YK 53.082.64 DOI: 10.18698/0236-3933-2017-5-70-84

YMNCIIEHHOE MOJE/IMPOBAHME ITPOITECCOB
TEINIOMACCOIIEPEHOCA B MUKPO®/ITIOUJHOM
TEIUIOBOM OJATYMKE IIOTOKA

B.B. PrixkoB vv.rizhkov@gmail.com
A.B. 3BepesB azverev@bmstu.ru
.A. Poguonos irodionov@bmstu.ru

MITY um. H.9. Baymana, Mocksa, Poccuiickas ®egepanys

AHHOTaIA KnroueBbie cmoBa

PaccmoTpenb! mopxospl K MofiemipoBaHuio nponeccos Ter- - COMSOL, muxpogmiouduxa,
JIOMAacCOTIePeHOCa B MUKPOQIIOMHBIX TEIVIOBBIX NATYMKAX  /1a60pamopusi-Ha-uune, Kanopumemn-
HOTOKA XXMAKOCTH. MeTofaMy 4iCIeHHOTO MOJEMMPOBAHMA  puyeckuii 0amuux nomoxa, YucieH-
B cpefie COMSOL mccnefoBaHo pacnpeqiefieHne TEIIOThl OT  Hoe MOOeNUPpOBaHile, 2UOPOOUHAMUKA
HarpeBaTesis Pe3VICTMBHOTO THIIA, PACIIONIOKEHHOTO Ha HIDK-

Hejl TOBEPXHOCTY MMKPOKaHa/Ia IIPSMOYTO/IbHOTO CEe4eHs, B

3aBUCHMMOCTM OT CKOPOCTM IIOTOKA JKMAKOCTH, M BbIAB/IEHA

30Ha MaKCMMaJTbHO AVIBEPTEHTHOCTY TEMIIEPATYPHOTO II0JIA.

OHPeHeHeHI/Ie 30HBI MAaKCUMAa/TbHOI AVBEPr€HTHOCTN TEMIIE-

PAaTyYpHOTO I10/1A1 II03BOJIAET HAJITU PACCTOSHNE OT HarpeBaTe-

71, Ha KOTOPOM HaO/II0fjaeTcsl HauboIbIIaA PasHOCTD TeMIle-

paTypbl BbIIIE W HIDKE IIO TEUYCHMIO OT HArpeBaTelld IIpN

VIBMEHEHUM I'PafiVi€HTa JaB/IEHNA BAO/Ib KaHaJIa, YCTAaHOB/IEHA

3aBUCHMMOCTD TOJIOXKEHVA 30HbI MAKCHMA/IbHON JVBEpreHT-

HOCTY TEMIIEPATYPHOTO II0IAA OT CKOPOCTN ITIOTOKA JKUITKOCTI.

HIIH TIOBBINIEHNA YyBCTBUTE/IPHOCTY JAaTYMKa Ha OCHOBaHUN

HPOBEIEHHOTO MOJENMPOBAHNA IIPEIIOKeH TMOPUIHBIN

METOJI, USMEpEHIA CKOPOCTH MOTOKA, TIOSBO/IAIOMIL Pacii-  [[ocTymima B peakimio 23.06.2017

PUTH IMaIIa30H M3MEPEHWIT B 3 pasa © MI'TY nm. H.9. baymana, 2017

Vccnedosanus  6vimonHenvl ¢ UCHOMb308aHUEM MAMEPUATIDHO-TNEXHUHECKOU 0a3bl
LJKII Hayuno-obpazosamenvtozo yenmpa «Pynxyuonanvrvie Mukpo/Hanocucmemui»
MTITY um. H.3. Baymana (ID 74300)

Beepenne. Mukpodmonanka — MeXAMCUMUIUIMHAPHASA HayKa, B KOTOPOIl paccMat-
puBatorcs Masble (mopsaka 107°...107° 1) 06beMbl XUAKOCTEN U YIIpaBIeHNe UX 10~
TOKaMU B MUKPO- ¥ HAHOMETPOBBIX KaHa/IaX MUKPO]IIOMAHBIX YCTPONCTB [1], yacTo
U3TOTOB/IAEMBIX METOJAMI MYKPO3/IeKTPOHUKNA.

B HekoTOpbIX 06/macTsax Gpu3nKM, 6MOMIOrUM U XVMMUU C TIOMOIIBI0 MUKPOQIION-
HBIX CHCTEM MO>KHO IIPOBOANTD YHUKA/IbHbIE SKCIIEPYMEHTHI, KOTOpble ObUIN HEBO3-
MOXXHBI 6€3 MCIIO/Ib30BaHMs TaKMX cucteM [2—6]. Hanbornee mupoxo Mukpodons-
Hble CUCTEMBl UCIIONB3YIOT [y HAOMIOfeHMsI TaKUX YCIOBMII CPefbl, KaK KUCIOT-
HOCTb, MIOHHAsl CW/Ia pacTBOPA, COCTAB M KOHLEHTpalMsA OTHEAbHBIX BellecTs, Ipu
KpUcTa/Um3aumy 6enkoB [7-9]; MMKpO(IOMIHbIE TEXHOTOTUM IO3BOJIAIOT OTCIIe-
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JKVBATh OOJIBIIOE YVC/IO IIApaMeTPOB, Pas3fe/ATh HyK/Iealyio 1 pOCcT Oe/IKOBBIX KpU-
CTa/UIOB ¥ MUHUMU3MPOBATh UX MOBPEXIEHMA, UCCIAENysA UX Cpas3y e Iocie Kpu-
cTa/um3anyn. [Ipyrre mpyMeHeHNs CBS3aHBI C Macc-criekTpomerpueit [10-12], dap-
MaleBTuKoil [3—15], 6uoananusom [16—19], uccnenoBaHreM U MaHUIYIVPOBaHMEM
obpasiami, COCTOSIVIMY U3 OHOJI KJIeTKY VIV OfHOU MOoJieKy/ibI [20, 21].

[Tpu pabote ¢ ManbIMK 06BeMaMM XUAKOCTel (MUKPO- M HAHOIUTPBI) B MUKPO-
GIIOUAHBIX CHUCTeMaX ISl BBICOKOTOYHBIX 9KCIIEPUMEHTOB HEOOXOIVUM MPel3NOH-
HBIJI KOHTPOJIb IIapaMETPOB CUCTEMBI (HO3bI >KMUAKOCTE, COOTHOLIEHNE CMeIeHNs
KOMITOHEHTOB, 0TOOP P06 1 T. I1.). Takoi KOHTPOIb MOXKET OBITh 0OecIedeH TOIbKO
U3MePEeHNEM CKOPOCTEN IIOTOKOB XXUAKOCTEN B peXXMMe pea/IbHOTO BpeMeHU IIOCpefi-
CTBOM BBICOKOTOYHBIX MUKPODIIOUIHBIX AaTYMKOB MOTOKA. OJHAKO MPOEKTUPOBA-
HJle TaKVX JJaTYMKOB HEBO3MOXXHO 0e3 (yH/jaMeHTa/bHOTO IOHMMAHMs IPOLECCOB
IepeHoca B MUKpoKaHasax. [l peleHNs 9TO 3afauy UCIOIb30BaHbl METObI UNC-
JIEHHOTO MOJe/IMPOBaHMNs, TIOCKONIbKY BCE[CTBME BBIHY)X/IEHHOTO YIIPOLIEHUs Ma-
TeMaTUYECKUX MOJesell aHa/UTUYIeCKNe PEelIeHNs NPUBOJAT K pafjKabHOMY yBe-
JIMYEHNIO MOTPELIHOCTeNl MOJEeMMpPOBaHNA, a SKCIIepMMeHTa/lbHble JaHHble He [Al0T
IIOJIHOTO IIpeJiCTaB/IeHNs O XapaKTepe IIPOTeKaHNs [IPOLlecCOB B MUKPOKAHaIax.

Bemymumy Hay9HBIMY TPyIIIaMU IPOBOAMINCD MCCTIE[OBaHNA [22—26] BIVAHNA
KOHCTPYKIUI CEHCOPOB HAa XapaKTEePUCTUKM TEIUIOBBIX JAaTUMKOB MOTOKa. Cremyer
OTMETUTD, YTO IIpU IOCTPOEHUM BCeX MOJeE/eN MCIIO0Nb30BaH PAf YIPOILIEHN, CBA-
3aHHBIX C BBIOOPOM I'PaHMYHBIX YC/IOBMIA [/Is1 YPaBHEHMIT TEIUIONIEPEHOCA Y TUIPOY-
HaMMKu. KpoMe TOro, IOCKOJIbKY Takue MOJENM SBJIAIOTCA OJHOMEPHBIMM, BBUAY
OTPAaHMYEHHOCTV Pa3MEPHOCTY MOZE/M, aBTOPAaMM He YYUTBIBAIOTCA BIVAHNE TpeX-
MepHOJI CTPYKTYpPbI HaTYMKA U OCOOCHHOCTY TOIOOrMy (KOHCTPYKLIMM) Harpesare-
ns1. TakuM o6pa3oM, Ha JaHHBII MOMEHT He CYILIeCTBYeT ITOJTHOM TPeXMePHOI Mofie-
N TIPOLIECCOB, MPOTEKAIUINX B MUKPO(QIIOMAHBIX TEIUIOBBIX AATYMKAX IOTOKA
(MTJII) >kuaxocTyt, B KOTOPOJ ObUIN OBl y4TeHbI KOHCTPYKTUBHbBIE OCOOEHHOCTI 1
Tononorus fatuuka. [IpuBeneHHble B paborax [27-31] pesyabTaThl TEIIOBOTO M3Me-
PEHUsA MTOTOKA >KUAKOCTU B MUKPO(QIIOUAHBIX CYCTEMaX HOCAT 9KCIePYIMEHTaTbHBII
XapakTep, a MICIIO/Ib3yeMble MOJIe/I/l OCHOBAHbI Ha BBEIEHHBIX YIIPOILIEHNAX, KOTOpbIe
MCKaXKAIOT XapaKTep MPOTEKAOLINX IIPOIleccoB. BeeacTBye MOTperHocTell MOzenu-
pOBaHUA, YCTPOJCTBA, CIPOEKTYPOBaHHbIE Ha OCHOBE PE3Y/IbTaTOB TaKUX MOJEIEN,
MIMEIOT XYJIIVe XapaKTePUCTHUKM, 4eM ObUIO IpeficKa3aHo.

B cBsA3M ¢ 1M3/10)KEHHBIM BBIIIe pa3paboTKa HOBOJ YMC/IEHHON MOJENN Ipoliec-
COB TEIIOMAcCONepeHoca B MUKPODIIONHBIX CHCTEMAX, OTPaXkalolljell peanbHBbIil
XapakTep MOBefieHNs MOKOOHDIX CUCTEM, IIPEfICTAB/IsIeT COO0I aKTyaIbHYI0 HAyYHYIO
TeXHOJIOTMYECKYIO 3afjady, pelleHye KOTOPOil UMeeT MCCIefl0BAaTe/IbCKYIO U IPUK/IA/-
HYIO LIEHHOCTb.

ITocranoBKa 3aga4y M YMCAeHHaA MOfeNb. YNCTIeHHO MOfIeIMpYeTcs TaMUHap-
Hoe TedeHue Bogpl B ka"ane MT/IIT gnuHo 3,5 MM, BeIcOoTa KaHama 50 MKM, OIpUHA
300 mxM. KaHas BBINIOTHEH U3 IOMUAUMETUICUIOKCAHA, A €T0 HVDKHSASA OBEPXHOCTD
IpeficTaB/IsAeT co060J1 MeMOpaHy 13 OKCMA KPEeMHMS TOJIMHOM 3,5 MKM, cpopMupo-
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BaHHYIO Ha ITOJ/IOXKKe KpeMHUs. [l CHYDKEHNS VHePIMOHHOCTH JaTuMKa B KPeMHI-
€BOII IOJITOXKKe KO0 MeMOpaHbI HOf YI/IoM 54,74° BBITpaBIeHO OKHO. TOHKOIIEHOY-
HBIJI HUKEJIEBBI HarpeBarenb MOIHOCTHIO 0,1 MBT pacnosnoeH B OKHe Ha OKCUIHOM
MeMOpaHe C BHYTpPEeHHell CTOpOHbI KaHama. CeHCOpBI, M3Mepsollye acuMMeTpyd-
HOCTb TEMIIEPATypPHOTO IMOJIsI BOMM3M HarpeBatens (KalopuMeTpuYecKue), paciono-
JKEHBI Ha OIMHAKOBOM YZaJIeHUM OT IieHTpa KaHala B OKHe, a CEHCOPbI, IIpe/jHa3Ha-
YeHHble JyIs MOJyYeHNUsl JAaHHBIX O TeMIlepaType >KMAKOCTH, — 32 €ro Ipefe/iamiu

(puc. 1).

Puc. 1. Koncrpykums MTIII (x10%)

B Hacrosimieit paboTe mocTaBlIeHa 3afavya ONTUMM3ALY KOHCTPYKIMM JaTIMKa
(pacnono>xeHns HarpeBaTesIell U TeMIIEPATYPHBIX CEHCOPOB). [I/11 MOBBILIEHNA YyB-
CTBUTE/IBHOCTM JIATYMKA HEOOXOAMMO PACIIONIONKUTh KaTOPUMETPUYECKVe CEHCOPBI
OT MCTOYHMKA TEIUIOThI HAa TAKOM PACCTOAHUY, YTOOBI IPY HEHY/IEBBIX 3HAUYEHMAX
IIOTOKA 00eCIeYNTh MAKCUMATbHYIO Pa3HOCTb TEMIIEPaTypbl MEX/y HMMU, COXPaHUB
IpY 9TOM CYLIECTBEHHBII OTKIMK CHUCTEMBI NPV MalbIX M3MEHEHUAX CKOPOCTU
)upkoct. ONTUMaTbHOMY IIOJIOKEHUIO KaJIOpUMETPUYECKUX CEHCOPOB COOTBET-
CTBYeT UX PacIOJIOXKEHNe B 30He MaKCUMaybHOI AuBepreHTHOCTH (3M]I) Temmepa-
TYPHOTO IOJIA, [/1s1 HAXOXXIEHM A KOTOPOil IOCTPOMM MOJIe/Ib OIVICAHHOJ CUCTEMBI.

ITpomeccol TemtoMacconepeHoca B JKUAKOCTY M TBEPHAOM Tejle OIMCHIBAIOTCS
CIefyIOIVIM YpaBHEHVEM, 3aIlMICAHHBIM B 0000IIEHHOM BIIE:

0 ) .

a—(p@)+d1v(pvd>)=d1v(l“ grad(CD))+S, (1)
t

rfie p — WIOTHOCTh; @ — mepeMeHHas; V. — BEKTOp cKopoctu; I — wien (mepeHoc-

HBII1), YYUTHIBAIOIMIT BASKOCTb, TEIUIONPOBORHOCTD 1 Hudpdysno; S — MCTOYHNKO-

Bblit wieH. [Ipu aTom Bup wienos [ u S onpenensercs GpuanmyecKuM CMbICIOM Tepe-

MeHHOM D.
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BI/III NMEPEHOCHOTI0 ¥ UCTOYHMKOBOTO YWICHOB B 3aBUCMMOCTH OT HepeMeH]—IOﬂ ()

YpasHennue: O r S
)3 (S0 1] 03011 (6 od 1/ SN 1 0 0
COXPAHEHUS UMITY/IbCA .. . u u Su
COXPAHEHVSI FHEPIMM ..evvrvreeeererreeererseseneenenes h MC,  Sh
TeryionepeHoca B TBepoM Tene (v =0) ....... T WG, Q
TETUIOTIEPEHOCA B KUAKOCTH ...uvererrninincnns T WG Q

Tak m1s1 cocTaBleHMs: ypaBHEHUsI HEPa3pBIBHOCTY CTIeAyeT IPUHATH HepeMeH-
Hyio O paBHylo efuHuIe, a I 1 S — Hymo, Torma o6o61eHHOe ypaBHeHue (1) mpumer
BUJI
a—p+div(pv) =0.
ot

YleH, y4UTHIBAIOLINIT TPAIUEHT aB/IeHNUA, OObEMHbIE 11 JOIOTHUTE/IbHbIE BS3-
Kue CUIbl, 0003HaYeH yepes

8 aui 2 . aP
Sy =— — |[—-=0%;ud +pR ——,
Ox; (“( 0x j 3 H W(v>j Ph ox

a WIeH, YYUTHIBAIOIIVIT pabOTy CM/I BHYTPEHHUX HAIPsDKEHMIL, — depe3

ap ﬁui
Sh = ij N
ot ij

Ije p — #aBjeHue; f — BpeMs; U; — KOMIIOHEHTBI BEKTOPa CKOPOCTH; X; — KOOPZIU-
Hata; 8; — cumBon KpoHekepa; 4 — koapdumyeHT auHaMmdeckoit Baskoctu; Fi —
IJIOTHOCTb MAaCCOBBIX CUJI;

— KOMIIOHEHTHI TEH30pa BA3KNX HAIIPSKEHUI I IMHEHON BA3KOM XUIAKOCTIL.

[IpuBeneHHbIe ypaBHEHNU ObUIM VICIIO/Bb30BAHBI [Is ONUCaHNs (PU3UKY TIpoLiec-
coB Temiomacconeperoca B MT/ITI. YTo6bI TOCTPOUTH MOZENb ¥ MIPOBECTY BBIYNC-
JINTETIbHBIN 9KCIIEPVMEHT, /ISl YKa3aHHBIX YpPaBHEHMII HEOOXOAMMO 3aflaTh IPaHNY-
Hble yCTIOBUA.

I'pannyHbIe yCTOBUA ISl YPaBHEHMII TUAPOAMHAMUKY. J[106as TOYKa IOTOKa
TIOf B/IVISTHYIEM OKPY)KAloIllell Cpeibl IMeeT TPU CKOPOCTM Bo3zmeiicTBus [32]: 1) cko-
POCTb U TIpY IlepeMelljeHNN TTOTOKa BHU3 110 TeYEeHUI0; 2) CKOPOCTD U + ¢ TIpU Iiepe-
MeIlleHNY ITOTOKA Y PacIpOCTPaHEeHNN 3BYKOBBIX KO/IeOaHMil B HAaIlpaB/IeHNN TIOTOKA;
3) CKOpPOCTb U—c IpY HepeMelleHNN O0TOKa ¥ pacIpOCTPaHeHNN 3BYKOBBIX Koleha-
HUII B HaIlpaBjIeHU! IIPOTUB IOTOKA. B paccmaTpuBaeMoil Mofiesin CKOPOCTb ITOTOKA
He IIpeBbIlllajla CKOPOCTh 3BYKa B BOJie, II0STOMY TpaHMYHbIE yCIOBUs 3aJaHbl He
TOJIbKO Ha BXOJle, HO U Ha BBIXO]IE.
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I'panndHOe yc/oBye Ha BXOJie 3a[jaeTCA Ha OJJHOM TOplie KaHaja, a Ha BbIXOfle —
Ha 7ApyroM (IPOTMBOIIONOKHOM) TopIie KaHama. IIpm 3ToM 3ajjaloTcs fmaBieHue
KMAKOCTY Ha TOPLAX M TeMIIepaTypa IIOTOKa, KOTopas GepeTcs 13 HadaIbHBIX YCIIO-
BMIT ¥ paBHa KOMHaTHON. OcTajibHble IIapaMeTphl IIOTOKA HAXOHATCA C IOMOLIbIO
MHBapMaHTa PuMana.

Ha crenkax 6bUIO MCIIONIb30BAaHO TPAHMYHOE YCIOBUE «0e3 MPOCKAIb3bIBAHNIA»,
T. €. BCe KOMIIOHEHTBI CKOPOCTY Ha TPaHMIIe PaBHBI HYIIIO:

Gx,- _ ﬁy, _ Gzi
ot ot ot
I[}IH AaBJIEHNA ITPOM3BOAHAS 110 HOPMA/IN K IIOBEPXHOCTU TaK)KE paBHA HYIIIO:
0
P _y,
ot

9T0 FpaHI/I‘{HOG YC}IOBI/Ie XapaKTepI/IsyeT HEM3MEHHOCTDb OaB/JICHNA HaA rpaHI/Iue B OIb
HOpMa/IM K CTEHKE BO BpEM:A YN C/IEHHOI'O 9KCIIEPUMEHTA.
Fpanmqnme ycnoBus gisA ypaBHeH]/lﬁ TemIionepeHoca. ,HJIH OIMcCaHusA MpoLec-
Ca TEIUIOIIEPEHOCA B J)KMAKOCTH MCII0/Ib30BaHa CICTEMA ypaBHeHI/[ﬁ
PCopare i VT +V-4=Q+Q, +Quas
G=-kVT.
Jna npuBeNeHHbIX ypaBHeHI/H?[ ObLIN IIOCTABJIEHbI cnenyolye rpaHnYHbIe yCIIO-

BuA. [I1 HarpeBaress ¢ PUKCUPOBAHHON MOILIHOCTBIO gy M IJIOMIAAIbIO A:

A g=Q ="

['paHn4Hble YCTIOBUA IJI MCTOYHMKA, CTOKA BOJBI M CBOOOJHOI BHYTpeHHEN
KOHBEKIIMM B KaHasie ImHou L u BeicoToi H:

—1i-G=qo =h(Tou—T);
h:hwater(L:H)nxt)~

IIpuHATHI HadanbHblE VCAOBMS: HadaabHas TeMmeparypa I—o= 293,15 K;
Haya/JbHOE JaBJIeHNe pP;— = 1 aTM.; Haya/abHasl CKOpocTb motoka U;—g = 0 M/c; BHewI-
HAsA Temneparypa T, = 293,15 K.

YpaBHeHue TenonepeHoca B TBEPAOM Tejle MeeT BUT,

pcpsglidU'VT"‘V"—]. =Q+Qreas
G=-AVT.
B TennoBoit wactu 3agadunm mjA BCEX BHEITHIUX HOBerHOCTeﬁI 3agaHbI rpaHI/IIIHbIe

ycnoBus TpeTbero poga — ycnosus HpriotoHa — Puxmana. 3akoH Termoo6MeHa ¢
OKpY>KaIoLel Cpefoii:

_ . 0T
—n-q :xa_x:ht)/pe (’I:zxt _T)
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3nech hype — Koapduument Termonepenaun mmbO AT CBOOOJHOTO TEIIOOOMeHa ¢
OKpY>Kalolllell cpefioit ¢ mpeobaaHyeM KOHBEKIMN (/I BEPTUKAIbHO TIOBEPXHOCTH
h=hyn (L, Da> Text ); IUIs1 TOPM3OHTAIBHON TIOBEPXHOCTH CBEPXY M = Hyirn (L, Pa>Text );
VIl TOPM3OHTA/IBHON IIOBEPXHOCTH CHU3Y h = hgy3 (L, pa,Tm); V1A HaKJIOHHOII TIO-
BEPXHOCTI @ = 54,74° h=hyjra (L, ©, Pa> Loxt ) ), 60 st [ Py3noHHOTO TerooObMeHa

BHYTpU TBepporo Tema (it KpemHust hg; = hg; (L, pa,Text); IJIs1 OKCUJA KpEeMHNS

hsio, = hsio, (Ls Pas Text ) )-

['paHNYHbBIe YCIIOBUA TPETHETO oA Hauboee 6/IM3KO K JelICTBUTE/IbHOCTY OIIN-
CBIBAIOT TEIVIOOOMEH MeXK/ly 9/IeMEHTaMU MOJIE/N, II03TOMYy OHU 6ojiee IpefIouTH-
Te/IbHBI, YeM I'PaHNYHbIE YCIIOBYUSA IIEPBOTO U BTOPOTO pofia.

BBenenue ceTku aas AMCKpeTU3aluy NIPOCTPAHCTBA. [I/11 CHVDKEHMA MOTpell-
HOCTY BBIYMC/ICHMII IIPYU TIOCTPOEHMN MOJie/i OblIa BbIOpaHa ceTKa 6e3 orpaHM4YeHus
Ha ¢opmy aneMeHTOB (puc. 2). KoHeunas cerka cocrout us 338 622 s1eMeHTOB, U3
KOTOpBIX 325 826 Terpassipos, 12 796 npusm, 46 662 TpeyrojibHUKOB, 52 YeThIpEX-
YTO/IbHMKA, 3 717 KpaeBbIX 971eMeHTa, 322 BEePIUNHBDI.

Puc. 2. Cetka (x10°)

B Hacrosimeit paboTe pelleHbI CTaljlOHApHBIE 33/jauy C PAa3IMYHBIMU TPAaHMY-
HBIMJ YC/IOBMAMM Ha BXOJe U BBIXOJIe KaHa/a, I03TOMY BOIIPOC BbIOOpa Iara Bpe-
MEHHOIT CeTKU He ObIT PACCMOTPEH.

Ananmu3s pesynbTaTOB MOAenupoBaHuA. VIsydeHue TeMIepaTypHOIO IOJA IIpoO-
BeJIeHO IIPU Pa3INYHBIX CKOPOCTSAX IOTOKA, 3aaBaeMbIX ITIOCTOSIHHBIMU Pa3HOCTAMU
JaBIeHUII Ha IPOTUBOIOIOXHBIX KOHILIAX KaHa/la. BpiMmojHeHa cepusa MojenupoBa-
HUII C HAXOXKIEeHVEM CTallIOHAPHBIX PellleHMiI ONMCAaHHO 3a/iaul, B KOTOPOI M30bI-
TOYHOE JIaB/ieHNe Ha BXOJe He M3MEHANOCh M COCTaB/IAN0 BO Beex pacuerax 20 klla,
JaBjeHle Ha BBIXOJEe M3MEHs/JI0Chb B mmama3oHe 3HadeHmit 19...20 klla ¢ mrarom
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100 ITa. BemepcTBue MaHHBIX M3MEHEHUM CKOPOCTb ITOTOKa yBenm4umpanach ot 0 o
10 cM/c, 9TO MOKPBUIO MOJABIIsAOIIee OONMBIIMHCTBO IPUMeHEHNT MUKPODTIOUTHBIX
cucreM. [lanee mpy nokanusauuy u aHanuse 3M]I paccMoTpeHO pacipefieneHue TeM-
HepaTypbl BIO/Ib LIeHTPa/IbHOM IMHUN CUMMETPUY Ha HVDKHEI IOBEPXHOCTY KaHaJa.
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Puc. 3. 3aBUCHMMOCTD TeMIIEpaTypbl HPUIPAHWYHOTO C/IOSL BOGBI OT PACCTOSIHUS OT LieHTpa
HarpeBaresisi PV 3HAUEHMSIX [JaBleHMAX Ha KoHLax kaHama 20 (1), 19,9 (2), 19,8 (3), 19,7 (4),
19,6 (5), 19,5 (6), 19,4 (7), 19,3 (8), 19,2 (9), 19,1 (10) 19 (11) kITa

CoracHO KpMBBIM, PUBEIeHHBIM Ha PUC. 3, IPU PaBEHCTBE [JaBIE€HUI Ha KOH-
I1aX KaHaJIa, TeMIepaTypHoe MoJle abCOMIOTHO CUMMETPUYHO, HO C POCTOM TPajifeHTa
[aBJIeHVsI aCMMETPUs CTAHOBUTCS BCe 3HauMTeNbHee. SIpKO BBIpaXKeH CKa4OK TeM-
HepaTypsl MeMOPaHBbI 1O MUHMMAIBHOTO YPOBH: B 06/1acTu 500 MKM — IZie 3aKaH4M-
BaeTCs MPOTPAB/IEHHOE OKHO. JTO CBA3AaHO C PE3KNM yBe/IMYeHNEM TeIIOOTBOJA de-
pe3 KpeMHIEBYIO MO/IOXKKY.

[l71s1 TOro 4TO6BI OKA3aTh CTEIEHb ACMMETPUYHOCTY TeMIIePAaTypHOTo MO B
3aBUCHMOCTY OT PAacCTOSIHUA OT IL[eHTpa HarpeBaTess 4O KOHIIA KaHaa HaXO[WIach
PasHOCTb 3HAYEHMII TeMIIePaTypbl HVDKHENl 1M BepXHell IOBepXHOCTM KaHama AT
(puc. 4). ITonyueHHbBIe TaHHbIE CBUJETENIBCTBYIOT O HA/IMYUY YETKO JIOKATN30BAHHOM
Ha pacCTOSTHUM OKOJI0 170 MKM 30HBI MaKCMMAJIbHOJ aCUMMETPUYHOCTY TeMIlepa-
TYPHOTO IOJISI — PAacCTOSHMU:A, Ha KOTOPOM 3apMKCHPOBaH HAaMOO/IbIINII TeMIlepa-
TYPHBIIT IIepeIaji Me>Xly paBHOY/ICHHBIMM OT HarpeBaTe/Is y4acTKaMy MeMOpaHbI.

Kak 6bU10 0TMe4eHO Bblllle, I/ MAaKCMMM3ALMY YYBCTBUTEIBHOCTY HAaTUNKA, €0
TeMIIepaTypHbIe CEHCOPBI JO/DKHBI ObITh pacnonoXxeHsl B 3M]] TemneparypHOro 1mo-
ns. Cregyomuil mar — HaxOXKAeHNe 3Tol 30HbL. [lia saToro us sHavenmit AT pa
Ka)KJIOTO CJIEYIOLIETO Ieperajia JaB/IeHN 1 BranTanmm 3HadeHnsa AT Ha IpenbiayleM
nepenaje, IOCJe 4ero BBIIONHAIM HOPMUPOBKY rpadmkoB. 3aBucumoctu Oe3pas-
MepHOII IUBEePreHTHOCTY TeMIIePaTypHOTO IOJIA TPV Pas3INYHbIX JaBIeHUAX Ha KOH-
I]aX KaHaIa OT KOOPAVHAThI IPYBeJeHbI Ha PUC. 5, 371ech ke oTMedeHbl 3M]I.
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Puc. 5. 3aBucuMocTb 6e3pasMepHOIl AUBEPreHTHOCTU TEMIIEPATYPHOTO OIS OT PACCTOSHUS OT
LIeHTpa HarpeBaTesIs NP 3HaYEHMAX [aB/IeHNs Ha KOHIaX KaHama 19,9 (1), 19,8 (2), 19,7 (3),
19,6 (4), 19,5 (5), 19,4 (6), 19,3 (7) xIla u crnaity Akums! (8), nHTeprompyommit 3MJ]

ITpu yBenndyenun rpaguenTa gasnenns 3M] cMmelnaeTcs Bce fanblie OT HarpeBa-
Tesld, ¥ HauuHas ¢ JasieHus 19,4 xlla Ha BbIxoze, TOTOK BoAbl yHocuT 3M] 3a mpe-
Henbl OKHA. DTO NMPUBOAUT K IAJIEHMIO YYBCTBUTENIBHOCTM JlaTyyMKa Oojiee yeM Ha
HOPS/IOK, BC/IECTBUE YEro Ka/JIOPUMETPUIECKUIT CIOCOO M3MepeHMs] CTAaHOBUTCS
HerpurozieH. TakuM 06pa3oM, YCTAaHOBJ/IEHO, YTO KaJIOpUMeTpudeckas cxema addek-
TMBHA TOJIbKO IIPY MJ/IBIX CKOPOCTSX ITOTOKa.

B TO e BpeMs CyILIeCTByeT aHeMOMETPUYECKIII MeTOJ, IOCTPOeHHBIT Ha a¢d¢ekxTe
u3MeHeHyA uncina Hyccenbra HarpeBarersa. XapakTepHas 0COOEHHOCTb aHEMOMETPOB —
UIX YyBCTBUTENIbBHOCTD BO3PACTaeT C YBEJIMYEHNEM CKOPOCTH Cpefibl B KaHajle Y TI03BOJIA-
€T C BBICOKOJ TOYHOCTBIO (PMIKCHPOBATh CKOPOCTM IOTOKA, HEJOCTYIIHBIE I KaJIOpy-
MeTpoB. CpaBHeHMe Oe3pa3MepHbIX YyBCTBUTETILHOCTEI CXeM, ITOTy4eHHBIX aHeMOMeT-
PUYECKUM U KAIOPUMETPUUIECKMM MeTOfjaMM, TIOKa3aHo Ha puc. 6.
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Be3pa3MepHa51 YYBCTBUTEIIBHOCTDH CXEM

Puc. 6. CpaBHeHMe Ge3pasMepHBIX YYBCTBUTEIBHOCTEN CXEM, HOMTYYeHHbIX
aHeMoMeTpudecKuM (1), KamopumerpudeckuM (2) u rubpupneiMu (3) MeTogamu

OnTyManbHBIM pellleHNeM ABJIAETCA UCIIONb30BaH/e OJHOBPEMEHHO JIBYX OIVCaH-
HBIX METOJIOB, TaK KaK OHJ ITOJTHOCTBIO COBMECTMMBL B 3TOM cydyae NIpeqyioKeHHbII
TMOPUHBIN MeTof, 00 beVHAET IPENMYIIECTBA KaTOPUMETPIIECKOro ¥ aHeMOMeTpIde-
ckoro Meropa. C OffHOII CTOPOHBI, 3a CYeT KaTOPUMETPUYECKOTO METO/a, OH VIMeeT Bbl-
COKYI0 9yBCTBUTEIBHOCTh K MA/IbIM IIOTOKAM, C JIPYTOM, 3a CYET aHEMOMETPUIECKOTO
MeTOfla — COXpaHsAeT YyBCTBUTETbHOCTD IIPY OOJIBIINX IIOTOKAX (CM. pIC. 6).

CrnepmoBaTenbHO, YCTAaHOBJIEHO, 4TO B McciefoBanHoi KoHcTpykuym MTIII pns
MaJIBIX CKOpOCTeit moToka (~0...4 cM/c) HeoOXOAMMO pacIoaraTb TeMIepaTypHble
ceHcopbl Ha paccTosgHuyu 150...200 MKM OT HarpeBaTens M MCIOAb30BaTh KaJlopu-
MeTpudeckuii Meton. IIpu ckopocTsax moToka 6omee 5 cM/C HEOOXOAMMO M3MEHUTD
METO[
IIOJTy4EeHM TaHHBIX HA aHEMOMETPUIECKNI, IIOCKOJIbKY Ka/IOPUMETPUIECKNIL HEIIPU -
rofieH /i paboThl C BBICOKMMI CKOPOCTAMM HOTOKa. IIpn mcronpsoBanmm mpepyio-
YKEHHOTO TMOPUHOTO METOfja MI3MePEeHMII BO3MOXKHO OOBbefVHEeHNe IPEeNMYIecTB
IIepedCIeHHBIX METO/0B 11 pacIlVipeHye uana3oHa u3MepeHnit 6osee 4eM B 3 pasa.

3akmoyenue. C MOMOIBIO YMCIEHHOTO MOJIEIMPOBaHMA IIPOBEJIEHO UCCTIEI0Ba-
HIe TpolieccoB Temnomacconepenoca B MTJII. Ha ocHoBe pe3ynbTaToB MOjenmpo-
BaHMA pellleHa 3ajjaya onTumusanyy KoucTpykuuu MTII u npeaiosxeH MHHOBAIM-
OHHBIII TMOPUIHBIN METOJ IMPOBEfIeHNs 3MEPeHMII, T03BOJISIOIUIT PaCIIMPUTD pa-
Ooumil AManasoH KaJOpMMETPUYECKMX ATYMKOB Oosee yeM B 3 pasa. Kpome Toro,
cornacHo pesynbratam Mogenuposanus, MT]II, ocHoBaHHbIe Ha TMOPUIHOM MeTO-
Zie, 06/1afjaloT MAaKCMMAaIbHOJ YYBCTBUTEIbHOCTBIO Ha BCEM YKa3aHHOM [IMalla3oHe
CKOpOCTeJ1, TIpY 3TOM He TpeOyeTcs CYIeCTBEHHOTO YCIOXKHEHMA KOHCTPYKIMU U
3/IEKTPUYECKOI CXEMBI JJaTYMKa.
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Abstract Keywords

The paper gives an approach to numerical simulation of COMSOL, microfluidics,
heat and mass transfer processes in microfluidic thermal lab-on-chip, calorimetric flow
flow sensors (MTFS). By numerical simulation methods in  sensor, numerical simulation,
the COMSOL, we investigated heat distribution from a fluid dynamics, CFD
resistive type heater located on the lower surface of a rec-

tangular microchannel. Moreover, we identified the fluid

flow rate effect on the zone of maximum divergence

(ZMD) of the temperature field. Thus, it made it possible

to determine the distance from the heater, at which we

observed the greatest temperature difference between the

higher and lower RTDs. Furthermore, to increase the

sensitivity of the sensor, we suggested an innovative hybrid

flow rate measurement scheme. This scheme allowed us to

extend the measurement range of conventional MTFS by a  Received 23.06.2017

factor of three © BMSTU, 2017
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