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JlocnimKeHo HeCTIHKICTh Tedil i3 Tpo-
KOB3yBaHHSIM y KPUBOJIHIHHOMY MiKpOKa-
Hai, c)OpMOBAHOMY IBOMa HEPYXOMHUMH
KOHIICHTPUYHUMH ITOBEpXHSIMHU. Bukopuc-
TaHO METOJ KOJOKAlil AJIsl 3HAXOIKEHHS
KPUTHYHUX 3HadeHb yucend JliHa Ta XBH-
JIbOBUX YHUCEJ, SIKI BH3HAYAIOTh KpUTEPil
HECTIHKOCTI 15t HOTOKY. OTpUMaHO 3alesx-
HOCTiI KPUTHYHHX 3Ha4eHb uncen JliHa Bix
LIMPUHY KaHaily, Koe]ilieHTa IMPOKOB3Y-
BaHHS 1 TPOHUKHOCTI.
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HccnenoBana HEyCTOMYMBOCTH Teye-
HUS C IIPOCKAJIb3bIBAHUEM B KPUBOJIMHEHU-
HOM TOPUCTOM MHUKpOKaHale, chopMupo-
BAHHOM JIByMsI HENOABW)KHBIMH KOHLIEH-
TPUYECKUMU IOBepXHOCTsAMU. [cnonb3o-
BaH METOJ KOJUIOKAUUH ISl HaXOXKICHHS
KpUTHYECKUX 3HaueHuM uucen J[luna u
BOJIHOBBIX YHCEJ, KOTOpBIE OMPEACISIIOT
KpUTEpPUH HEYCTOMYUBOCTH JUIS MOTOKA.
[Tomyuensl 3aBUCUMOCTH KPUTHYECKUX 3HA-
yeHu yucen JlMHa OT WIMPUHBI KaHaja,
k03 duIrieHTa MPOCKaIb3bIBAHUS U TIPO-

The instability of slipping flow in a
curvilinear porous microchannel formed
by two stationary concentric surfaces
is investigated. The collocation method
was used for calculation of critical Dean
numbers and wave numbers, which define
criteria of instability. Dependences for
critical values of Dean numbers from
the channel width, slipping factor and
permeability are obtained.

HHUI[AEMOCTH.

bubn. 11, puc. 2, Tadmn. 1.

KimoueBbie ciioBa: HCyCTOﬁ‘IHBOCTL MOTOKA, MNPOHUIIACMOCTb, KPUTUICCKOC YHCJIO I[I/IHa.

K — mpoHUIIaeMOCTh;

L — nymuHa cBOOOIHOTO TIpOOera MOJIEKYIT;
p — AaBIIeHHUE;

P, — AMILIATY/Ia TaBJICHHAS;

R, — pazinyc BBINYKIION CTEHKH,

R, — pazinyc BOTHYTOM CTCHKH,

7, ¢, Z — TWIAHAPAYECKNE KOOPAUHATHI;
Zf BpeMs;

U, — CPEIHss CKOPOCTh;

Beeoenue

B nocnennue roapl MosiBUIICS HIUPOKUM CIIEKTP MUKPO-
YCTPOMCTB ¢ KPUBOJMHENHHOW reomeTpueil. Kpuponuneiinas
TeOMEeTpHsl KaHAJIOB YaCTO HCIOIB3YeTCs B OMOTEXHOIOTH-
X M JIPYTHX TEXHUYECKUX YCTPOMCTBAX ISl TPAHYJISINH,
cemapari ¥ CMeInBaHusg MuKpodactwil [1,2]. bombimoe
KOJTMYECTBO 3TUX yCTPOWCTB OCHOBAHO Ha KOHIIETIIINU 00-
pa3oBaHMUA TPOMOIBHBIX BHUXPEH ION BIMSHUEM ILEHTPO-
OCKHBIX CHJI, YTO TIO3BOJIIET 00ECIEUUTEL BBICOKYIO TIPO-
IyCKHYIO CTIOCOOHOCTHh M 3(PpPeKTUBHOCTE mporiecca. st
MIPOTHO3MPOBAHMS MPOTEKAHUS STUX MPOIECCOB BOZHUKAIOT
MpOoOJIEeMBI, CBA3aHHBIE C BOMPOCAMH HCCIIEAOBAHUS TH/I-
pOAMHAMUYECKONH HEYyCTOMYMBOCTH TeueHus. [Ipu aToMm He-
00XOAMMO OIeHWBATh 3HAUYEHHUS KPUTEPHEB BO3HUKHOBE-
HUSI HEYCTOMYUBOCTH.

CymecTByeT MHOTO paboT 10 THAPOAMHAMUIECCKON He-
YCTOWYMBOCTH B MUKpOKaHaJax MpU TEYEHUU YUCTOU Cpe-
Iel. Bommpockl MEHTpOOEKHON HEYCTOMYMBOCTH TTOTOKA B
KPHUBOJMHEHHBIX KaHajlaX 0ToOpakeHBI B paborax [3, 4],
BOIIPOCH HEYCTOMYMBOCTH MOTOKOB JlpHa — B padorax [3,
5]. B0 mMOKa3aHO BIMSHHWE PA3IMIHBIX MapamMeTpOB Ha

iS]

, — CKOPOCTb M JIaBJIEHHE OCHOBHOTO MOTOKA,;
, W, — aMIUTUTY/Ibl BO3MYLIEHHH CKOPOCTEH;

, U — KOMITOHEHTBI CKOPOCTH;

— K02 PUITUEHT HapaCTaHUS BO3MYIIICHHIA;,

Y — BOJIHOBOE YHCJIO;

T — LIMpHUHA 3a30pa MEXIY UHWIMHIAPUYECCKUMU ITOBEPXHO-
CTSIMU;

V — KHHEMATHU4YCCKas BA3KOCTD,

p — IJIOTHOCTb.

o
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KpUTHUYECKOe 3Ha4YeHne uucen Teinopa u Jluna. B pabote
[6] paspaborana HOBas MoOeNb TEPMOKAIMHMIUIAPHOW He-
YCTOWYMBOCTH B TOHKOM IUIEHKE HA OCHOBE MOIU(PHLIUPO-
BaHHOTO ypaBHeHuUs1 Oppa-3ommepdensaa.

BnusiHue mopucTocTH cpenbl Ha MPOLECcChl HEYCTOM-
YUBOCTH JJAMMHAPHOTO TEYCHHUSI B HOPHUCTOM IJIOCKOM Ka-
Hasie u3yJanack B pabore [7], B runeprnopucToii cpene — B
pabote [8]. bruia mpoaHanM3upoBaHA 3aBUCHMOCTH KpH-
THYECKOTo unciia PeifHombaca OT pa3aMyHBIX MAapaMeTpoOB
cpenbl. Metonom penopmrpynnoBoii (RNG) monenn uc-
CJICZIOBAHO BO3HHMKHOBEHHE TYPOYJIEHTHOCTH B IIOPUCTON
cpene [9]. B paborax [10, 11] paccmarpuBaeTcst xapakrep
TEUCHHS] U HEyCTOWYMBOCTH B MOPHUCTHIX KPHUBOJIMHEHHBIX
kaHanax. IlomydeHo pemenue it mpoduist CKOPOCTH U
KPUTUYECKOTO 4ncna JuHa B 3aBUCUMOCTH OT T€OMETPHHU
KaHaJla 1 HOPUCTOCTH CPEIbl.

Lenp manHON pa®OTBl — MONyYEHHE KPUTEPUEB HE-
YCTOMYMBOCTH AJIsl TedeHus: [MHa B KPUBOJIMHEHHOM IIO-
PUCTOM MHKpOKaHasle Kak (pyHKuuu ko3duumeHTa mpo-
CKaJIb3bIBAHUS, MPOHMLAEMOCTH M OTHOLICHUS MEXIY
panuycamMu BOTHYTBIX U BBIITYKJIBIX CTCHOK.
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Mamemamuueckas mooeny u peuienue
0J13 HEGO3IMYUEHHO20 NOMOKA

Uccnenyercs yCTOWYHUBOCTh JIAMUHAPHOTO TEYEHHUS B
KPUBOJIMHEHHOM MHUKpOKaHajie, 00pa30BaHHOM JIByMsI He-
MTOJIBMKHBIMH IIITHHApamu (TedeHue [luna). Kanaun 3amon-
HEH TOPHUCTOM Cpefol ¢ OJHOPOJHON MPOHHUIIAEMOCTBIO.
JIBiokeHne 1moToKa obecnednBaeTcsl a3UMyTalIbHBIM Tpajiu-
€HTOM JIaBJICHUSI.

I'mpponrHaMuKa MOTOKA B TAKOM MHUKPOKAHAJIE OITHCHI-
BaeTCs CIEAYIOINME YPAaBHEHUSIMH, KOTOPbIE BHIPAKAIOTCS
B HWJIMHIPUYECKNX KOOPIMHATAX:
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rae "BojHA" yKa3bIBaeT Ha TO, YTO MapaMETp Pa3MEpPHBIN.
VYpasuenus (1) — (3) comepxar 4ieH, YYUTHIBAIOIIAN JTH-
HeliHoe conpotuBienue Japcu nopuctoit cpenbl. Jis uc-
CJIEZIOBaHUSI HEYCTOMYNBOCTH HEOOXOAMMO TTONYYUTH TIPO-
(bnh CKOPOCTH OCHOBHOTO TOTOKA. [[i1st Teuenus J{uHa atH
MPO(UIH TTOTyYeHBI U3 a3UMYTAIBHOW MPOSKINN ypaBHe-
HUs uMIynbca. [locKombKy MOTOK HE 3aBHUCHUT OT a3WMYy-
TaJHHON KOOPAMHATHI (), BCE WHEPIIMOHHBIC YICHBI PaBHBI
Hyiro. [Ipoduins ckopocTn Takke HE 3aBUCHUT OT TIPOJIOIb-
HOW KOOPIMHATHI Z, T.K. MOTOK TUAPOANHAMHYECKH TTOJTHO-
CTBIO Pa3BHT.
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TeueHnne MpoXOaUT BAOJb a3UMYyTAIBHON KOOPIAMHATHI
¢. ABUMYTaJIbHBINA TPaJUEHT JaBICHUS HE 3aBUCHT OT Paju-
aJbHOW KOOpAWHATBHI U SIBIAETCS MOCTOSIHHOW BETMYMHOM.
VYpaBHenue B Oe3pa3MepHoil (opMe NPUHIUMAET BU:

)

u l1ou (1 1 1
or ¥ or I3 Da 7
pvil 7
rae U = ,# = —— — 0e3pa3MepHbIe ITapaMeTphl
R|-L
20

Da = £2 — yucio Japcu.

2
VYpaBHeHHE I NIOTOKA B KPUBOJIMHEMHOM MHUKpOKa-
HaJIe pelaeTCs IPU CIEAYOIUX IPAHUYHBIX YCIOBHSX:

= gL(a_” _ E)
or r

,Tae ¥ — KO3 PHUIUEHT BI3KOCTHOTO

wall

PO CKAaJIb3bIBAHNU.
u=0(a—u—£) pu » = 1), (7
or m
u:—c{a—u—uj npu r =1, (8)
or
Tae n = LS ,0= SL
T] RZ RZ .

YpaBuenue (6) ¢ rpanudHBIMU ycaoBusamu (7), (8) pe-
LIAETCS1 METOAOM U3MEHEHHUs [1apaMeTPOB.

B pesynbrare HeBo3MyIEHHBIH TIPOQUITH CKOPOCTH IS
OCHOBHOTO ITOTOKAa UMEET BU/L:

D
—=+C,L +C,K , 9
( vDa ) (\/Da ) ©)
rne — C,, C, — KOHCTaHThl UHTErpupoBanus; [, K, — Moau-

¢urmpoBannsie Gpyakimn beccens.
AHanu3 1uHennol Heycmouuueocmu
LentpoOexkHass HEYCTOHUMBOCTH MCCIEOBaHA Ha OC-
HOBE METoJla MaJbIX (JIMHEHHbIX) Bo3MyleHnid. Ha ocHoOB-
HO€ TeYeHHE HaKJIaJbIBaeM BO3MYILEHHUS TaK, UTO CyMMap-
HbIE BEITMUUHBI BBITJISLAST TAKUM 00pa3oM:

7(7,7.2) =0, (F)+7,(F)cos(7Z)exp(p 7). (10)
WT.7.2) =7 ,(7)eos(72)exp(p7). (1)
W(F,7.2) =W, ()sin(72 )exp(B 7). (12)
B.7.2)=Bo7)+ BuF)eos(@)exslBT).  (13)

Ioacrasmnsisa ypasHenus (10) — (13) B ypaBuenus (1) —
(4), TMAHU3UPYS U YCTPAHAS aMILTHTYIbI W U 13;1 mpu 3 =0,
MOJTYYUM CIIeYIOIIHe YPaBHEHUSI TSl a3UMYyTaJbHbBIX U pa-
JIMATTbHBIX aMITTHTYI:
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Ha pucynke 1 mokazaHa 3aBUCHUMOCTH KPUTHUYECKOTO
yucna JliHa OT MMPUHBI KaHaJ a TIPY Pa3IMIHbIX 3HAYEHUSIX
MIPOHHUIIAEMOCTH CPEJIbI.

C pocrom ¢ 3nayenne uucna De  yBenmuuuBaercs, 4To
CBSI3aHO C YBEITMYECHHUEM CTEIIEHH 3aII0THEHHOCTH TIPOUIIS
HEBO3MYIIEHHOU CKOPOCTH. ITOT 3P (HEKT aHATOTHICH BIIH-
STHUTO TIPO(UIIST CKOPOCTH OCHOBHOTO TIOTOKA Ha HEYCTOM-
YUBOCTb, OMHCHIBAEMYIO0 MOAM(DHIIMPOBAHHBIM YpaBHEHH-
eM Oppa-3omMmepdenpaa. ITO TEHISHINS HaOIIOMAeTCs
Mpy BCexX 3HaueHUsX nmapamerpa Da. Taxke u3 pucynka la
BHIHO, YTO TPH TCUSHWH YHCTOH JKUIKOCTH (Da—o0) 3a-
BHCHMOCTh KPUTHUYECKOTO 4ucia J[WHA WMeeT MHHUMYM
npubausnTeasHo npu 1 = 0,5. [ TpaHUIHBIX YCIOBHM
0e3 ckompxkeHus (6 = () 3TOT MUHUMYM He HaOI0OmMaeTcs.
Hanwmune MmuaIMYyMOB 00YCIIOBIICHO TeM, YTO C YMEHbIIIE-
HUEM pa3Mepa KaHaja MpH HATUYAWA yCIOBHHA MPOCKAaIb-
3BIBAHUS Pa3BUTHE THAPOJMHAMUYECKOH HEYyCTOMUUBOCTH
CTaHOBUTCS OoJiee CIOKHBIM. YMEHBIIECHHE MPOHHUIIAEMO-

CTH TIPUBOJIUT K CTA0MIIM3AllMU TOTOKA JIUIIh TPU MaJbIX
n. C yMmeHbIIeHHEM MIMPUHBI KPUBOJIMHEWHOTO KaHaja
BJIMSTHAE TIPOCKANIG3BIBAHUS He HaONIOMaeTcs W MHHHAMY-
MOB 3aBUCHMOCTH uncen De  HeT.

Ha pucynke 2 moka3aHa 3aBUCHMOCTh KPHUTHYECKOTO
ymcna JlnHa OT G ¥ MPOHUITAEMOCTH CPEAbI TIPH PA3TMIHBIX
3HadeHusAx 1. Kak obcyxnanoce BbIlIE, YBETMYEHUE IITH-
pUHBI KaHana (YMEHBIIICHUE 1)) ¥ YMEHBIIEHHE MPOHUIIA-
emoctr (ymeHbIieHne Da) mpuUBOANT K YBETHMUEHHUIO KPH-
TUYECKOTo ymucna J{nHa, 9TO yKa3bIBaeT Ha CTAOMIM3AIINIO
MOTOKa MPU TUAPOJAMHAMUYECKON HEyCTOMUYMBOCTH. Bius-
HUE TPOHHUIIAEMOCTH YCHJINBAETCS C yBEIWYCHHUEM MINPH-
HEI KaHama. [Ipu 1 = 0,95 npoHUIIaeMOCTh IPAKTHYECKU HE
BITUSICT HA TIEHTPOOCIKHYIO HEYCTOMUNBOCTD ( pHc.2a). DTOT
pe3ynbTar ciueayeT u3 ypapHeHuit (14) — (15), T.K. 4IeHBI,
cozaepykaie napamerp Da BbInajgaroT U3 ypaBHEHUN Mpu
n = 1. Kputuueckue BOJIHOBBIE UHCIIA TAKKE BO3PACTAIOT C
YBEIMYEHUEM HIMPUHBI 3a30pa KaHaja W MOPUCTOCTH Cpe-

0 01 Decr — =0 _—— 020,1
D o= — — 0=0, -
2504 400 N - ---0204 = --0=0,9
- - = -0’:0’4 —_— - -()':0’9 .
3504 .
- L AN
200 L 300 4 ~ .
— - -— e N N
TN o T ,-" 250 N \~
150 4 .-t
- [—— - - /
100 4 _ - -
P~ — —_— — -
50 -\
0 L) T T 1 0 T T T 1
0,2 0,4 0,6 0,8 1 0,2 0,4 0,6 0,8 1
9 9 9 9 ‘|’l
n
a) 0)
Decr 0=0 =— — 0=0,1
1800 - == =0=0,4=— - =0=0,9
N
1500
1200
900
600
300 4
0 1
0,2 0,4 n 06 0,8 1
6)

Puc. 1. 3aeucumocms Kpumuueckozo uucaa /luna om napamempa ny npu: a) Da—oo; 6) Da = 0,01; ) Da = 0,001.
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Puc. 2. 3asucumocms kpumuueckozo uucna /luna om napamempa o npu: a) n = 0,95; 6) n = 0,5; ¢) n = 0,2.

Ibl, T. €. C YMEHbIIEHHEM 3Ha4eHUH mapameTpoB M u Da
TpaHCBEpCAJIbHBIA MaciiTad MPOJOJIBHBIX BUXPEH yMEHb-
LIaeTCsl.

Buieoowt

HccnenoBana ruapoarHaMUYecKass HEYCTOHYMBOCTD
MOTOKA C MPOCKAJIb3BIBAHIEM B KPUBOJIIMHEHHOM OPHCTOM
MUKpPOKaHaJIe MEXIY JIByMs HETOABMKHBIMUA KOHIICHTPH-
YeCKUMHU NIWINHIpaMH. [lomydeHsl HEBO3MYIIEHHbBIE MPO-
(bum cCKOpOCTH LTI TTOTOKA C TMPOCKaib3biBaHueM. [Ipobie-
Ma JIMHEHHON HEYCTOMYNBOCTHU PELIEHA YUCIEHHO, UCIIOJIb-
3ysl METOJ1 KOJUTOKAIUH.

Pacuérer mokazanu, 4To yBenmueHue KodhduimeHTa
MIPOCKATB3bIBAHNS, TOPUCTOCTH CPEIbl U MIMPUHBI KaHaIa
MIPUBOANT K YBEITMUEHHUIO 3aITOTHEHHOCTH PO CKOPO-
CTH HEBO3MYIIICHHOTO TIOTOKA (TIPO UL CTAHOBUTCS Oosce
IJIOCKUM). DTO, B CBOIO OYepe/ib, TPUBOAUT K YBEINUCHHIO
KPUTUYECKUX 3HaYEHUH unciia JInHa U KpUTUYECKOU JJIMHBI

BOJIHBI BO3MYIIICHUS, KOTOPBIE ONPEACISIOT KPUTEPUU He-
YCTOMUMBOCTH AJIs OTOKA. Takke rmokazaHo, 4to i ¢ > 0
3aBHCHMOCTH KPUTHYECKOTrO 4ncia JluHa oT mapaMerpa 1
MMEIOT MUHUMYM, HaOmopatommiics npu 1 = 0,5. C ymeHb-
[ICHHEM IIMPUHBI KaHAJIa U TPOHHUIIAEMOCTH ITOT d(hdeKT
HUBEJIHPYETCSI.
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The hydrodynamic instability of flow with slippage in
a curvilinear porous microchannel between two stationary
concentric cylinders is investigated. Unperturbed velocity
profiles for a flow with slip are obtained. The problem of
linear instability is solved numerically, using the collocation
method.

Calculations showed that an increase in the coefficient
of slippage, the porosity of the medium and the width of
the channel leads to an increase in the occupancy of the
velocity profile of the undisturbed flow (the profile becomes
more flat). This, in turn, leads to an increase in the critical
values of Dean number and the critical wave length of the
perturbation, which determine the instability criteria for the
flow. It is also shown that for 6> 0 the dependences of the
critical Dean number on the parameter | have a minimum
observed at n = 0.5. With decrease in channel width and
permeability, this effect is leveled.

References 11, figures 2, tabl. 1.

Key worlds: instability of flow, permeability, critical Dean
number.

1. Nivedita N., Ligrani P, Papautsky I. Dean Flow
Dynamics in Low-Aspect Ratio Spiral Microchannel.
Scientific Reports, 2017, Vol. 7, pp. 1-10. (Eng)

2. Bhagat A.A., Kuntaegowdanahalli S.S., Papautsky 1.
Continuous particle separation in spiral microchannels
using dean flows and differential migration, Lab Chip,
2008, Vol.8, pp.1906—-1914. (Eng)

3. Avramenko A.A., Kuzmnetsov A.V. Instability of a
slip flow in a curved channel formed by two concentric
cylindrical surfaces, European Journal of Mechanics B/
Fluids, 2009, 28, Vol. 6, pp. 722-727. (Eng)

4. Avramenko A.A., Tyrinov A.1L, Shevchuk I.V., Dmitrenko
N.P. Centrifugal instability of nanofluids with radial
temperature and concentration non-uniformity between co-
axial rotating cylinders, European Journal of Mechanics B/
Fluids, 2016, Ne60, pp. 90— 98. (Eng)

5. Avramenko A.A., Tyrinov A.1., Shevchuk 1. V., Dmitrenko
N.P. Dean instability of nanofluids with radial temperature
and concentration non-uniformity, Phys. Fluids, 2016, Ne28,
pp- 034104-1 - 034104-16. (Eng)

6. Avramenko A.A., Shevchuk 1.V., Harmand S., Tyrinov
A.I. Thermocapillary instability in an evaporating two-
dimensional thin layer film, International Journal of Heat
and Mass Transfer, 2015, Ne91, pp. 77 — 88. (Eng)

7. Avramenko A.A., Kuznetsov A.V., Basok B.l., Blinov
D.G. Investigation of stability of a laminar flow in a parallel-
plate channel filled with a fluid saturated porous medium,
Phys. Fluids, 2005, Ne17, pp. 094102-1 - 094102-6. (Eng)

8. Avramenko A.A., Kuznetsov A. V., Nield D.A. Instability
of slip-flow in a channel occupied by a hyper-porous
medium, Journal of Porous Media, 2007, vol. 10, pp. 435
—442. (Eng)

9. Avramenko A.A., Kuznetsov A.V. Renorma-
lization group model of macroscopic turbulence in porous
media, Transport in Porous Media, 2006, vol. 63, pp. 175 —
193. (Eng)

10. Avramenko A.A., Kuznetsov A.V. Flow in a Curved
Porous Channel with a Rectangular Cross Section, Journal
of Porous Media, 2008, vol. 11, pp. 241 — 246. (Eng)

11. Avramenko A.A., Kuznetsov A.V. Flow instability in a
curved porous channel formed by two concentric cylindrical
surfaces, Transport in Porous Media, 2007, vol. 69, pp. 373
—381. (Eng)

Ompumano 24.05.2018
Received 24.05.2018

26

ISSN 0204-3602. Npom. TennotexHika, 2018, m. 40, Ne3



