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Baoicnetiwumu onepayuiamu pemorma CeNbCKOXO3AUCMBEHHOU MEXHUKU SA6ASI0OMC onepayuu O4YUCmMKU pemoHmupyemslx
00bexmos. dmu onepayuu 8bINOIHAIOMC 800HbIMU pacmeopamu morowux cpedcms (MC). MC cocmosim u3 wenounvix coneii u
NOBEPXHOCMHO-AKMUBHbLX 6euecme (HAB) B npoyecce ucnojlb306aHUsl Moowue pacmeopvl HACblaromcs 3aepA3HeHUsIMU. ,ZZ/’I}I
npodﬂeﬂuﬂ cpoka CleJIC6bl MOWUX pacmeopoe6 U nosblUleHUsl Kavecmea MOUKU pacmeopsl ovuwarom pasHblmu cnocobamu ¢
npUMeHeHUuem pazHooOPAa3HbIX YCMPOUCMS.

OOHUM U3 NepCHeKMUBHbIX YCMPOUCME 05l OYUCIKU MOIWUX pACMEOpOos8 AGNAIMCA mpybduyameie MeMOpaHHble
Qurempyrowue snemenmol. llpu npasunrbHo NOOOOPAHHBIX MAMEPUANAX MEMOPAHBI, pexcume OUUCTHKU MONCHO O00CMUYb
6bICOKOU CMeneHu 0YUCmKu MOWUX pacmeopoes om mgepdbzx yacmuy 3a2pﬂ3H€Huﬁ Uu Kanejib macud. Hpu npogedenuu OAHHbIX
UCCNEO006AHUNL  GLINOMHANCA — AHANU3 onydaukosauﬁod qubopMauuu, onucanue npoyecca O4YUCmiKu, meopemudecKkoe
paccmomperue U anaiu3 npomekarnujux npoyeccos, CYwecneeHHo 6aUli0MuUx Ha npoyecc O4ucmiKu. B cmampve npe()cmaeﬂeﬂ
anaiuz mamepuanoe M6M6paH u npet)ﬂoofceHo Ol OuUCMKU MORWUX pacmeopoe om m@ep()blx uacmuy u kKanejib macia
UCnoJjib306amov zudpogbuﬂwble M€M6paHbl. Hpuee()enbl pesyiomanibl meopemudecKkoco aHaiuza npoyecca o4ucmiKu Monowux
pacmeopos mpyouameiMu MemMOPanHbIMU Quibmpamu. YcmanoeieHo, wmo paboma MeMOPAHHbIX QUILIMPOE NPU OYUCTKE
Mowux pacmeopoe OO0JIIICHA 6ECMUCH npu NOHUNCEHHbIX 3HAYEHUSAX nepenada oaenenui. Munumanvroe 3uayenue CKopocmu
MmeueHUs HCUOKOCIU 8001b NOBEPXHOCTNU MEMOPAHbL OOINHCHO OblMb MAKUM, 4mobvl 11006an Kanis Macid, nonaguds 8 nopy,
npoxodwza CKB03b Hee UJlU YHOCULACb NONMOKOM JICUOKOCTNUL.

Hznooicennas memoouxa no3gonsem paccuumamv napamempuvl Quibmpa u pedxcumvl e2o padomul. IIpedcmaenenvi
meopemuyecKue 3a6UcCUMocmu ons onpebeﬂeHuﬂ CPAHUYHBLX pA3Mepoe6 Kanelb macia BblOeCNACMbIX MMKpOd)uﬂbmpOM npu
3A0AHHbIX mpeﬁo@auuﬂx K Kauyecmey OYUCMKU. HO]I)/’-{@HCZ meopemu4eckas 3d8UcCUmMocnib ONUHbL Mqu0¢qubmp(l om eco
Juamempa u naowaou urbmpyroujeli No8EPXHOCHU.

Knrwuesvle cnosa: ouvcmra, Moowuil pacmeop, pemMonm, uibmp, niexKd, nopd.

The most important operations of the repair of agricultural machinery are the operations of cleaning the repaired objects.
These operations are performed with aqueous solutions of detergents. Detergents consist of alkaline salts and surface-active
substances (surfactants). In the process of using, washing solutions are saturated with contaminants. To extend the service life of
cleaning solutions and improve the quality of washing, the solutions are cleaned in different ways using a variety of devices.

One of the promising devices for cleaning detergent solutions are tubular membrane filter elements. With properly selected
membrane materials, the cleaning mode can achieve a high degree of cleaning of detergent solutions from solid particles of dirt
and oil droplets. When conducting these studies, an analysis of published information, a description of the cleaning process, a
theoretical review and analysis of the processes that significantly affect the cleaning process were performed. The article
presents an analysis of membrane materials and suggests using hydrophilic membranes for cleaning detergent solutions from
solid particles and oil droplets. We have presented results of a theoretical analysis of the purification of cleaning solutions by
tubular membrane filters. It has been established that the operation of membrane filters during the cleaning of detergent
solutions should be carried out at lower values of the pressure differential. The minimum value of the flow rate of the liquid
along the membrane surface should be such that any drop of oil that has entered the pore passes through it or is carried away by
the flow of liquid.

The described method allows to calculate the filter parameters and modes of its operation. We have presented theoretical
dependences for determining the boundary sizes of oil droplets emitted by a microfilter with given cleaning quality requirements.
We have obtained the theoretical dependence of the microfilter length on its diameter and the area of the filtering surface.

Key words: cleaning, cleaning solution, repair, filter, film, pore.

BBegeHne

K umcny BakHEHIIMX oOIepaluil TEXHOJOTMH PEMOHTA CEJIbCKOXO3SHCTBEHHOW TEXHUKH
OTHOCSITCS OTIepaIllii OYUCTKU PEMOHTUPYEMBIX 00BEKTOB. OCHOBHOI 00bEM MOEYHO-OUHUCTHBIX
OIIEpALMil BBIMOJHAETCA C IPUMEHEHUEM BOJHBIX PACTBOPOB TEXHUYECKUX MOIOLIUX CPEICTB
(MC). OcHOBHBIMH KOMITOHEHTaMU COBpeMEHHbIX MC SBIISIFOTCS IIEI0YHBIE COJU U OJHO WJIU
JIBA CHHTETHYEeCcKHe MNoBepXHOcTHO-akTuBHBIE BemecTBa (IIAB). Comu o6pasyroT ¢ Bonoi
UCTHUHHBIE pacTBOpbl, a [IAB mpu paboueil koHuentpauuu MC yacTUYHO pacmajaroTcs Ha
MOJIEKYJIbl, @ YaCTHYHO OOpPa3yIOT KpPYIHBIE arperaTbl, TaK Ha3blBa€Mble MHULEIUIbI, HMEIOIIIE
pa3Mepbl KOJUIOMJIHBIX 4YacTHL. B mporecce HCrnonb30BaHMs MOIOIINAE PACTBOPBI HACHIIAKOTCS



CMBIBAEMBIMU C TIOBEPXHOCTEH PEMOHTHUPYEMBIX OOBEKTOB 3arps3HEHUsSMU. B 3Trom ciydae
3arpsi3HEHHBIA MOIOILIUI PACTBOP COIJIACHO MOJIOKEHUSM KOJUIOMAHONW XMMHH MOXKHO CUHUTATh
CJIOKHOM KUJKON JUCIEPCHOW CHUCTEMOW, B KOTOPOM IUCIEPCHOM CPENOM SBIAECTCS BOJIHBIN
pacTBOp coJeil MOIOLIEro CpeicTBa, a AucCIepcHoi (a3oi — Haxonsdluecss B pacTBOpeE
3arps3HeHus. J{7s mpoanieHus CpoKa CIy>KObI MOIOIIMX PACTBOPOB M TOBBIMICHHS KavyeCcTBa
MOMKH pacTBOPbI OYHILAIOT Pa3HBIMU CIIOCOOAMHU C IPUMEHEHUEM Pa3HOOOPa3HBIX YCTPOMCTB.

OcHoBHasA YacTb

B paborax [1, 2, 3] O6bpu10 TIOKa3aHO, YTO HAMOOJEE MOIXOMSIIUMHU ISl OYHCTKHA MOIOITHUX
PacTBOPOB SBISIOTCS (PU3NIESCKUE METO/IBI.

®u3nyecKkue METOJbl OCHOBAaHBI Ha BBbIIEICHUHM AMCIEPCHOW (a3bl MpU MPOJAaBIUBAHUU
JUCTIEPCHOM CUCTEMBI CKBO3b MOPUCTBIC MaTepuaibl ((PUIBTPHI) WM pa3IeICHUN TUCTIEPCHBIX
da3 B cunoBom moje. [Ipomecc mnponaBIMBaHUS JUCIEPCHOM CHCTEMBI CKBO3b MOPHUCTHIE
MaTepuaibl C I[ETbI0 pa3felieHUus NUCIEePCHBIX (a3 Ha3biBaeTcs (UIBTPOBAHUEM, MPHYEM B
3aBHCHUMOCTH OT Pa3MepoB MOp (HUIBTPOB (PHIBTPOBAHHE MOJpa3AeisaeTcss Ha MPOIC)KUBAHUE,
00BIYHOE QHIIBTPOBAHUE, MUKPO(QHIIBTPOBAHNE U YIBTPaQUIbTPOBAHHUE.

MuxkpoduinbTpoBaHue MpeAHa3HAuYeHO i 00pabOTKM TOHKOJUCHEPCHBIX CHCTEM, pa3Mepbl
YaCTHII TUCTIEPCHOHN (ha3bl B KOTOPBIX COCTABISIOT OT HECKOJBKHX MHUKPOMETPOB JIO pPa3MEpOB
KOJUTOMJIHOM cTeneHu aucrnepcHocTd. JucnepcHble (as3bl KOIJIOUTHBIX CHUCTEM pa3eNsitoTCs
yIbTpadIbTPOBaHKEM. B KauecTBe QUIBTPYIOIIMX MATCPUATIOB MPH MUKPODWIBTPOBAHUH U
yIbTpapUIbTPOBAHUM HaNOOJIEe YACTO MPUMEHSIOTCS TOHKOIIOPUCTHIE MaTepHallbl — MEMOPAHBI.
[ToaTOoMy ABa mocieqHUX BUJa GUILTPOBAHKS HA3bIBAIOT €IIe U MEMOPAHHBIM (PHIIBTPOBAHUEM.

Haubonee TeXHONOrMYHBIMU U PACHpPOCTPAHEHHBIMU SBISIOTCA TpyOdaTble MeMOpaHHbBIE
bunpTpyromue 31eMeHTbsl. OHM MPEACTABISIIOT COO0M MIMPOKOMOPUCTYIO TPOUYHYIO, Yallle BCETO
CTEKJIOIJIACTUKOBYIO TPYOKY, HA BHYTPEHHIOIO MM PEKE Ha BHEIIHIOIO MOBEPXHOCTbh KOTOPOM
HaHECEHa TOHKas TUICHKa C OOJBIIMM KOJWYECTBOM MHKpoOoTBepcTuid (mop). Eciam mnenka
HAHECEHA Ha BHYTPEHHIOIO MMOBEPXHOCTh, TO OYMIAEMAas KUJIKOCTh IO/ IaBICHUEM IOIAaETCs B
TPYOKY, PUYEeM JIJIsl IPESIOTBPALIECHUS 3a0MBaHUST MUKPOOTBEPCTHUI MOKET OBITH OpPraHU30BaHO
WHTEHCUBHOE ABM)XCHHUE OUUIIIAEMOH KUIKOCTH BIOJb TPYOKH.

[Togbopom maTepuasia MeMOpaH, pa3Mepa UX MOpP U PEKUMOB OYUCTKH MOKHO OOECIICUUTH
MPAKTUYECKH JTI0ObIE TpeOOBaHMUS K OYMCTKE, OJHAKO MPUMEHUTEIHHO K MOIOUIMM pacTBOpam
MOKa OTCYTCTBYIOT KakK TJyOOKHE TEOpeTUYeCKHe pa3palOTKU, TaK | JIOCTATOYHBIN
MpakTUYeCKuil ombIT. PaHee ObUTHM HCCIEIOBAaHBI BO3MOXXHOCTH HCIIONB30BAHHS TPYOUaTHIX
MeMOpaHHBIX (PUIBTPOB IS pa3eeHUs] 0OpaTHBIX YMYJIbCUH, T. €. 00€3BOKUBAHUS JU3EITHHBIX
ToruB [4, 5, 6].

N3BecTHBI QrIbTpallMOHHBIE YCTAHOBKU C TPyOUaThIMU MeMOpaHaMmu [6], TpeIHa3HAYCHHBIE
JUISL pa3fieJIeHUsl BOJIOMACISHBIX SMYJIbCUNA U OYUCTKU MOIOIIMX pacTBOPOB. OHU MPEACTaBISAIOT
c000¥ 010ku (PUITBTPYIOIINX SJIEMEHTOB TPYOUaTOil (POPMBI, BHITIOJHEHHBIX U3 CTEKJIOTIIACTHKA.
Ha Hero HnaHeceHa mopucTas MeMOpaHa TOJNIIMHON HECKOJbKO JECATKOB WIU COTEH
MUKpOMeTpoB. Pazaensiemast sMmysbcusi ¢ OOJIBIION CKOPOCTHIO MPOXOIUT BHYTPU TPYOKU MO
OONBIIMM JaBICHHEM U TPOHUKAET CKBO3b MEMOpaHy M CTEKJIOIJIACTHK, a YacTHIIBI Macla
3anepxuBaroTcs memOpanoi. Co3ganHas B TOCHUTU momobnast ycranoBka bBTY 05/2 nmns
OUMCTKHA MOIOIIUX PACTBOPOB, obOecrmeuuBaeT yaaneHue 99,9 % uyucna TBEpABIX YacTHUIl U
TOHKOCTb OYMCTKH 5 MKM [7].

[Ipu paszneneHUH >KUIKUX CMeced MONMMEPHBIMA MeMOpaHaMu OOJbIIIOE 3HAUEHUE UMEET
MpaBUJIBHBIN BBIOOp Matepuana mMemMOpaHbl. [lonsipHBIE KHAKOCTH XOPOIIO MPOHUKAIOT 4Yepes
NoJIIpHbIE MeMOpaHbl, a HEMOJAPHBIC KUJIKOCTH — Yepe3 HemoJspHble MeMOpaHbl. M3BeCTHO,
YTO TAKWE CHUCTEMBI SBISIOTCS JHOPWIBbHBIMA. MeMOpaHbl B JIMODHIBHBIX CHUCTEMAX CHIIBHO
HAOYXarT U SBIISIOTCS, MO CYTH, KOHIIEHTPUPOBAHHBIMU KOJUIOMJIHBIMU CUCTEMaMU — CTYIHSMHU.
CoBepIieHHO HE B3aMMOJICUCTBYIOT MEMOpPaHbI U JKUJIKOCTH, HE COBMAIAIOIINE 110 MOJISIPHOCTH.
B sTtom cnyuae memOpanbl 0071a/1at0T HAUMEHBIIIEH MPOHUIIAEMOCTHIO.

OOGBIYHO MEMOPAHBI JCNAT Ha JIBA OCHOBHBIX THIIA: TUAPODUILHBIE U TUIAPO(POOHEIE.



K runpodunbHbIM OTHOCSTCS MeMOpaHbl U3 pPEreHepUpOBaHHOW MLEJUTION03bI (Lesuiodan),
aleTaTLeUII0NIO3b], MOJMBUHUIOBOTO CIUPTA, MOJNMAKPWIOHUTPHUIA, HEWIOHAa M T.A.; K
rupooOHBIM — MeMOpaHbl M3 CJIOXKHBIX 3(HUPOB IEIUTIONO3BI, TaKME KakK MPOMHOHAT
LEJUTI0JIO3bI, OYTHPAT LEJUII0JI03b, AalleTOONPAT LEJUII0II03bI C COJAEPKAHNEM alleTUIIbHBIX Py
5..15% wu Oyrupanbupix rpynm 35...50 %, memOpaHbl W3 TOJIMATWIIEHA, IMOJUIPONHICHA,
HEOIIPeHa U Jp.

Ecnu B pacTBOpe 0MH U3 KOMIIOHEHTOB SIBJISCTCS THAPOPOOHBIM, a APYroi TUIAPO(UIBHBIM,
TO JUIS 1ieNiell pa3/iesieHust MOT'yT ObITh UCIOJIb30BaHbl Kak I'MIpOQUIbHbIE, TaK U IMIpOodoOHbIE
nonumepsl. Ecnu 06a KoMIoHeHTa SBISIIOTCS THAPOGOOHBIMU, TO U MeMOpaHa JOJKHA OBITh
rupooOHON. B npoTMBHOM ciydae HpH HCHOIB30BAHMM MeMOpaH U3 THIPOGHIBHOTO
Marepuaja CKOPOCTH pas3jelieHus OyAyT KpaiiHe ManbIMH. TO K€ OTHOCHTCS U K CMECH
IUIPO(QUIBHBIX BEIECTB.

B nanHOM ciydae paccMaTpuBaeTcs MPOIECC OYMCTKH MOIOIIETO pacTBOpa OT 3arpsi3HEHU,
KOTOPBIMH SIBJIIFOTCSI MCXOJHO TI'MIpo(oOHBIE KaIUIM Macel M TBEpAble YacCTULbl Pa3IMYHOIO
npoucxoxaenus. [locnennue 0OBIYHO TMOKPHIBAIOTCS IUICHKAMH Macell M HEe3aBUCHMO OT HX
IIEpPBOHAYAJILHBIX CBOMCTB CTAaHOBATCA Takke TuApo(oOHbIMH. B cBA3M € 3TUM OCHOBHOE
BHUMaHHE B JIaHHOM aHalM3€ MHKPOQMIBTPAIMN IOCBSIIEHO BBIICICHUIO M3 MOIOIIETO
pacTBopa Kamenb Macesn. OHHU, HAXOJICh B MOIOILIEM PAacCTBOPE, MOKPHIBAIOTCS CIOEM MOJIEKYI
[TAB, xotopsie OGmarogapsi MPUCYIIMM MM CBOMCTBAM MPHIAIOT KAIUIIM Macel TUAPO(UIbHbIE
cBoiictBa. B TOoM cnmyuae, korma u MemOpaHa Obuia ruapodoOHoit Monekynsl [IAB
TUAPOQWIM3HPYIOT W €€, YMEHbIIas TpU OTOM HPOIYCKHYIO CIIOCOOHOCTH TIOp, HO
TUAPOPIIbHYI0O MeMOpaHy TuapodoOu3upoBaTb OHU He OyayT. B cBsA3M C 3TUM MOXKHO
NPEIOI0XKHUTE, YTO JIUISI OYMCTKH MOIOIIMX PACTBOPOB OT Macell W THAPO(GOOHBIX 3arps3HEHUI
1es1ecoo0pa3Ho MCHOJb30BaTh TI'MIPO(QUIbHEIE MEeMOpaHbl, B TOM Cily4ae, Korjga TpyOdaras
MeMOpaHa IpenHa3HadyeHa Ui MPOITYCKAHUS PAcTBOpa M 33JCP)KMBAaHUS TBEPIBIX YaCTHUI] U
Karelsip Macia.

CKOpOCTh, C KOTOPOH OT(PHUIBTPOBAHHBINA pacTBOp ((puiabTpaT) MpoXomuT yepe3 mMeMOpaHy
Opyu MHUKPOQMIBTpALlUM, SBISETCS (QyHKIUEH Kak pa3MepoB MHOp, TaK M UX KOJIUYECTBY Ha
eAMHMILY TMoBepXHOCTH MeMmOpaHbl. [lo Mepe OiiokupoBaHMsI HOp yacTHULAMU 3(PQPeKTUBHAsS
HOPUCTOCTh MEMOPAHBI U CKOPOCTh (PUIIBTPALIUH NAAAIOT.

B paccmarpuBaeMoM ciydae TpeAIoNiaraercsi, YT0 MUKPO(DHUIBTPAIUS OCYIIECTBISIETCS C
MOMOIIIBI0 MEMOPaHHOTO TPyOYaToro (hUIBTPYIOLIETO 3JEMEHTa, a LENbI0 OUYHUCTKU SBISIETCS
MaKCHUMaJIbHOE y/IaJIeHue Macell 10 YPOBHS, ONPENeIsieMOro TpeOOBaHHEM, COTIIACHO KOTOPOMY
B QUIBTpaTe HE JIOJKHO COJAEPIKAaThCsl MUKPOKAIelb Macel, OOJIbIINX ONPENeIeHHOTo 3apaHee
3aJJaHHOTO pa3Mepa.

[lpuHiMnuanbHas TUOUYHAS cXeMa paboThl MEMOpPaHHOrO (UIBTPYIOLIEro 3JIEMEHTa
MoKa3aHa Ha pUCYHKE.

Ouuwaemviii
pacmeop

Ouuyennviii pacmeop

Puc. Cxema paboTbl TpyOUaTOoro MeMOpaHHOTO (QHIBTPYIOLIETO SIEeMEHTA:
1 — xopmyc; 2 — ocHOBa TpybUaToro 3nemMeHTa; 3 — MeMOpaHna; 4 — mrynep; 5 — Apocceib



OunmiaeMslii pacTBOp MOJ JaBJICHHEM IIOAAETCS B TPYOUaThI AJIEMEHT, COCTOSIIMN U3
MIMPOKOMOPHCTOM OCHOBBI 2 M HAHECEHHOM Ha Hee M3HYTpH MeMOpaHHOU ruieHku 3. Pactsop,
MIPOXOJs BIOJIb DJIEMEHTA, NMPOHUKAET CKBO3b IMOPHI MEMOpPaHBI W OCBOOOXKIAETCS OT Macell.
OuuIileHHBIM PacTBOP CKAaIUIMBAaeTCs B Kopmyce | W BBIBOAMTCA M3 HEro 4yepe3 mryuep 4.
BrigenenHbie Macia BMECTE ¢ OCTaTKaMH PacTBOPA BBIXOMAAT U3 (PHIILTPYIOIMIETO dJIEMEHTA Uuepe3
JIpoccenb 5, HEOOXOMUMBIM JUIsl co3JaHus TpeOyemMoro mAaBjeHUsS BHYTPH MEMOpPaHHOTO
bunsTpa.

W3BecTHO, YTO TIOBBINICHUE TIepenaja JaBieHHH AP IPUBOIUT K MOBBIIICHUIO MPOU3BOIUTEILHOCTH
¢GunbTpyromero sneMenta. OIHAKO TPH 3TOM MOXET HACTYNUTh TaKOH MOMEHT, KOTrJa Karuld Maceln
pasMepom Oosbie mop GuiIbTpa OYAYyT MPOAABINBATECS CKBO3b HUX, UYTO MPUBEAET K HEOOOCHOBAHHOMY
HOBBIIICHHIO YHEPrOEMKOCTH IMpoIiecca (GUIIbTpaly ¥ CHUYKEHHIO CTeTIeHH O4MCTKU. [loaToMy mepenas
JaBJICHUI, TMPH KOTOPOM BO3MOXKHO TIPOJAABIMBAHUE Kameidb Macell, NPUMEM 33 MaKCHMAaJIbHO
JIOTTyCTUMBIM TIO0 TEXHOJIOTMYECKUM cooOpakeHHsM mepenan. [lpu rumpoduibHOW MeMOpaHe
KallMJUISIPHBIC CHJIBI TPETISITCTBYIOT MPOXOXKICHUIO Maclia CKBO3b MOpy. Torna Ha OCHOBaHUHM 3aKOHA
Jlanmaca [8] MokHO 3ammcaTh ypaBHEHHE AJIS pacdyeTa JOMyCTUMOTO IIepernaa JaBIeHNN:

Ap = 4(c, — 6,,) / dy, 1)

I/I€ Gp — IIOBEPXHOCTHOE HATSHKEHHME MOIOLIET0 PacTBOpa; Gy — IOBEPXHOCTHOE HATSIKEHUE
macia; d, — auamerp nop GuibTpa.

Hekortopsie 3Hauenust G, HpuBelAeHBI B pabore [8], a mns ero ompenelneHus, Hampumep, s
JU3ENLHOTO TOTUTUBA, MOYKHO MCIIOJIb30BaTh YpAaBHEHHUE !

6, = 31— 0,1t, MH/m. @)

rae t — remneparypa Tomnusa, °C.

YpaeHenue (2) Mony4eHO Ha OCHOBAaHHM 00PabOTKH CIIPaBOYHOro Matepuaina [9].

3HauYeHHUs G, Ul pa3HbIX PACTBOPOB OINPEEICHBI paHee U NPUBEEHBI B padore [2, 10].

3Hasl BEJIMYHHBI Gy M G, U TI0JIb3YACh YPAaBHEHUEM (2), MOKHO OIPEAEINTD Ul Pa3HBIX TEMIIEpATyp U
MeMOpaH C pa3HBIMH pa3MepaMH IOp MAaKCHUMAaJIBHO IOMYCTHMBIH W3 YCJIOBUSI «HENPOJAaBIUBAHMS»
KarieJib Macja nepenaj JaBJIeHuss Ha MeMOpaHe WU JUIsi U3BECTHOTO JaBJICHHUs 1M0J00paTh MeMOpaHy C
TpebyeMbIM pa3mMepoM mop. 3HaueHue d, YKa3plBaeTCsl B XapaKTEPUCTHKE MEMOpaHbI MK MOXET ObITh
JOCTaTOYHO JIETKO U3MEPEHO.

B cBasu ¢ manuumem B Moromux pactsopax ITAB pasnocts (6, — G,) HEBENMKa, CIE0BATEILHO HA
OCHOBAaHMM aHaju3a ypaBHeHHS (1) MOXHO YTBepkIaTb, YTO paboTa MEMOpaHHBIX (QHUIBTPOB MPH
OYHUCTKE NOAOOHBIX JKUAKOCTEH T0JDKHA BECTUCH IIPU TOHMKEHHBIX IEPernafax qaBIeHHUS.

Jns yBenmuueHHs JOMyCTUMOIO Iepernasa JaBleHHs MOXKHO HCIIONb30BaTh pa30aBlIeHHE pacTBOpa
BOJIOH, YTO BEJIET K NOBBIIIEHHIO G, WM IPUMEHATH MEMOPAHBI C MEHBIIUM Pa3MEPOM I1OP.

[MpenoTBparnieHue 3a0MBaHuUs MOP NPU MPUMEHEHUH MEMOPAHHBIX QIIBTPOB OOBIYHO 00eCIIeunBaCTCS
HEOOXOIUMOI CKOpPOCTBIO Te4YeHHS (UIBTPYEMOH JKUAKOCTH BAOJL IOBEPXHOCTH MEMOpAHBI.
MunuManbHOE 3HaYeHHE CKOPOCTH JOJDKHO OBITH TAaKWM, 4TOOBI JIF00as Karuid, IMOMaBlias Ha MOpY,
MPOXOJINJIa CKBO3b HEE WIIM YHOCHIIACH TOTOKOM JKUAKOCTH, T. €. CKaThIBAJIACH C TIOPHI.

Haunbonee HeOnaronpusTHON ¢ TOYKM 3pEHMS CKAaThIBaHHUS C IOPHI KaIUIM, OCEBIIECH Ha Hee, Oyaer
CUTyanusi, IpU KOTOPOH Ha TOPY JUDKET Kaluld JWaMETPOM, MPEBBIIIAIONIMM TUaMETp TOpPbI, HO Ha
BO3MOXHO MEHBLIYIO BEeJIM4YHMHY. Ecin mpeaBapuTenbHO AOMYCTHThH, YTO B JIIOOOW TOUYKE IMOMEPEYHOTO
CEUeHMs IMOTOKA CKOPOCTh JKMIAKOCTH €CThb BEJIMYMHA MOCTOSHHAs, TO yroi [ HoAXoJa Kamjik K
MOBEPXHOCTH MeMOpaHb! (YroJl HakJIOHa BEKTopa abCOJIOTHOW CKOPOCTH — ,) B Havyalle (QHIbTPYIOIIETO
3JIEMEHTA MOKHO OTIPEJEIIUTD CIEAYIOMINM 00pa3oM:

B = arctan (vg / voc), (3)

TJIe Uy — COCTAaBISIONIAs CKOPOCTh B HAIPABICHHHU, NMEPIEHINKYIAPHOM K ITOBEPXHOCTH MeMOpaHbI
(cKOpOCTh (PMIIBTPALINHN); Vo — CKOPOCTH KAIUIM BAOJIb OCH (PUIBTPYIOIIETrO 3JIeMEHTA.
CocTaBIIsIONIY 0 CKOPOCTH Vg MOYKHO BBIPA3HUTh CIEIYIOLIMM 00pa3oM:

Dy = ch / (kTCdL), (4)
rac Qq, — pacxon (l)I/IJ'H:TpaTa; k — OTHOLICHHC CyMMapHOfI miom@aan mpoxXoAHOro CCYCHHS MOp K
IUIOIIA/ I BHYTPEHHEH MOBEPXHOCTH MeMOpaHbl, d — BHYTpEeHHUi iuaMeTp MeMOpanHoro ¢uibtpa; L —

JUIMHA paccMaTpUBAEMOT0 y4acTka (GUIIbTpa.
CoCTaBISIONIYI0 CKOPOCTH Do MOKHO OMPEAEITUTH TI0 U3BECTHOH QopMmyIe:



Doe =4 Q, / (md?), (5)

rae Q, — o01mas mogayva )KMIKOCTH B QUIIBTP.
Torma yron B MOKHO HalTH 110 opMmyJie:

B = arctan [Qy / (kwd-L) / Q,/ (m-d/ 4)]. (6)

ITo Mepe npoABMKEHUS PACTBOPA BJIOJIb TPYOKH 3HaueHHe Q, yMeHbIIaeTcs Ha BelnuuuHy Qg, IpuyeM
Benu4rHA Qg HE ABIIAETCS MOCTOSHHOM JaXke PU OTCYTCTBHH MOCTENIEHHOT0 3a0uBanus nop. Ha orpeske
¢unbTpa IMHOM L oHa OyAeT paccuuThIBaTHCS MO POpMyIIe:

Qp = wkmdL/Ap, )

re | — AMHAMUYecKas BI3KOCTh MOIOIIETo pacTBopa [4].
[Ipu 5TOM MUHHMABHOE 3HAYCHHE Pa3Mepa Karluld MOXKHO ONPEeNUTh 1o (hopmyIie:

de = d,, / sin B. (8)

Karumu, pasmepom menbiie d,, OyIyT MPOXOAUTH CKBO3b MOPHI, a OOJIBIIHE — 3aA¢PKUBATHCSA HA HUX,
HO TIPU AOCTaTOYHON CKOPOCTU TEUSHHS KHUIKOCTH BIOJIb TPYOKH OYyAyT YBIEKATHCA MOTOKOM SKAIKOCTH
1 0CBOOOXKIATh TIOPHI.

[lpu HeoOXomUMOCTH TpeOOBaHHWS K KAdyecTBY OYHMCTKHA pPAacTBOpPa MOTYT OBITh OOOCHOBaHBI C
HCIIOJIb30BaHUEM OITyOJIMKOBaHHBIX pekoMeHmanuii [11, 12].

CymectBytomass teopust [13], paccMmarpuBaronias NOBEACHUE YacTHUIIblL, JeXalled Ha
MOBEPXHOCTH U OOTEKAaeMOW MOTOKOM 3>KHUJIKOCTH, MPEAINOJaracT, 4To IPU OMpPeaAeIEHHOM
JUHAMHUYECKOM JIaBJICHUHU IOTOKA YKUJIKOCTU IMPOUCXOAMUT CKOJIbKEHHE 4acTulbl. OgHako B
COOTBETCTBUU C NMPUHATON MoJenbio [4, 5] 6oee BeposATHBIM OyAET HE CKOJIbKEHHUE, a KaueHUe
Karuiu.

B panee omyOnmkoBaHHOW paboTe [4] MoNydeHO YpaBHEHHE JUIsl pacyeTa MUHUMAIbHON
CKOpOCTH, oOecreuMBaroiell CKaThIBAaHWE JICTIIMX HAa TOpYy Kamenb. [IpuMeHuTenbHO K
paccMaTpuBaeMbIM YCIIOBHUSIM OHO OYJI€T UMETh BU/I:

dulpy—py )9
n[O,SAp+%]sin2B

Umin =

(9)

Cyx(1+cosp)

sinf +Cy] ’

npu
rle pp U Py — COOTBETCTBEHHO IUIOTHOCTH Moromero pactsopa u Macen; C, m C, —
K03 duireHTsl HOpMbI YacTHIl; Ky — KOI(DOHUIMEHT, YIUTHIBAIOIINA YaCTUYHOE MOTPYKECHHE
Karesib B TIOpy.
Koaddunment K, paBeH OTHOIICHHIO TUIONIA M BEPTHKAIBHOTO TOMEPEYHOTO CCUCHUS YaCTH
KaIUIM, BBICTYMAOLIEH HaJl MOBEPXHOCTHIO (MIIBTPA, K IJIOLa M O0dbIIOro Kpyra Kamiu. Panee
[4] s pacueTa K, mosydeHo ciieayroliee BhpakeHHe:

Ky =1 (my /180 — siny) / 2. (10)

Jns  pacuera OXHIaeMbIX pe3ylbTaTOB Ipoliecca HEOOXOTUMO HMETh BO3MOXKHOCTb
TEOPETUYECKOr0 OMPEJENIEHNs pa3MepoB Karleidb BOJIbl, KOTOpbIE, ABUTAsCh MOJA YIJIoM [ K
MOBEPXHOCTU MEMOpaHBbl, 0053aTEIbHO MPONUIYT CKBO3b IMOPY BMECTE C (PUIBTPATOM.

JlomycTUMO MpeanoaokKHUTh, YTO JAHHOE YCIOBHE OyJEeT BBIIOJIHEHO, €CIM Karulid BOHAET B
Nopy Ha MIyOWMHY, HE MEHBIIYIO TOJIOBHHBI e¢ auaMeTpa. Pacuyer mpenenbHOro 3HadeHus dx
MO>KHO BBIMIOJIHUTH 110 hopmye [4]:

d, = 2d, tan § - tan(*=F). (11)

Kamutn, umeromue auamerp, Haxopsmmics B mpenenax dg ... O, B 3aBUCHMOCTH OT PEKHUMOB H
YCIIOBUHM BXOKAEHUS B TOPY MOTYT MPOUTH C (DUIBTPATOM, a MOT'YT OCTaThCsI B AUCIIEPCHOM cpefe.

Y CcTaHOBUB MO U3JI0KEHHON METOJIMKE MUHUMAIIBHYIO CKOPOCTb TEUEHHS Vyc, 00ECIICUNBAIOIILYIO YHOC
TBEPJBIX YACTHII M Kallellb Macia, OCEJAIoIIUX Ha MeMOpaHy, MOXKHO OIpEJeNUTh HEOOXOIMMBbIH
anamertp dg TpyOuaToro ¢puneTpa no Gopmye:



d(ﬁ =2 erlx/(n ' voc)v (12)

rie Qgux — PACXOJ )KUIKOCTH Ha BBIXOJ€ U3 (puibTpa.

[TpunsiTass TeopeTUdeckas MOJAETb padOoThl (UIBTpa TPEAINoJiaracT JTaMHHAPHBIA PEKUM
nBrKeHUS B HeM. COOTBETCTBUE JJAMUHAPHOMY PEKUMY JBUKCHHS OICHUBACTCS 1O KPUTEPHIO
Peitnonsnca Re.

Re = Uoc'd(b /v. (13)

s pacuera nmapameTpoB GUIbTPAa MOXKHO CKa3aTh, YTO (GUIBTP JOJKEH ObITh B COCTOSSHUU
IOPOMYCTUTh pacxo] He MeHee Q. DTO ycloBHE MOXXET OBITh BBINOJHEHO MpPU MPUMEHEHHU
(GunbTpa ¢ HEOOXOAUMOW IJIOIALBI0 (GHUILTPYIOLIEH HOBEPXHOCTU Ay ;, KOTOPYIO MOKHO
paccuuTaTh 10 yPaBHEHUIO:

Ap.n=Qun/ (Ap-q), (14)

rae ( — yaenpHas TPOIYCKHAash CHOCOOHOCTh Marepuana (GuibTpa, MpeacTaBisiomas coboi
MIPOITYCKHYIO CITOCOOHOCTH €IMHUIIBI TUTOIIAIN MaTepraia GUIbTpa MPU eINHUIHOM Tepenaie JaBIeHUs
1 MIla u Bs3kocTu xuaxoctu, 1 Ia/c.

Hns TpyOwaroro ¢uiabTpa BaKHEHIINM MapamMeTpoM sBiseTcs oOmas anuHa TpyOkm L.,
KOTOPYIO Ha OCHOBaHHMM NpeAblaAyliero ypaBHeHus (14) mis nuiMHApUYEecKOl TpyOKH MOXKHO
OIPENIENIUTD CIEAYIOIIUM 00pa3oM:

L= Qup/ (wdyAp-q). (15)

Jlis mpenoTBpalieHus 3a0MBaHus NOp (PUIbTPa CKOPOCTh JBMXKEHUSI OUYMIIAEMOr0 pacTBOpa
JIOJDKHA OBITH JOCTATOYHO BBICOKOW, OJTHAKO JJIsi 00ECTIeYeHHS MHUHUMAIIBHOW 3HEProeMKOCTH
npoluecca pexXuM JBUKEHUS 10JKEH ObITh JIAMUHAPHBIM.

B mHacrosiee Bpemsi cepuifHO BBINIycKalOTca TpyOdarele MeMOpaHHble (GWIBTPHI C
BHYTpEHHUM auameTpoM 12,2 mMMm. IIpuHSAB mpu 3TOM B JuamMeTpe KUHEMATHYECKYIO BA3KOCTh
pacTBOpa M YUYMTHIBas TO, YTO HAMOOJIbIIEe KPUTHUECKOE 3HaUeHUe Kpurepus PeiHomnbaca s
KPYIIBIX INaakux TpyO paBHsercss 2300 [9], MOXHO ompeaenuTh NpeaeiabHOe 3HaYeHue
CKOpOCTH, J10 KOTOpOoi OyaeT oOecrieunBaThCs JaMHUHAPHBIN pexxuM. BeposTHoCTh nepexona K
TypOyJEHTHOMY pEXUMY MOBBILIAETCS MTPH MOBBIIIEHHBIX TEMIIEpATypax, BEAYIIUX K CHUKEHUIO
BA3KOCTH OYMILAEMOMN KHUIKOCTH.

BeipaszuB v, u3 ypaBHeHus (12) u moacTaBUB KpUTHUYECKOE 3HaueHHe Re u ykazaHHoOe
3Hau€HUe v, MOJIyYUM JIONYCTUMOE 3HAaYeHHE CKOPOCTH. MHHMMAaJbHOE 3HAYEHHE CKOPOCTH,
obecrieunBaroIieil He3a0MBaEMOCTh MO, MOYKHO PACCUYUTATh MO U3JI0’)KEHHON METOJIHKE.

IIpuHSB 3HAYEHHE Do U 3HAA g, MOXKHO ONPENETUTH HEOOXOAUMYIO IPOU3BOJIUTEILHOCTD 110
YpaBHEHHIO!

QH. n- n'd(bz‘voc /4. (16)

JlaBneHue Py, KOTOpoe JOJKEH O00ECIeuYHuTh HAcoC, MOJAIOUIMA OYHMIAEMYI0 KUIKOCTh B
(GWIBTP, MOKHO PAaCCUUTATh CIEAYIOLIMM 00pa3oM:

pH:pc+pT+pM+pn+pn+pva (17)

7€ Pe, Prv Pur Py P Py — CTATHYECKOE JABJICHHUE HA IPEOIOJICHUE NIEPENaa BEICOT YCTAHOBKM HAcoca
U ciuBa B 0ak, OTEpH B TPyOOIPOBOJAX 10 U Iocjie QUiIbTpa, MOTEPH JABJICHUS COOTBETCTBEHHO Ha
NPEOJI0JICHHE MECTHBIX CONPOTUBICHHH B (HUILTPE, MOTEpH NaBlieHHS Ha OOeCIeYeHHe IMyTEBOrO H
TPaH3UTHOTO PAcX0JIOB B QUIILTpE, HA JIpoccee MpH BBIXoJie U3 GUIIbTpa, Ha Mepenaj IaBIeHUs] BHYTPU
TpyOUaThIX QUIBTPYIOIIMX IEMEHTOB U BHE UX.

Pacuer pc, Pr, Py ¥ Px BBITIOTHAETCS OOBIYHBIMU METOJIAMH THPABIIHKH.

[Ipu nBMXeHnU pacTBOpa MO GUIBTPYIOLIEMY SJIEMEHTY YacTh PACTBOPA YXOIUT CKBO3b €r0 CTEHKH.
[ToaToMy pacxox pacTBopa, IBHXKYIIErocs B TpyO4aToM (GUIILTpPE, €CTh BETMYHHA YOBIBAIOIIAS.

Pacxon Q, Ha pacCcTOSIHUU X OT Havajna UIbTPa MOXKHO BBIPA3HUTh CICAYIOIINM 00pazoM:

Qx = QH (1 _-X/ LT) + QBLIX' (18)



s paccMaTpuBaeMoOl COCTAaBISIOIIECH ITOTEPU NABJICHUsS HA JJIEMEHTAapHOM YYacTKE IIyTH
OINPEACIAIOTCA 110 YPABHEHUIO!

d pu =S,"Qydx. (29)
[IpounTterpupoBaB ypaBHenue (19), momydum dopmyiny s pacuera Py.
Pn =Sy Qun = 128 L, Qy o /A(mdy?), (20)

e Sy — yeJIbHOE CONPOTUBIIEHNE (DUIIBTPYIOILETO 3JIEMEHTA Kak TpybonpoBoa, Mac/m”.

3nauenue Qy,x B ypaBHeHuu (18) MokHO onpenennts u3 6ananca pacxoia Quux = Qu n — Qg

Pacuer 3HayeHMs Py MOMKHO BBINOJHHMTH, HCIOJIb3YsS 3aBUCHMMOCTh (1), mo xoropoi
paccuuTaeM JOMYyCTUMOE HU30BITOYHOE JaBlieHHE Py, KOTOpoe obecrneyuT TpeOyeMblil pacxon
KUJKOCTU CKBO3b MOPHI PUIIBTPA.

Ha ocHoBanuu ypaBHenus (1) U ¢ y4eToM pa3sMEPHOCTH (] MOKHO 3aIlMCaTh.

Py = Pu+ 'Qyp / (q°Ay 10°®), Ta, (21)

Onpenenenne HeoOXoaUMOM uomanu Ay GUIBTPYIOIIEH TOBEPXHOCTH IIPU U3BECTHBIX Py U
Py BBITIOJTHUM 110 (hOpMYyIIe:

Ay =1Qy10% [a(Py — Pu)]- (22)
3Hast Ay, MOXKHO JIETKO ONIPEAEIUTh U HEOOXOIUMYIO AIMHY TpyO4aToro GuibTpa:
L= A¢, /(TEd(b) (23)

3ak/o4veHne

N3 ananmu3a marepuasioB MEMOpaH HaMH PEKOMEHAYETCS HCIOJIb30BaTh I OYUCTKU
MOIOIIMX PACTBOPOB OT Macel U TUAPO(OOHBIX 3arpsi3HeHU TUAPODUIbLHBIE MEMOPaHBI.

Hamu ycraHoBneHo, 4to s oOecriedyeHHsT HHU3KOW DHEPrOEMKOCTH TP OYHCTKE MOAOOHBIX
KUAKOCTEH paboTa MEMOPaHHBIX (PIIIBTPOB JODKHA BECTHCH TPH HEOONBITNX TIepenagax JaBIeHHs.

W3nosxeHHas METOIUKA TIO3BOJISICT PACCYMTATh MTApaMeTPhl QUIIBTPA U PEXKUMBI €T0 paOOTHI.
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