HlffMary.Tiutta, Ii.A. CyJienMaHoaa, M.M. XacattoBa, <l>. 

Xayc.nopcpa, J. Feder, M. Muskat, P.G. Saffinan, G.I. Taylor. 

HccJie.noaaHue H uJyqeHue ct>mibTpaLlHH B rropuCTbIX cpe.n.ax c 

cppaKTa.TibHOH CTpYKT)'POH H Ha HX OCHOBe onpe,neJieHHe napaMeTJ)OB 

CHCTeM npe.nCTaBJIJleT KaK ttayqHblH, TaK H rrpaKTH'IeCKHH HHTepec. 

<l>pa.KTIUibl BCTJ)el.(alOTCJl B orpoMHOM 'IMC.Tie ct>HJH'IeCKHX RBJieHHH H 

npou.eccoB. ,l(JIR ODHcaHHSI pa3JIH'IHbIX npHpO,D;HbIX SIBJieHHH H npou.eccOB 

4>Pa.KT3JlbI nO.TI)":IHJIH wupoKoe npHMCHeHue B pMe pa&rr Mau.nem,6pOTa. 

Bo eTopoii rJiaBe ,LtHccepTaU.HOHHOH pa6cm.J paccMaTJ)HBalOTcH H 

H3yqa.t0TCJI cpHJI1t'Ip31.UIH ct>moH,ZlOB B HOO,!Ulopo,LtHWX nopHC'I'WX cpe.nax. c 
Y'JeTOM cppaKTaJibHOCTM cpe.nbI, BJIHJIHHJI 3ct>«f>ercra npOCI<a.1Th3LIBaHIDI, 
HeMrHoBeHttoro npeKpalll;eHHH rrp1IT01<a :IKH,ll;KOCTH B CKB~tty. TaIOKe 
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H3)"-laCTCJl en6poBOJJHOBOe 803.ZJ;eikTBHe Ha n.r1acT H npHJa60HH)'10 30HY 

CKBaJKHHbl. 

B nepBOM naparpacl>e BTOpoii rJJaBbl Ha octtoec reopeyuqecKHx 

HCCJJC.ZJ;OBa.HHH H3)"1aCTC11 B.TimlHHC 30Ha.'lbHO HCO.ZJ;HOpO.ZJ;HOH 

npoHHI.W.eMOCTH nopncTOH cpe.ZJ;hI Ha ee <t>H.1IhYpau:HoHttyIO cnoco6ttocTh 

npn O.ZJ;HOMCpHOH HeCTaQHOHapHOH <t>mihYpau:uu c )"-ICTOM KOHeqHblX 

pa3Mepoe nnacTa. ITpueo,ZJ;uTc11 ypaeHettue <l>HJJhYpaIJ.HH: 

~2P. 
0 I 

&2 
1 8Pi 
-- (1), 

{

z1, npu O::;x::;/1 

r.ZJ;e x == , Xi, X2 -1<034>4>nu:ueHTbl n&e3onpoeo,ZJ;ttocm; 

z2 , npu 11 ::; x"$/2 

P1 , P2 - cooTBeTCTeyromne .ZJ;aBJJCHIDI; - epeM11; X - 1<oop.ZJ;HHaTa; /1 , 

12 - .ZJ;JIHHa ITJJaCTa. 

HaqaJJhH&1e ~ = ~1 , ~ =~1 npH t = O (2) u rpaHnqH&Ie ycJJOBH11 

(}Pi_ 0P2 P. J -p, D I - D Pi = P2 npu x;:::: /1, k1 Bx ;:::: k2 Bx npu x == 11 , 1 x=0 - 1, i-2 .-c=J -i-0 (3), 

r .ZJ;e P0 - Ja6outtoe ,ZJ;ae.11ettue, ~ - KottrypHoe ,ZJ;aeJJeHue. 

ITpuMeHHJI npeo6pa3oeattne JlanJJaca H nepexo.ZJ;a OT HJo6paJKeHHJI K 

kl OP, I 
opnrnHaTJY, H )"-IHThIBa11 paeeHCTBO: Q = µ. f & x=O (4), r,ZJ;e Q-

pacxo,ZJ; iK~ocru; f - nnom~h nonepeqHoro ceqeHHJI cTeHKH nnacTa, 

IIO.TI)"-laeM iJpl H nocJie HCKOTOpb!X npeo6paJOBaHHH IlOJI)"-laeM 
ox 

BblpaJKeHHe .li1UI onpe.ZJ;CJICHHJI BCJIHqHHbl pacxo,ZJ;a B HCO,ZJ;HOpO.ZJ;HO­

nopHCTOH cpe.ZJ;e. 

npoee,ZJ;eH qffCJICHHhlH paC'ieT JHaqeHHC paCXO.ZJ;a B npJIMOM H B 

o6paTHOM ttanpaeJieHHJIX <l>HJI&YpaIJ.HH. PeJyJI&TilThI pacqeTa 

npe.ZJ;CTaBJICHhl Ha pHc. 1. noKaJaHO, qro npH <l>HJlb'IpaUHH OT MCHbllleH 

npoHuu:aeMOCTH K 6om.weH: npoHuu:aeMocrn, pacxo.z:i. CTaHOBHTCJI 6on&me, 

qeM npu o6paTHOH <t>HJib-rpall.HH, qTQ HMCeT BIDKHOC npa.KTH'iCCKOe 

3Ha'iCHHC npu 3KcnnyaTaIJ.HH H JaKaqKH CKBaJKHHbl. 
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Q 2 

1,8 

1,6 

1,4 

1,2 

1 i 

0,8 I 

:: ~----------2-----
0 L 

0 0,05 0, 1 0,15 

PHc. l 3aBHCHMOCTh pacxo.n:a )!{H.llKOCTH Q(M'/cyi1 OT BpeMeHH t (cyrKH): 

1-cl>HJibT)JaUml OT MCHhUieH npOHHU:aCMOCTH K 60JibIIIeH:; 2-qmJibT)JaU:HJI 

OT 60JibWeH npOHHQaeMOCTH K MeHbllleU 

Bo BTopoM naparpa<l>e BTopoii r.11aeb1 paccMoopetta 

HCCTaUHOHapHaJI nnocKopa;:i:Ha.~bHaR cl>HJihT)JaI.I.IDI B 30HaJibHO-

Heo;:i:Hopo;:i:HOM mracTe c )'1-IeTOM era KOHelfHOH npOTjJ)!{CHHOCTH, H 3a.z:i:aqa 

pemeHa aHaJIHTHlfeCKHMH MeTO;:i:aMH. ~mKeHHe )!{H,l{KOCTH B nJJaCTe 

npOHCXO.llHT B ycJIOBHjfX 3aMKHyro-ynpyroro pC)l(HMa. 

CooTBeTCTByiomee ypaBHeHHe HMeeT BHA: 

aM1 I a ( aM1 ) --=-- rx1-- ,npuR srsR1, Ostsoo at r ar ar c 

(5) 

aM2 I a ( aM2 ) Bt=-;: EJr rxz & ,npuR1 srsR2,0stsoo, 

r.n:e Re - pa.n:nyc CKBa)l(HHbI; R1 - pa;:i:Hyc I JOHbI nJiacra; R2 - pa;:i:Hyc II 
30Hbl nJiacTa; r - KOOp.ztHHaTa. 

HalfaJibHbie ~ = O, M 2 = 0, npH t = 0 ( 6) H rpaHHlfHbie yc.~OBH" 

k ~ &P2 
1 ---;;- =k2 -a:-' npu r = R1 , 

Mi I r=R, = Pn - ~ (7), r;:i:e Pn - .n:aBJieHne Ha kOHT)'Pe IlHTa.HH.ll:; P, -
.n:aBJieHHe Ha 3a6oe CKBa)l(HHbl. 
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,LVIJ1 pewettHJl 3a,Ll.a'-!H npHMetteH MeTO.ll pa3.nerreHHJl nepeMeHHbIX. B 
,llaHHOM crryqae 3TOT MeTO,ll Il03BOJUleT onpe,lleJIHTb . IlOCTOJIHHbie 

HHTerpttpoaaHlUI. 
l1HTerpHpyJ1 (5) c Y1.feTOM rpaHH'-!HbIX ycrrOBHH (7) IlOJIY1.feHO 

TPaHcueH,lleHTHoe ypaatteHue: 

H3 Koroporo onpe.nem110TCJ1 era Kopnu xv . 
B HTOre nocne neKOTOpblX npeo6pa3oaannu ,llJia .naaneHIDI H pacxo.na 

JKH,llKOCTH nonyqeHbI ypairnenna: 

J ( x R2 )J (x ) 
P

2
(r,t) = Pn - ~ ln.!_-7r(ln.&) MY f 0 

"Rc 
0 

v x 
ln-c R2 Rc In Re v=l J 2( R2 )-J2( ) 
~ ~ o~ o~ 

- - RC 

x U (x .!_)exp(- x2 X 2t)· v ,, R ,. R2 ' 
c c 

(9) 

x(J,(x,)Y, (x,)- J 0 (x, )f,(x,)}·exp(-x; ~r) l 
PeJyJibTaTbI 'lHCJieHHbIX pac'leTOB npe.ncraaJieHbI tta puc.2-4. 

KaK BHJJ.HO H3 pucyttKa 2 u 3, npu cl>HJibTPauHH OT 6onbweu 

npoHHUaeMOCTH K MeHbWeii, pacxo.n JKH,ll.KOCTH CTaHOBHTC'1 TIO'ITH B ,LJ;Ba 

pa3a MeHbIIIe, '-leM npu o6paTHOH cl>HJib'IpauHH. 
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Q 

0,02 1-----------
1 

2 
!'--~~~~~~~~~~~ 

0,016 

3 

i 
0.012 L _____________ _ 

0 10 20 30 40 

PHc.2 l13MeHeHHe pacxo)l.a )l(H,ll.KOCTH Q(M3 
/c) B 33.BHCHMOCTH OT 

apeMeHH t( c) B HeO)l.HOpO)l.HblX IIOpHCTblX cpe)l.ax: <f>HJibTPaQHR OT 

60JlbIIIeH npOHHQaeMOCTH K MeHbIIIeH k1 = 0,1·l0-12 
M

2
, k2 = 0,05 · l 0-12 

M
2 

{1-JS/R1 =5; 2-10, 3-100) 

Q 
0.041 

2 

0,03 \__ 3 

i 
! 

0.02 l. 
0 10 20 30 40 

Puc.3 l13MeHeHne pacxo)l.a )l(H,ll.KOCTH Q(M3 /c) e 3aBHCHMOCTH OT 

epeMeHH t(c) B HeO)l.HOpO)J.HblX nopHCTbIX cpe,ll.ax: <f>HJibTPaQHR OT 

Metti.meH. npoHHQaeMOCTH K 6oni.IIIeH "1 = 0,05· I0-12 Al, Js = 0,1·1Cf12 Al 
(I - R 2 IR I = 5; 2 - l 0; 3 - 100 ) 
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I-fa pHc.4 cne,n:yeT, lJTO none ,ll.a.BJICHHH BO BTOpo:H 30HC IIJiaCTa CHJlbHO 

JaBHCHT OT OTHOUieHHH R, / R., nptttJeM c yBeJIHlJeHHCM JHa'lehIDI ~ IR, , 
IIOTepH ,D:a.BJJCHHH yeemf'IHBaeTCH. 

P2 

50 

3 

30 

10 

0 200 400 600 800 1000 

Pttc.4 3aettcttMOCTb ,n:ae.11ettttH Pi OT KOOp,D:HHaTbl ~: 

l-R 2 /R 1 =5;2-10;3-100, Pz, Mila 

B TpeTbeM naparpac(>e aTopoii rJJaBbI uccne,n:oeaH 

0,D:HOMepHOH CTa.J..{HOHapuoH: <l>ttJib'I'pa.J..{HH B HCO,D:HOpo,n:uoH: 

<l>PaKTaTILHOH CTPYKTYPOH. )l(n,nKOCTb npttHHMaJiacL 

HCC)KHMaeMoii. Ypa.Bttentte <l>ttJJL'I'pa.J..{HH ttMeeT en,n 

~(k~'·p·~P)=o 

cnyqaii 

cpe.n:e c 

001.eMHO 

(I 0), 

r,n:e ao - IlOCTOHHHLIH K034><Pm.i:uettT; k - npOHHQaeMOCTb nopHCTOH 

cpe,D;LI; µ - .lJ.HHaMH'ICCKaH BH3KOCTL )KH.D:KOCTH; p - IlJIOTHOCTL 

)l(H.lJ.KOCTH; a - <l>paKTa.llbHaH pa3MepHOCTb nopHCTOH cpe,D;bl. 

rpaHH'IH&IC yc.TIOBHH 11=o= Pi_, Pl=1= P2 (11), r;:i;e pl - ,lJ.a.BJICHHC 

Ha KOHType IlHTa.HHH; Pi- 3a6oiiuoe ,lJ.a.BJICHHe; l - .lJ.JIHHa IIJiaCTa. 
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d"P 
H.ttrerpupy11 (10) nOJI)"IHM dx a = c (12), r.n:e C- IIOCT011HHOC 

uHTerpuposaHHe. };fa ypaBHCHHSI. (12) c yqeTO~ (11) IIO.'lj"IHM 

p ( \~a X ~ - = f3 + 1-- /3 JS (13), r.ue ~ = -1 ; fl = p . 
~ 2 

Pacxo.n: )l(H,!J:KOCTH .n:.r111 cpe.n: c cppaKTa.!1bHOH CTPYKTypoif MO)f(eT 6hITb 

ka daP 
onpe.n:eneH no 3aKotty ,ll.apcu <l>opMynott Q = - µo f dxa (14), r.n:e Q-

pacxo.n: )KH.l(KOCTH qepe3 tteo.n:ttopo.n:HyJO nopucTyto cpe.n:y c ¢paKT3..llhHOH 

CTPYf<TYPOH. 
Tor.n:a 113 (14) c yqeTOM (12) " (13) 6y.n:eM HMeTb 

0 = a kao f P1 - I'(a )P2 
- µ /" 

(19), r.z:i:e /"' =(~ f"; 0 - pa3Mep nec•rnHKU. 

Q ca [p-r(a)] 
YpasHeHHe (15) MO)f(HO npuseCTU K BH.D:Y - = ~ ) I (16), r.n:e 

~ -1r-
Qo - pacxo.n: )f(U.L(KOCTU 4epe3 Heo.n:ttopo.n;Hy10 nopucry10 cpe.n:y 6e3 

<l>paKTIUibHoif CTPJ'I<TYPbI. 
PeJyJibTaTb1 qucneHHbIX paC4eTOB no <l>opMyne (13) u (16) 

npe.n:cTasneHbI Ha puc.5 u puc.6. 
11.3 pucyHKa 5 BU.L(HO, c yse,1uqettneM qipaKTaJibHOH pa.3MepHOCTH 

nopucroii cpe.L(b1 a , KpHB3Jl pacnpe.n:enettu11 .n:asneHu11 cTaHOBHTC11 6onee 
BblrryKJIOH, T.e. conpOTHBJieHHe cpe.L(bl paCTeT. 

11.3 pHCyttKa 6 BU.L(HO, 'ITO pacxo.n: )f(U.L(KOCTH qepe3 nopHCTYJO cpe.n:y 
CHJibHO JaBHCHT OT lf>paKTaJibHOH pa3MepHOCTH a . npH4eM, npH np04HX 
paBHbIX ycJIOBH11X c :yBei1ll'ieHneM lf>paKTIUibHOH pa.3MepHOCTH a 
nopucroH: cpe.n:b1 pacxo.n: )KU.L(KOCTH pe3KO na.n:aer. 

TaKHM o6pa3oM, KaK csu.n:eTeJibCTBYJOT npose.n:eHHbie uccne.n:osaHHH, 
HeyqeT <l>aKTopa qipaKTa..rrhHOH CTPYKTYJ>hI nopucroii cpe.n:b1 MO)KeT 
npHBeCTH K 6oJibllIHM omu6KaM npu U3)"IeHHH <l>H.TlbTPalJ.HH )f(lf)J;KOCTH. 
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) 

) 

) 

) 

1,4 

1,3 

1,2 

1,1 

1 ----------1----....- ----- _l ····-- ·-

0 0,2 0,4 0,6 0,8 

Pttc.5 KpttBhie pacnpc,ll.c.TJett1u1 .L(aBJieHH51 Pf Pi no i; (B 6e3paJMepttbIX 

e,ll.HHHU.ax): I- a= 1; 2- a=~2; 3- a=~4; 4- a=l,8 

0,B 

0,6 

0,4 

0,2 

0 , ', 1,2 1,3 1,4 1,5 

PHc.6 fpa$HK HJMeHeHH51 Q/(J; s JaBHCHMOCTH OT $paKTall&Hoif 

pa3MepHOCTH a (B 6e3paJMepHbIX e,ll.HHHUax) 

B 'leTsepTOM naparpa<l>e uccne,ll.OBaHO BH6posonttosoe so3,ll.eii:crsue 

Ha n.riaCT H npH3aOOHH)'IO 30HY CKBaJKHH c Yf.leTOM 3$1j>eI<Ta 

npocKaJJh3bIBaHH51 ){(H,lU<OCTH. CT}JOHTC.Sl MO,ll;enb npo.uecca., H 

onpe.zxe.1J.S110TC.S1 iparcropi.r, BJlIDllOIUHe Ha ero MeXaHHJM. 
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Pacnpe.neJieHne .naerreHHH B nnacre onucbrnaerc11 ypaettettueM 

DbeJODpOBO,lJ,HOCTH 

aP = _!_~[rx(P) 8P] 
at r ar ar (17) 

Ha11aJibHble P. I = P. (18) H rpaHH'IHhie yc11oem1 ~r-" =?,, (19) r ,=0 3 ' I ~-. 

2Jrhk iP =g:t) (20), r.ne Pr u P3 - cooTBeTCTBeHHO .naenettue Ha 
µCr r-r, 

ranepee nnacTa u Ha 3a6oe CKB<l)l(HHb1; PK - KOHT)'pHOe .na.snettue; R. -
pa,!lH}'C KOHTYJla m1acTa; re - pa,!lHyC CKB<l)l(HHbI; h - TOJII.IJ;HHa DJiaCTa. 

,[{JUI peweHHJl HeJIHHeUHOU KpaeeoH: Ja;\a'IH ( 17) npHMeHJleM 

npeo6paJoBaHue Kupxro$a 

() = _I_~ k (P )dP (21), 
k

0 
o 

r.ne k 0 - Ha'laJihHoe JHa11ettue KOJ$<f>uuuettTa npottuu:aeMOCTH. 

PaccMOTpCH $nnh1"pal{HOHHbIH npouecc Bb1we u e6nn3H .nae.11.eHHH 

HaCbII..U;eHHJl (6e3 H c yqeTOM J$$eKTa npOCKaJib3bIBaHJ{Jl). 

c yMeHbWeHHeM 'laCTOTbl BOJIH rny6utta HX npOHHKHOBeHHJl B nnacT 

YJ!enu11ueaeTCJ1, 'ITO uMeeT BaJKHoe npaKTw-recKoe Jtta11ettue. KpoMe Toro, 

.!lJIJl YJ!e.11u11eHHJ1 rny6uHLI npoHHKHOBeHmr eo,1H ux 11acTOTy tteo6xo,n:HMO 

BbI6paTb KpaTHOU ~ . 
R ~ 

Ha puc. 7 npe.ncneneHLI pe3y11bTaTLI 11ucnettttoro pac11en no 

TO'IHOMY H npu6mOKeHHOMY peweHHJIM .!lHHaMHKH nepena.na .!laBJieHHJl, a 

TaIOKe rny6nHLr npoHHKHOBCHHH ynpyrnx aonH npu pa3JIH'IHLix Aro . 
Bu,n:Ho, 'ITO c yMeHLwettueM Y:aCTOTLI ynpyrHX BOJIH rny6uHa ux 

npOHHKHOBCHHJl B n.naCT YJICJl.H'IHBaCTCJl. npH'ICM C pOCTOM BCJIH'IHHbl 

Aro ,n:o 10-3 
M

3 
/ c

2 
rny6utta npoHHKHOBCHHJl ynpyrux BOJIH pe3KO 

)'MCHLwaercH, a nocne Hero CTa6u.nn3npyercH u cna6o JaBHCHT OT Aro . 
Hau6onLwuu J$$eKT OT BOJ,n:eH:cTBHJl ,n:ocTHraeTCH e HHrepeane 

O<A <10-3 3/ 2 _ OJ_ M C . 
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Puc. 7 3aBHCHMOCTh r.rry6HHhI r, M npoHHKHOBemu1 ynpyrux BOJJH OT 

CKOpOCTH KOJJe6aHHH (Am)· 10-4 !\fl /c 2 : 1 - TO'IHOe peweHne; 2 -
npu6nIDI<eHHoe peweHne 

B IlHTOM naparpa«J>e .zi;aHHOH rnaBhI paccMaTPHBaeTCJI BJJIDIHHe 

3<l><i>eKTa npocKa!Jh3hIBaHIDI Ha HeCTaUHOHapHylO <i>H-1bTPaUHIO )l(H,ZJ.KOCTH. 

JJ:emKCHHe )f(H,ZJ,KOCTH c IlJJOCKopaµ,uaTibHbIM Te'letmeM npOHCXO.LJ;HT B 

ycnoeHJIX 3aMKHYTo-ynpyroro pe:>KHMa. DoKa3aHo, 'ITO 3qiqieKT 

npOCKa.Jlh3hIBaHHJI OKa3bIBaeT cym:ecTBCHHOe BJJHJIHHe Ha 

<l>ttnhTPaUHOHHYIO cnoco6HOCTb nopHCTOH cpe.a;hl. 

B wecToM naparpa«J>e myqaeTCJI enIDIHHC 3<l><i>eKTa 

npOCKa.Jlh3bIBaHHJI Ha KpHBhie BOCCTaHOBJJeHHJI .a.aBneHHJI c yqeTOM 

HeMrHOBeHHOrO npeKpam:eHHJI npHTOKa :>KH.LJ;KOCTH B CKBa.)l<Htty. 

PaccMaTPHBaeTcH CKBIDKHHa c Ha'lanhHhIM .zi;e6HTOM 0o, e onpe.zi;eneHHhIH 

MOMeHT, KOTOporo npoHCXO.LJ;HT ee HeMrHOBeHHaJI OCTaHOBKa. 

0pe.zi;no,1araeTCH, 'ITO npOHHUaeMOCTb nOpHCTOH cpe.LJ;bl 3aBHCHT OT 

.zi;aBJJCHIUI. 

Ha pHc.8 npe,z:i;cTasneHbI pe3y.TibTaTbI qucneHHoro pacqera H3MeHettue 

.zi;aeneHIDI Ha CTeHKe CKBIDKHHbl. 

KaK BH,ZJ,HO H3 pucyHKa 8, Kor.zi;a .a;aBneHue :>KHAKOCTH 6nIDKe I< 

.zi;aeneHHIO HaChIW.eHIDI, TO H3-3a 3«l>«l>eKTa npOCKaJlb3bIBaHHJI 

BOCCTaHOBJJCHHe .LJ;aBJJeHHJI npOHCXO.LJ;HT 6bICTµee 'leM, I<or.zi;a 3TOT 3«l><i>eKT 

oTCyrcTByeT (KpHBhle 1-2 puc.8). 
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~Pr 

1,2 

0,8 

0,6 ~ 

0,4 

0,2 

0 

0 0,2 0,4 0,6 0,8 1,2 

Pttc.8 KpttBhie aoccraHOB.TJeHHR .n:aarreHHR c )"IeTOM HeMrHoaeHHoro 

npe1<paIIJ,eHHR npIITOI<a )l(H,D:KOCTH, Kor.na npoHuuae'.\10CTh IlOCTORHHa 

k =canst H c yqeroM 3<fi<f>eKTa npoc1<a'lh3hIBaHHH H tteMrHoaeHHoro 

npeKpaIIJ,eHHR npHTOKa )l(H)lKOCTH k=k(p)' (.; = !._ _ 6e3Pa3MepHM 
T 

aeJIH'l.HHa, /;}.pr = /;}.pr - 6e3pa3\.1epHM aerru•mtta): I- RK = 200 
p K - pcm 

( k =const); 2- R" = 200 (k=k(p)) 

B nepBOM naparpa<f>e TpeTbeii r.riaBbl .n:uccepTilUHOHHOH pa6oThI Ha 

OCHOBe npoae.n:eHHhIX 3KCnepHMCHTa..'lhHhIX HCCJie.n:oaaHHH B 

Jia6oparopHhlX yc.TIOBHRX H3yqetthl oco6ettHOCTH <flmlhTJlaUHH H 

HHll>HJih1'paUHH )l(H,ll.KOCTH B o1HHeHHOH MO,ll.eJIH Il.TJaCTa. JlttHeHHaJI MO,D:eJih 

nJiaCTa COCTORJia H3 )l.Byx 30H pa3JIH'IHOH npOHHuaeMOCTH H 6brna 

HJroroaJietta a Btt.n:e UHJIHH.ll.PHllecKOH -rpy6L1 ,ll.JIHHOH I, 1 M H 

BHYTJleHHHM .n:naMe-rpoM 0,032 M. CToKaJaHo, 'ITO npH <f>n.'lhTJla.I.lHH BO.D:hI 

OT MettLmeu npottuuaeMocTu K 6011Lmeu npoucxo,a;HT yae.TJnlfeHne 

KOJcl>qmuneHTa npo.n:yKTHBHOCTH B cpe,a;HeM Ha 15% no cpaBHeHHIO c 

nHct>m1b-rpaQHeu. CTpe.n:no)l(eH MexaHHJM tta6nro.a;aeMblX JIBJiettun. 

Bo BTopoM naparpacj>e .a;aeTCR BHe,ll.pettue peJyJihTilTOB 

HCCJie,ll.OBaHHJI B npOMbICJlOBbIX YCJIOBH.IIX. J-fayqeHhl H onpe,a;eJieHhl 

MexaHHJM BJaHMO,D:eHCTBHR H rny6HHa pacnpocTJlaHeHHR B nnacra.x 

ynpyrHX BOJIH B 3aBHCH~10CTH OT napaMCT(lOB retteparopa H c Ylf eTOM 

napaMe-rpoa nnacra. PeJyJILTaTbI H HTOrH npoae.a;ettHbIX Hccne.n:oaaHnH: Ha 
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CKB<l)KHHe pa6oT no HCTibJT3HHfO YCTJJOHCTBa noKa.Ja.'IH, 'ITO pa6oTa 

ycTbCBoro BOJIHOBOro retteparopa H ero TCXHOJIOrH'-ICCKM cxeMa 

o6ccne'IHB3fOT 60.r1ee paU,HOHaJibHOe HC00J'Ih30B3HHC nnacTOBOH Ii 

sttyrpcHHCH :rncpnrn .LJ.06hrnaeMOH )l(H.LJ.KOCTH, nosb1llletttte KI1,[( .rrnqna, 

yscnwrctttte o6oCMOB .LJ.06hl'IH, CHH)l(CHHe noTepb 3tteprHH 

OCHOBHhIE BhlBO.ll.hl 

I. OhI.'IO noKa3atto, "ITO s rCTeporettHbIX cpe.LJ.ax nptt ¢11nbT{Jau11H OT 

MCHblllCH npOHHUaCMOCTH K 60.'IbllICH npoHHU,aCMOCTH, pacxo,LJ. 

CT3HOBHTCH 60JibllIC, 'ICM npH o6paTHOH cl>HJibT{J3UHH. 

2. DoKa3aHo, 'ITO c yeemI'leHHCM 4>paKTaJihHOH pa3MepHOCTH 

conpOTHBJICHHe cpe.a,br paCTCT, a pacxo.n: )l(H)J.KOCTH pe3KO na.n:aer. 

3. DoKa3aHo, 'ITO c yMcHbllICHHeM 'laCTOTbI ynpyrttx BOJIH rny6Htta 

HX npoHHKHOBCHHH B rn1acT yee.!J.H'IHBaeTCH. Dptt'ICM c pOCTOM eenH'IHHbl 

Aw .n:o 10-J M
3 

/ c 2 rny6Htta npoHHKHOBCHHH ynpymx eonH pe3KO 

yMeHLlllaeTcH, a noc.!J.e Hero CTa6H:IH3HpyCTcH H c.!J.a6o 3aBHCHT OT Aw . 
Han60.111>WHH 34>QieKT OT eoJ.n:eiicTBHH .n:ocTHraeTCH B HHTepea.ne 

O::;;Arn:510-3
M

3/c 2
. 

4. DO.TIYlJCHbI aHa'IHTH'ICCKHe Bbip3.)KeHHH ;:i:.u pacnpe.n:encHHH 

.n.as~'IeHHH H pacxo.n:a )l(HJJ.KOCTH c y'ICTOM 3cpcpeKTa npocKa.rtb3hIBaHHH H 

HCMI"HOBCHHOro npeKpaW,CHHH npHTOKa )l(H)J.KOCTH B CKBaJKHHy. 

DoKa.JaHO, 'ITO nptt orrpe.n:encttHbIX 3Ha'leHHHX .n:as,'IeHHH HMeeT MCCTO 

aHoMaTihHOe yeenH"ICHHe pacxo.n:a )l(HJJ.KOCTH. DoKa.JaHo, "ITO npn 

HaJ'IH'IHH 3<l>cfleKTa npOCK3.1Jb3bIBaHHH BOCCTaHOBJICHHC .n:aeneHHH 

nponcxo.n:HT 6hICTIJCC 'ICM, Kor.n:a 3TOT 3cpcl>eKT OTC)'TCTByeT. 

5. 3KcnepHMCHTa..TibHO T3K)l{C nOKa.JaHO, 'ITO B rCTeporeHHbIX cpe.n:ax 

npH cpHJibT{J3U,HH OT MCHbllICH npOHHI..{aeMOCTH K 60JibUICH nponcxo.n:UT 

)'BC.TJH'ICHHe K03cpcpHU,HCHTa npo.n:)'KTHBHOCTH B cpe.n:HeM Ha 15% no 

cpaeHCHHIO c HHcl>H.TibTIJaU,HeH. Dpe.n:no:lKeH MexaHH3M Ha6mo.n:aeM1>1x 

HBJ'ICHHH. 

6. PeJyJI1>TaT1>1 H nrortt: npoee.n:eHHblX nccne.n:oeaHHH H BHe.n:peHHH 

nx B npoM1>rc.11oe1>rx ycnoBHHX no ncrr1>1TaHHIO ycT{JOHCTBa noKa.3aJ1H, 'ITO 

pa6oTa YCTheBoro BOJIHOBOro reHepaTOpa H TCXHOJIOfH'ICCKaH cxeMa ero 

BHe.n:peHHH o6ecne'IHB3JOT 60.11ee paU,HOHaTihHoe HCnOJib30B3HHC 

ITJ13CTOBOH H BHyrpCHHCH 3HeprHH .lJ:OObIBaeMOH )l(H)J.KOCTH, nOBbIIIlCHHC 

KI1J1. .TIHqrra, )'BCJIH'ICHHC ofueMOB .ll:OObl'IH, CHH:lKCHHC nO'Tepb 3HeprHH. 

17 
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