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Pormsimaerscst mamiHapHa Tedis TPhOX HE3MIIIyBaHUX HAHOPIZMH MK JBOMa CHIBBICHUMH LWTIHAPAMH 32 DPaxyHOK
MOCTIHHOTO Iepenany THUCKY Ha KIiHIIX KaHany. [IpHCTiHHI mIapu MOXXYTh OyTH YTBOpPEHI 3a paxyHOK BiJIITOBXYBaHHS
HAHOYACTHHOK BiJ IIOPCTKOCTEH CTiHOK N0 sapa Tedii. [IpuHHATI IpaHWYHI YMOBH IPOCIM3aHHS JAPYroro IOPSIKY UL
IIBU/IKOCTEH Ha CTiHKAaX, a TAKOXXK YMOBH O€3I1epepBHOCTI IIBUIKOCTI i TAHTCHIIaIbHIX HAIPY)KEHb Ha TPaHULIIX PO3ITY MK
mapamyd. OTpUMaHUH aHATIITHYHUHA PO3B’S30K CHCTEMM JUIL THCKY 1 IIBUAKOCTeH pyxy pimuH. OOYncieHi BHpasu Ui
00’€eMHOI BUTpaTH 1 Hampy)keHb Ha cTiHKax. [lokazaHo, 1m0 mpu IesSKuX Habopax HmapaMeTpiB MOAETI MOXKHA 3a paxyHOK
TaHTeHIIANFHOTO IEPEHOCY IMITYIbCY OTPUMATH 3HAYHE MiABUIICHHS BUTPATH i 3MEHIICHHS B’ A3K0i Aucumnarii. Lle mo3Boauts
MiABAIIUTH €(EKTUBHICTh PiI3HUX MIKPOPITMHHUX cucTeM. OTpUMaHe TaKOX yTOYHEHHS poOodoi GopMynH A KalmlIipHOTO
BICKO3MMETpa Ha BHIAJOK BHMIPIOBaHHA B’S3KOCTI HAaHOpiAMH. Bumucanwii aHamMITHYHUI pO3B’A30K MOXe OyTu
BUKOPHUCTAHMI JUIS BATIAAIT YMCETBHOTO KOIY JJIs OLTBIN CKITaJHUX Teuil (MepeXiHuX, TYpOYJICHTHUX) B CXOXKill reoMeTpii.

Knruogi cnosa: nanopiounu, MikpopiounHi npucmpoi, 1amiHapHa meyis, ougysue po3cito8ants, 2iopasgiiuHuil onip.
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The laminar flow of three immiscible nanofluids between two coaxial cylinders due to a constant pressure drop at the inlet and
outlet of the channel is considered. Experimental studies of the flows of different nanofluids through the tubes and channels of
microfluidic devices have shown that the measured relationships between the pressure drop and volumetric flow do not
correspond to the calculations of the corresponding Poiseuille flows in the same geometry due to tangential momentum transfer
during diffuse scattering of nanoparticles on the wall roughness. When the characteristic roughness scale has the same order as
the particle size, the scattering becomes significant in both dilute gases and suspensions of nanoparticles. Accordingly, the
solution of the problem was obtained with the second order velocity slip boundary conditions at the rough walls. The presence
of wall layers with a constant thickness and different viscosities is associated with the repulsion of the nanoparticles from the
walls into the core of the flow. At the interfaces between the layers, the continuity conditions for velocities and tangential
stresses were accepted. An analytical solution of the system for pressure and velocities of the fluids is obtained. Expressions
for volumetric flow and wall stresses are calculated. It is shown that for some sets of model parameters it is possible to obtain a
significant increase in the flow rate and decrease in viscous dissipation due to tangential momentum transfer at the walls. The
effect could increase the efficiency of various microfluidic systems. The formula for the capillary viscometer in the case of
measuring the viscosity of nanofluids was also obtained. The derived analytical solution can be used for validation of
numerical codes for more complex flows (transient, turbulent) in similar geometries.

Keywords: nanofluids, microfluidic devices, laminar flow, diffuse scattering, hydraulic resistance.
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Enusasera IlerpoBna

PaccMaTpuBaeTcst JaMHHAPHOE TEYEHHE TPEX HECMEIIMBAEMBIX HAHOKHAKOCTEH MEKIY IBYMS COOCHBIMU I[HJIMHAPAMHU 32
CYET MOCTOSTHHOTO Meperna/ia JaBJICHHs Ha KOHI[aX KaHala. [[pUCTEHHBIC CIIOH MOTYT ObITh 00pPa30BaHBbI 3@ CUCT OTTATKHBAHHUS
HAHOYACTHI[ OT IIEPOXOBATOCTEH CTEHOK K SIAPY TeYeHHs. [IPUHSTBIE TPaHUYHBIC YCIOBHS IPOCKAIB3BIBAHUS BTOPOTO
MopsiIKa Ul CKOPOCTEH Ha CTEHKAax, a TaKKe YCJIOBHS HENPEPHIBHOCTH CKOPOCTEH W TaHTCHIMAIBHBIX HANPSDKEHUN Ha
rpaHHI@ax paszaena Mexay ciosiMu. [ToydeHo aHaTUTHYECKOE PEIICHHE IS JaBICHHUS U CKOPOCTEH IBHKCHHS )KUIKOCTEH, a
Taroke (HOpMyYIIBI I 00BEMHOTO PacxXoja M HalpsDKeHUM Ha cTeHkax. [oka3aHo, 4TO MPU HEKOTOPBIX HAbOpax MapamMeTpoB
MOJIEIT MOKHO 33 CYET TAaHT€HI[HAIBHOTO MEPEHOCA UMITYJIBCA TIOMYYHTh 3HAYUTEILHOE TIOBBIIICHHE PACXO0/Ia U YMCHBIICHUS
B’S3KOM JIHCCHITAIIMH. DTO MO3BOJHUT MOBBICHTH SP(PEKTUBHOCTH Pa3IMYHBIX MHKPOKHIKOCTHBIX CHCTEM. [10JydeHO Takke
yrouHeHne paboueit (HOpMynbl Ul KalWUIIPHOTO BHUCKO3UMETpPAa HA Ciydail HW3MEPEHHUsl BS3KOCTH HAHOKHIKOCTEH.
BhINHCaHHOE aHAJTUTHYECKOE PEIICHHE MOXKET ObITh MCIIOJIb30BAHO ISl BAMIAIMH YHCICHHOTO KOJa it 0OJiee CIOKHBIX
TEUeHUH (MIEPEXOAHBIX, TYPOYIECHTHBIX) B CXOIHBIX T€OMETPHUSIX.

Knwuesvle cnoea: Hano#CUOKOCMU, MUKDOICUOKOCHIHbIE YCMPOUCMEA, NTAMUHAPHOe meyeHue, Ougp@ysHoe paccesiHue,
2UOPABTIUUECKOE CONPOMUBIIEHLE.

1 Beryn

B ocraHHi poKM aKTMBHO IOCTIIXKYIOTHCSI TBEpl Ta PiKi HaHOMAaTepianu, AKi CKIaJarOThCs 3
9acTHHOK 3 po3MipaMu ~5-500 HM i MarOTh yHiKanbHi (pi3MKO-XiMiUHI BIACTHBOCTI B MOpPIBHSHHI 31
3BHYaHUMM MaTepianamu. Lle BHCOKa MiLHICTb, TEIUIONPOBIAHICTD, ENEKTPONPOBIAHICTS, ONTHYHI Ta
1H. BJIACTHBOCTI, SIKi JIOCATAIOTHCS 332 PaxXyHOK Ay)K€ BHCOKOTO CITIBBIAHOIICHHS MiX IMOBEPXHEIO i
00'eMOM, WO MNPUBOAUTH JO 3HAYHOI XIMI4HOI, (hi3MYHOi, OIOJOriYHOT AKTUBHOCTI IOBEPXOHb
HAHOYACTHHOK, HAHOBOJIOKOH Ta IHIIMX HaHOKoMIOHeHT [1,2]. Hanopiguuu - me cycneHsii TBepaux
HAaHOYACTHHOK (HAHOKPHUCTAIIiB, HaHOC(hep, HAHOTPYOOK, (ynepeHiB, Ta iH) B piauHi (Boai, Maci i T.1.).
3a paxyHOK HassBHOCTi HAHOYACTUHOK HAHOPIAWHH TaKOXX MArOTh YHiKaNbHI BIACTUBOCTI. Taki pinuHH
IINPOKO BUKOPHCTOBYIOTHCS B CHUCTEMaxX OXOJIO/DKEHHS MIKPOIBUIYHIB, HarpiBy Majiux 00 €MiB
PEYOBHHH, po3aineHHs cyMmimed 1 T.4. Ilpu Tedisx Takux piiMH Ha TBEPAUX NOBEPXHIX Ma€ Micle
JUQy3HEe PO3CIFOBaHHS YAaCTUHOK (MPOCTH3aHHs) 3 YTBOPEHHSIM MPHUCTIHHOTO Mapy 3 OUIbII HU3BKOO
KOHIICHTpAI[I€}0 HAHOYACTMHOK sK TexHiuHux (Puc.la), tak i Oiomoriunux (Puc.16) cycnensii.
PoscitoBaHHA 1 BiICYTHICTh IPWIMIIAHHSA IOB'A3aHO 3 THM, II0 PO3MIp HIOPCTKOCTI TBEpAOI MOBEPXHi
nopiBHHKA 3 po3mipom HaHouacTHHOK (Puc.2a). ExcnepumenTtanmsHo Oyno TOKa3aHo, IO B
HAHOPIJUHHUX MIPUCTPOSIX 00'eMHA BUTpaTa 1 TeMIeparypa He BiIOBIJal0Th TEOPETHYHIM 3HAYEHHSIM,
po3paxoBaHuM 3a Gopmynoro [lyaseiins ans K1acu4YHUX B'I3KHUX PIAMH 3 BUKOPUCTaHHAM 3aKOHY Dyp'e
TSI TETUTONPOBiAHOCTI [3-6].

Puc.1l Mikpoghomoepadhii meuiti nanocycnensiti no Kanaiam MiKpopiouHHux npucmpois (a) i
Kpizb Oegpopmieni mpyoxu (6). Himxo 6uOHi npo30pi NPUCMIHHI wWapu,aKi Maidice 8ilbHI 80 YACMUHOK

TakuM 4WHOM, TeUii HAHOPIJAWH MOYKHA PO3MIIAIATH SK IIapyBaTi Tedil HE3MILIYBaHUX OJHOPIIHUX
PIaUH 3 PI3HUMH B'I3KOCTAMU. B CHily MEHIIOT KOHIIEHTpAIlli YaCTHHOK Y CTIHOK B'SI3KICTh MPUCTIHHUX
mrapiB  3aBKAM MeHIIe B'A3KOCTI piavHu B sanpi tewii. [lpu mneBHuMx komOiHawisx B'sA3KOCTEH,
HIOPCTKOCTEH Ta IHIIMX MapaMeTpiB Taki e()eKTH ICTOTHO BIUIMBAIOTh HA MapaMeTpH Tedil B TpyOKax
KpPYroBOI'O, ENINTHYHOIO, MPAMOKYTHOTO, TPUKYTHOTO 1 Tpamnemienoaionoro mneperuris [1-3]. Ipu
TEYifAX HAHOPIOUH MIX IJIACTUHAMH 1 KOaKCiaJbHUMH LMJIiHAPaMHU Taki eekTu OyayTh 1ie OUIbIUMH
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3a paXxyHOK HAasBHOCTI JBOX 1 OiJIbIlle TTOBEPXOHB C PI3HUMHU IIOPCTKOCTSIMH. MOXIIMBI BiIXFIIEHHS
3Ha4YeHHs 00'eMHOI BuTpaTi Q mpu Teuii HaHOpiauHY Bix hopmynu [lyaselins BaxInBo Hanepesa 3HATH
U TJIaHYyBaHHS POOOTH MIKpOPIAMHHMX MPUCTPOIB 1 MiABUIIEHHS iX edekTUBHOCTI. BimmosimHi
MIOTIPaBKK TIOBWHHI OyTHM BHeceHi i B poOoui (popMynn BICKO3UMEHTIB Ha OCHOBI HAaHOTPYOOK, SKi
BUKOPHCTOBYIOTECA B JIA0OPATOPisiX 1 HA BUPOOHMIITBI HAHOPIAWH IJIsl BU3HAYEHHS iX B'S3KOCTI IO
BUMipoBaHUM 3HaueHHsM Q [4]. BukopucranHs HaOmmKeHHs mapyBaroi Tedii Oyno paHime
BUKOPHCTAHO JIJIsl TCOPETUIHOTO 00rpyHTYBaHHs edexty Papeyca [7] Ta st Tediit MiKpo- i HAaHOPIAUH
MDX MapanenbHuMy TuacTuHamu [3]. Y maHiii poOOTi JOCHIIKYEThCS PO3B'SA30K CHUCTEMH DPIBHIHD
Hap'e-Crokca st OZHOBHMIPHOi Tewil TphOX HE3MIIIyBAHUX HAHOPIAMH MDK HEPYXOMHUMH
KOAKCiaTbHUMH IIWTIHPAMHU.

2 IlocTaHoBKa 3a1a4i

Posrismaersest ogHOBUMIpHA V= (V(,Vg,Vy)=(0,0,v) cramionapra (0/0t=0) BicecumerpuyHa
(0/060 =0) naminapHa Tediss TPhOX HE3MIITyBAHMX HECTUCIHMBUX HAHOPIJAWH 3 PI3HUMH B’SI3KOCTAMH
23 MDK /JBOMa CHiBBICHUMH LWJIIHIApaMu 3 paaiycaMmu Rq,R, momxuuu L mig BIUIMBOM pi3HHULI

rizpocratnunux Tuckis P; i Py <P; (Puc.26).

a 0
Puc.2 Cxema ymeopenns npucminnux wapis (a) i cxema 3aoaui (6)

Pipusinus Har’e-Ctokca B 1IbOMY BUIIAJKY JalOTh 3BUYaliHE AU(EpPEHIlIiHE PIBHSIHHS 2-T0
TOPSIIKY JUTS IIIBUIKOCTEH PyXy KOXKHOTO IIapy

1d rdv(j)(r) P

1
rdr dr uiL @
e j:1,2,3, oP = Pl - P2.
I'pannyHi yMOBH Ha CTiHKaX 3a HASBHOCTI JU(Y3HOTO PO3CiFOBaHHS MatOTh BUIIIS [1,2]
@ 2, ) 2.,(2)
o dv dev B ) dv dev B
Ve +or + =0, |V¥ -« + =0, 2
1= A ", 2=qr P2 o, )
rZRl r:RZ

ne o, 4 >0u ay, fr>0 - mapaMeTpH MIOPCTKOCTI BHYTPILIHHOTO U 30BHIIIHBOTO LIMIIIHAPIB.

Ha moBepxHSX po3finiB MIapiB BUKOHYIOTHCS YMOBH O€3MEepEepBHOCTI MIBUAKOCTEH 1 3CYBHHX
HarpyxeHb [8]

(v(l) _v® )‘ _0, (v<2) _v® )‘ 0
y=Ry+hy y=Ra-h,
dv® dv® 0 dv® dv® 0 ®3)
Mgy BTy, =Y 2= BTy =Y
y=Ry+hy y=Ra-h,

Ione Tncky B mapax Mae JiHiliHe po3noxiteHHs P(X)=J0Px /L + Py, sxe BinnoBizae rpaHIYHIM
yMOBaM Ha BXO/Ii i BUXOJIi 3 KaHaITy
Pl,_o =PuPl,_ =P2. (4)

Tpeba 3HaiiTH NoJIe IBUAKOCTEH, 00’ €MHY BUTpaTy Tedil
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Q=27 | @ (rydr + [ @ (rydr + | @ (rydr |, (5)
Rl Rl+hl Rz—hz
ToJIe MEXaHIYHUX HAIPYKeHb, B TOMY YHCIIi 3CYBHI HAIPY>XEHHs Ha CTIHKAX
dv@® (r dv®(r
n=r®)=-u 2 iRy =, 0 )
dr dr
r=R1 r=R2
TiApaBIiyHUH OMip KaHaTy
Z= op (7)
Q
1 IoTpaBKy 110 po6o4oi (hopMyIn KamiIspHOTO BiCKO3UMETPY [5] Ha BUTIaIOK HAHOPIAWHA
Y4
= —_— y 8
Heff 8L 8

a TaKoX BUWSIBUTH, NpH SIKUX Ha0Opax mapaMmeTpiB oq,0p,[,f, TpH BIiJOMHX 3HAYEHHIX
(R1,Rp,hy o, 1y, o, 113, SPIL) MoxkHa migBumuTu BUTpary Tewii Q 3a paxyHOK TaHTeL[iHHOro
MIEPEHOCY YaCTHHOK Ha MIOPCTKHUX CTiHKaX. /[ Tediit HaHOpiIWH MO TpyOKaM KpyroBOTO MEPETHHY 1

MIDX [IJTIHAPAMH TaKi y3aradbHeHHs OyJu mpoBeneHi B [2], a Auis mapyBaTuX TE9ii MiX TapaleTbHIMA
miacTuHamu — B [3].

3 Po3’Bs3ok 3aaaui
IarerpyBanss (1) nae 1uis IIBUAKOCTEH KOKHOTO IIApy

V(l) (I’) = Cl + C2 In(r) - k,u31r2, V(Z) (r) = C3 + C4 ln(r) — k,u32r2, V(3) (I') = C5 + C6 ]n(r) —kr2 ,

(9)

6P JZ JZ

ne K=——— g =3, gy = 5.
2ul 2] Ho

[MincranoBka (9) mo (2), (3) mae wiicTh anreOpaidyHUX PIBHAHB JUIS BU3HAYEHHS MOCTIHHUX
inTerpyBanHs Cq_g, pO3B 30K SKUX JIa€ /Uil KOHCTAHT HACTYITHI BiUpa3u

‘- k(u31A — pi3oB + Riyy ~Rfip) ’
(1= #3)INRpg + 3181 — (1= p30) INRpp — 113585
Cs = p131kAq +k(1— p131)Rfy — Ce (1 p131) InRpg + p191By ). (10)
Cy = 132Cq,C3 = 1132 (kA7 —B3Cg),C; = 1131Cq, Cy = 1131 (KA — B, Cp),
ne Ry =Ry +hy, Rpp =Ry —hy, A=A —RZ;, B=A, —RZ,, A =RZ(1+205 +2/).
A, =R3(1-2a5+285), Bi=INRy+c; — B, By=InRy —a3 — 35,

a1g=071R12.B0=Po! sz - 6e3p0O3MipHi 3HAYEHHSI IIOPCTKOCTEH.
VYV Bumaaky g =pp=u3=u4, hy=h, =0 (9)-(10) mepexomsaTb y pO3B’SI30K 3amadi s
OJTHOPITHOT HAHOPIAWHY [2]
v(r) = OPR} (A+BIn(r) —r?), (11)
4ul
(14207 +2B8))(INR, —a3) — pP(L— 205 +285)(INRy +a7)
) In(p) +a; o5 |

gt - -p @3+ ) | _Ra

A

In(p) + o5 —ay | a5 Ry
Hpu a1 = Py =0 3(11) orpumaemo Binomy dopmyiy st [lyaseiiniBebkoi Tedii B’ s13K0i pixuHI

MIXK KOAKCiaJIbHUMH HTIHIpaMH
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o APRE(L o PPl
v(r’)= aaL (1 r’s + (o) In(r )}, (12)

me r° =r°/ Ry - 6e3po3mipHa pajianbHa KOOPAUHATA.
IBuakicts (12) Mae MakcumanbHe 3HaueHHs (Puc.20)

2 2 2 2
Vinax = A4F;,R|_1 [1_ ;’In(;l) (1— In Ipn(—;)lD mpu r* = / 2p| n(;l) . (13)
3 (5), (9), (10) orpumyemo BHupa3 ajst 06’ €MHOI BUTpATH TPUILAPOBOI Teyil
Qa1 =k(uz1R] — 139R3 +(1— 1131)Rpyy — (L— 1137)Rp2) +
+(Cp(1-2InRy) —2C;)R? — (C4(1-2INR,) —2C3)R3 +
+R2(2C; +2(Cy—Cg)INRpy—Cp— 2Cs+ Cg) —R25(2C3 + 2(C4— Cg) INR},,— C4— 2Cs + Cy).

(14)
VY BUNAAKy OJHOPIAHOT HaHOPiAKMHY (14 = pp = 3 = 1) 3 (14) orpumyemo Bupas
Qs =K(R{ —R3) +(C7(1-2InRy) — 2Cg)R{ — (C7 (L- 2InR ) — 2Cg)R5 — 2R5(Cq —Cg),
(15)
e C; = k(g\l_AZ) , Cg =kA; -B1C7, Cg =kA, —B,C;, sxuii cniBnajgae 3 oTpuMaHuM B [3].
1~ P2
Ipu g5 = P12 =0 3 (15) Maemo BigoMuit aHaTiTHYHMIT po3’BA30K [uist Teil ITyaseits
2 2
-1
Qn-s=0Qp ,04 _1_—(,0 ) , (16)
In(p)

oP . . . . .
ne Qp = 8ﬂ—L7er' - hopmymna Ilayzeiinst miast 06’ €MHOT BUTpATH KIIACTHYHOT B’SI3KO1 piAvHU Yy TpYOIIi 3

KpPYroBUM IiepepizoM paxaiycy Rj, a ingekcu S,N—S, 3—| BigHOCATBCA 10 Tediil 3 MPOCIN3aHHAM

(slip), Henpocnuzauusam (no slip) i Tpumaposomy (3-layer).
st Hanpy>keHb 3CyBY B TpHIIApoBiii Teuii 3 (6), (9), (10) orpumyemo

C C
T311 = M3 [2le ——6In(r)], T3 2= ,ug[ZkRz ——6In(r)j. (17)
Ry R,
VY BUNAAKy OJHOPIAHOT HAHOPIAMHY (14 = pp = pz = 1) 3 (17) maemo Bupasu [3]
Ts1=HU 2kR1 —Eln(r) , Tgo = U 2kR2 —Eln(r) , (18)
' Ry ' R

H(A-B)+R{(1-p%)
#(By—Bo)+(1—DInp

HIOBEPXOHB 3 OJIHAKOBUMH INOPCTKOCTAMU ¢ =y, P =fFr #0.

ne C=k

, sIKi paHime Oymu oTpuMaHi B [2] AN YacTKOBOTO BHIAAKY

IIpu a1°,2 = ﬂf 2 =03 (18) MmaemMo BiIOMUIT aHANITHYHOH PO3’BA30K VISl HATIPYKEHb 3CYBY

S 1 . P
(r’) = #dr_Zp(rﬂn(p) 2r ] (19)
=T ’D_p_l—p_l Ty =T 1_’0_2 -1 (20)
LR 2i(p) © 2 Plam) )

ne 7p = O0PR, /2L - HanpyxeHHsI Ha CTiHIN TpyOKH 3 pagiycoM R, B kiacuuHii teuii [Tyaseins.
3 (14)-(16) moxHa oGuncauTé 6e3po3MipHi cHiBBiIHOMEHHS I 00’ eMHMX BUTpaT Q3 )/ Qg i

Qs/Qns, a 3 (17), (18), (20) - Oe3po3MipHi HampyXeHHS TEpPTd Ha CTIHKax
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73111751, 7312/ 75,2, 751/ Th-s1s Ts2 / Tn_s 2, AKi TYT HE HaBeJEHi Y€PE3 TPOMI3IKICTh. AHAII3 KX

0e3po3MIpHUX BHpa3iB IMOKa3aB, IO MPH MCIKHX KOMOIHAIAX TapaMeTpiB MOIETl MOXHA OTPHUMAaTH
IPUCKOPEHHS PyXy SK 32 PaxXyHOK HasBHOCTI Tpphox ImapiB HaHopimuH (Qz_;/Qg>1), Tak i

TaHT€HI[IaJIBHOI0 MEPEHOCY IMIYINbCY Hin 4yac audys3Horo poscitoBanHs (Qg/Qp_g >1). IIpu mpomy
Bi/INOBIJIHO 3MEHILYIOThCS BUTPATH eHeprii Teuii Ha B’s3ke Tepts (| 7311 |/ | 751 <1, |73 2 /] 752 <1,
lzs1 1/ | 7n_s1|<L |75 2 [ /| 7n_s 2 [<1). lincranoska (14) i (15) B (7) mae BMpasu i TiApaBJIivHOrO
ornopy TpuuapoBoi Teuii Zz_| 1 oxHOpimHOI HaHOPIIUMHU Zg, MiACTaHOBKA SKUX B (8) mae poboui
(opmymu 1151 BickO3UMETpPY 3 ypaxyBaHHAM ( teff 3-| =K/ 4Q3_|) i 6e3 ypaxyBanns ( teff s =K/ 4Qs)

epexkry ®dapeyca, TOOTO HAIBHOCTI TPUCTIHHMX INAPIB Ti€i X PIAWHU, aje 31 3HAYHO MEHIIOK
KOHIICHTpAITI€I0 HAaHOYACTHHOK.

4 YncenbHi po3paxyHKH i 00roBopeHHs1 pe3yJbTATIB

[IpoBenemo ymcenbHI pO3paxyHKH BIUIMBY MPHUCTIHHHUX IIapiB Ha Oe3po3MipHi 00’€MHY BUTpaty i
HANPY>KeHHS TEPTA Ha CTIHKaX MpPU HACTYITHUX 3HAYEHHSX MMapaMmeTpiB MOJENI, sIKi BIACTHBI JESIKIM
MiKpopeomeTpaM i HaHOpiauHaMm Ha ocHOBi Boau [1-3]: Rq=20 uM, R,=60 um, L=500 um, OP =1,
uz=1, 1p =08, 14 =08cll3, hy =0.2*(R,—Rq) M, hy =0.2*(R,—Ry) um. [lnsg HaGopy 3HaueHb
{a’1, 81.a",5°>} mpuiivemo, BimmosizHo 1o [2], miamasomnm a’y, €[1,1.5], f, €[-0.5,1.5].

PesynbTraTn po3paxyHkiB HaBeneHi Ha Puc.3,4. Be3po3mipHi 3anexHOCTI 00’ €MHOT BUTPATH TeUii TPHOX
[IapiB HAHOPIAWH BIAHOCHO OJMHOPIAHOI HAHODPIAWHHU Bil MapaMeTpiB MOJENI IMOKa3yIOTh, IO MpPH

U31, H3p >1 111 3aIEXKHICTE 3pOCTa€ MPH Pi3HUX 3HAYCHHAX & '12,0 1, (Puc.3a,6). 3i 3pocraHmHsM
hy 5 /(Ry —Rp) 06’emna Butpara 3pocrae. Lleit epexT BnacTuBuid i 3BU4aiiHUM pijMHaM i MoB'a3aHui

3 POJUTIO TIPUCTIHHKUX MIApiB K MacTHiIbHUX [8]. Ilpy mbOMy YMM HIDKYE B’S3KICTh 1 OibIlIe TOBIIMHA
IapiB, THM MeHIIIe TepTs Ha crinkax (Puc.4a.6) u Bume 06’ eMHa BuTpata. binsmr ckiiagHuii BIUTHB
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Puc.3 3anexcrnocmi Qz_j(aq) ! Qg(eq) (a,6) i Qz_1(p1) ! Qs(S) (8,2) npucy =1.3, f =1.25 (a,8) i
ap =12, Br =0.1(6,2), kpusi 1-4 eionosioaroms 3nauwennsm P =-0.51.5;0;1.2 (a,06) i
g =0.03,0.5,1,1.5 (8,2).
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Puc.3 3anesxcnocmi |t3_y 1 75 | () (a,6) i |73 /75| (B) (82) npuoy, =1.3, fp =1.25 (a,6) i
ap =12, B, =0.1 (6,2); 1-4 sionosioaroms mum dxce snauenuam, wo na Puc.3.

OKa3yIOTh IapaMeTpH MIOPCTKOCTi cTinkn (Puc.3B,r). 3i 3pOCTAHHAM IBMAKOCTI NMPOCIH3AHHS Q1)
3meHmyetbcsi TepTst (Puc.4) i 3poctae Butpara (Puc.3), ame makcumanbHe 30iTbIIEHHS BHUTPATH

JOCATAETECS TPH Pi3HUX KOMOiHauisx a’1p,B12 (Puc.3a i Puc.36). 3mina kpuBmsHu mpodimio
UIBUJKOCTI Mpociu3anus f °1’2 MIPUBOJUTH JI0 JIHIHHUX 200 HENHIMHWUX 3MiH BUTPATU B 3aJI€KHOCTI

BiJ 3HAKy f3°1, 1 KOMOiHAwLiil BenuuuH mapameTpiB &2, 4°1,. llpu  f°1 2 =0 orpumaemo 3a1exHOCT

JUTSL MIKPOPIIMH, TAKKX K CycIieH3ii Giooriunaux KimituH [3,7].
UucenbHi po3paxyHKH 3ayie)xHocTell Qg 1 73_| HOKa3ajdy He3HayHy YyTIMBICTH 1O 1HIIUX

napameTpiB Mojeni. Anani3 3anexHoctedd (7),(8) miATBepIHKye 3MEHIICHHS TiIPaBIiYHOTO OMOpY i
3pocratouy 3anexHicTb Qs |(Rp—Rj), 1m0 BiANOBiZa€ TUKCOTPONHIN MOBEIIHIII MIKPO- i HAHOPIIUH,
110 3a0BOJILHAE JaHuM [7].

5 BucHoBKH

Byno nokasano, 1o B TewisiX MiKpO- 1 HAHOPIJIMH 32 paxyHOK JAU(y31HHOT0 BIIOUTTS HA MIOPCTKUX
CTIHKax 3MEHIIYEThCSl HANpPYXEHHS TepTS 1 MiJBUILYETbcs 00’eMHa BuTpara pimuau. [lnsxom
KOMIT'IOTEpHUX CUMYJISILIA OTpUMaHi Ha0OpH MapaMeTpiB MOAENI, SKi NPHU3BOIATH A0 HaOimbI
3HaYHUX 3MiH BUTparu. OTpuUMaHi po3B'sI3KK cucTeMU piBHAHL HaB'e-CTokca 3 yMOBaMH MPOCITU3aHHS
JPYroro MOPSJIKY Ha CTIHKaX, SIKI MOXXYTh €()EKTHUBHO BUKOPUCTOBYBATHCS JJIsl BaJiIallil YUCEIHHOTO
KOAy HaOMMKEHOTrOo pO3B'SI3aHHSA 337adi B OUIBIN CKJIAAHIA TOCTaHOBI, IS TECTyBaHHS
CKIHYEHHOEGJIEMEHTHUX MOJENeH 3 YCKIAQJAHEHOI0 TIeOMeTpier0 abo IHIIMM pEXUMOM Tedii, s
MOTIEPE/IHBOT OIIHKK XapakTepy po3B’s3ka. OTpuMaHi pe3yibTaTH JIO03BOJSIOTH YTOUYHMMHU POOOUi
bopMynu Ui KalIIpHUX BICKO3MMETPIB, B SKHX i3 BUMIPIOBaHHX 3aJIS)KHOCTEH 00’€MHa BHUTpaTa —
Tieperaj; THCKY pO3pPaxoBY€eThCS KOe(IIiEHT B’ I3KOCTI MiKPO/HAHOPIIMHYU 3 HEBIIOMUMU PEOJIOTIYHIUMH
BJIACTUBOCTSIMH.



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHhopmaLjiiHi TexHonoril. ABTOMaTM30BaHi cUCTEMM ynpaBniHHs», BUNyck 51,2021 59

JIITEPATYPA

. Gad-el-Hak M. MEMS Introduction and fundamentals. The MEMS Handbook, 2-nd ed., Taylor &
Francis Group, LLC, 2006. 1720 p. https://doi.org/10.1201/9780429103872

. Karniadakis G.E., Garimella S., Li D., Kolin S., King M.N. Hear transfer and fluid flow in
minichannels and microchannels. Elsevier, 2006. 450 p. https://www.elsevier.com/books/heat-
transfer-and-fluid-flow-in-minichannels-and-microchannels/kandlikar/978-0-08-044527-4

. Cherevko V., Kizilova N. Complex flows of immiscible microfluids and nanofluids with velocity
slip boundary conditions. Nanophysics, Nanomaterials, Interface Studies, and Applications, Springer
Proceedings in Physics, vol. 183, O. Fesenko, L. Yatsenko (eds.). 2017. P. 207-230.
https://www.springer.com/gp/book/9783319562445

. Ting K., Mozumder A.K., Das P.K. Effect of surface roughness on heat transfer and entropy
generation of mixed convection in nanofluid. Physics of Fluids. 2019. Vol. 31, 093602.
https://doi.org/10.1063/1.5111104

. QinY., Zhao J.,, Liu Zh., et al. Study on effect of different surface roughness on nanofluid flow in
nanochannel by using molecular dynamics simulation. Journal of Molecular Liquids. 2021, 14.
117148. https://doi.org/10.1016/j.molliq.2021.117148

. Patil P.M., Doddagoudar S.H., Hiremath P.S. Impacts of surface roughness on mixed convection
nanofluid flow with liquid hydrogen/nitrogen diffusion. International Journal of Numerical Methods
for Heat & Fluid Flow. 2019. Vol. 29(6), pp. 2146-2174. https://doi.org/10.1108/HFF-11-2018-0703
. barrok JI. B., KizinoBa H. M. MonenroBaHHs TaMiHapHHAX Tedill CyCIIEH31i epUTPOLUTIB KPOBi 5K
OinramiBcbkux MikpopinuH. Bicnux KHY imeni T.I.1lleguenxo. Cepis «Dizuxo-mamemamuuni
naykuy. 2017. Bun. 4. C.23-28. https://bphm.knu.ua/index.php/bphm/issue/view/56

. Perupep C.A. Jlekmum mno Owomormyeckor wMexanumke. M.. Mzg-so MI'Y. 1980. 144c.
https://rusneb.ru/catalog/000199 000009 001049464/

REFERENCES

. M. Gad-el-Hak, MEMS Introduction and fundamentals. The MEMS Handbook, 2-nd ed., Taylor &
Francis Group, LLC, 2006, 1720 p. https://doi.org/10.1201/9780429103872

. G.E. Karniadakis, S. Garimella, D. Li, S. Kolin, M.N. King, Hear transfer and fluid flow in
minichannels and microchannels. Elsevier, 2006, 450 p. https://www.elsevier.com/books/heat-
transfer-and-fluid-flow-in-minichannels-and-microchannels/kandlikar/978-0-08-044527-4

. V. Cherevko, N. Kizilova, “Complex flows of immiscible microfluids and nanofluids with velocity
slip boundary conditions.” In: Nanophysics, Nanomaterials, Interface Studies, and Applications,
Springer Proceedings in Physics, vol. 183, O. Fesenko, L. Yatsenko (eds.), 2017, P. 207-230.
https://www.springer.com/gp/book/9783319562445

. K. Ting, A.K. Mozumder, P.K. Das, “Effect of surface roughness on heat transfer and entropy
generation of mixed convection in nanofluid”, Physics of Fluids, 2019, Vol. 31, 093602.
https://doi.org/10.1063/1.5111104

. Y. Qin, J. Zhao, Zh. Liu, et al., “Study on effect of different surface roughness on nanofluid flow in
nanochannel by using molecular dynamics simulation”, Journal of Molecular Liquids. 2021, 14,
117148. https://doi.org/10.1016/j.molliq.2021.117148

. P.M. Patil, S.H. Doddagoudar, P.S. Hiremath, “Impacts of surface roughness on mixed convection
nanofluid flow with liquid hydrogen/nitrogen diffusion”, International Journal of Numerical
Methods for Heat & Fluid Flow, 2019, Vol. 29, No. 6, pp. 2146-2174. https://doi.org/10.1108/HFF-
11-2018-0703

. L. Batyuk, N. Kizilova, “Modeling of laminar flows of erythrocyte suspensions as Bingham fluids”,
Bulletin of Taras Shevchenko National University of Kyiv, Series: Physics and Mathematics, 2017,
Vol.56(4), P. 23-28 [in Ukrainian]. https://bphm.knu.ua/index.php/bphm/issue/view/56

. S.A. Regirer, ‘Lectures on biological mechanics”, Moscow State University Press, 1980, 144 p. [in
Russian]. https://rusneb.ru/catalog/000199 000009 001049464/

Hapinwna — 03.10.2021.


https://doi.org/10.1201/9780429103872
https://www.elsevier.com/books/heat-transfer-and-fluid-flow-in-minichannels-and-microchannels/kandlikar/978-0-08-044527-4
https://www.elsevier.com/books/heat-transfer-and-fluid-flow-in-minichannels-and-microchannels/kandlikar/978-0-08-044527-4
https://www.springer.com/gp/book/9783319562445
https://doi.org/10.1063/1.5111104
https://doi.org/10.1016/j.molliq.2021.117148
https://doi.org/10.1108/HFF-11-2018-0703
https://bphm.knu.ua/index.php/bphm/issue/view/56
https://rusneb.ru/catalog/000199_000009_001049464/
https://doi.org/10.1201/9780429103872
https://www.elsevier.com/books/heat-transfer-and-fluid-flow-in-minichannels-and-microchannels/kandlikar/978-0-08-044527-4
https://www.elsevier.com/books/heat-transfer-and-fluid-flow-in-minichannels-and-microchannels/kandlikar/978-0-08-044527-4
https://www.springer.com/gp/book/9783319562445
https://doi.org/10.1063/1.5111104
https://doi.org/10.1016/j.molliq.2021.117148
https://doi.org/10.1108/HFF-11-2018-0703
https://doi.org/10.1108/HFF-11-2018-0703
https://bphm.knu.ua/index.php/bphm/issue/view/56
https://rusneb.ru/catalog/000199_000009_001049464/

