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MoaenupoBaHue TeMnepaTypHOIi KOHBEKLMU B MUKPONpPO6GUpKax
NpU TOMEYHOM Harpese: 3aBUCUMOCTb CKOPOCTU KOHBEKL UM OT YI/1a HaKJIoOHa

A.U. Ucnamos, K.P. HabnynnuHa

YDUMCKMIA rocyaapCcTBEHHbINA aBUALLMOHHbIA TEXHUYECKUI yHMBepcuTeT, Ydha

E-mail: nabiullinal998 @gmail.com

B HacToswei pabote NpuBOASTCS pe3ynbTaThl UCCIELOBaHWUS 3aBUCMMOCTM CKOPOCTM KOHBEKLIMM XXMAKOCTU B MUKpOMpobupke OT yria
HaKJIoHa Mpu Toye4yHoM Harpese. [py NpoBefeHUM OAHHOTO UCCIEA0BaHUS UCMOb3YEeTC paHee MOAroTOB/IEHHAs KOHEYHO-06beMHas
ceTka KOHYCcoobpasHOM MUKpONPOBUPKM AN18 UCMOMb30BAHUS B paMKax nporpaMmmHoro naketa OpenFOAM. MpoBeneHbl NoApO6HbIM aHa-
JIU3 U OMMCaHWE MATEMATUUYECKON MOAENN, @ TaKXKE CEPUS BbIYMCIUTENBHLIX SKCMEPUMEHTOB C UCMONb30BAaHWEM BCTPOEHHOMO peluaTtens
buoyantBoussinesgPimpleFoam.

BakHbIM 3TanoM gaHHOM paboTbl aBNSeTCa NoCT-06paboTka pe3ynbTaToB, NOMYUYEHHbIX B XO4€e NPOBeAeHUS CEPUN BbIYNCAUTENbHbIX
3KCnepuMeHToB. B paboTe npuBeseHo noapobHoe onncaHue 0cobeHHOCTEN NPOBEAEHHOM 06PabOTKM LAaHHbIX A1l NPSMOr0 KOJMYECTBEHHOIO
CpaBHeHUsi pe3ynbTaToB, NOMYYEHHbIX B OTAENbHbIX 3KCMNEPUMEHTaX Cepuu.

B NpOBEAEHHbIX BbIYNCNUTENBbHbIX SKCMEPUMEHTAX Obinu nonyyeHbl KONMYECTBEHHbIE AaHHbIE A4 BbIABNEHNA 3aBUCMMOCTMU CKOPOCTU
KOHBEKLMM XXMAKOCTU B MUKPOMPOBUPKE OT YINa Hak/IoHa Npu TOYEYHOM HarpeBe. Ha 0CHOBE MONyYeHHbIX pe3ynbTaToB BbISBNEHO CyLue-
CTBEHHOE BAMSIHWE YI/1a HAK/IOHA Ha CKOPOCTb KOHBEKLMM, YTO B AaNIbHEMLIEM MOXET NOCAYXUTb peleHreM Ans npobneM onTuMmusaumum
npoLLeccoB nepemeLlMBaHNS B MUKPOMAcLWTabHbIX cucTemax.

KnioueBble cnosa: nonumepasHas LenHas peakuus, OpenFOAM, TeMnepaTypHas KOHBeKUUS, NpubamkeHue byccuHecka, BbIYMCAN-
TeNbHOe MOAENNpoBaHUe

Modeling of temperature convection in microtubes under point heating:
dependence of convection velocity on tilt angle

A.l Islamov, K.R. Nabiullina
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This paper presents the results of a study of the dependence of the convection velocity of a liquid in a microtube on the angle of inclination
during point heating. This study utilizes a previously prepared finite-volume mesh of a cone-shaped microtube for use within the OpenFOAM
software package. A detailed analysis and description of the mathematical model and a series of computational experiments using the
built-in buoyantBoussinesqPimpleFoam solver are performed.

An important step in this paper is the post-processing of the results obtained from a series of computational experiments. The
paper provides a detailed description of the features of the data processing carried out for direct quantitative comparison of the results
obtained in the individual experiments of the series.

In the conducted computational experiments, quantitative data were obtained to reveal the dependence of the liquid convection
velocity in a microtube on the angle of inclination during spot heating. From the obtained results, a significant influence of the inclination
angle on the convection velocity was revealed, which can serve as a solution for the problems of optimization of mixing processes
in microscale systems in the future.

Keywords: PCR, polymerase chain reaction, OpenFOAM, temperature convection, Boussinesq approximation

1. BBepeHue 113X U TIPOBeeHMS TeHETUUYECKUX aHAIM30B (CEKBEHUPOBa-
HMSI TeHOMa). DTall YCKOPEHUS UTPaeT KI0YeBYIO POib B

ITormmepasHas nernHast peakiust (IIIP) — sTo caMblii  porecce ITLIP, OCKOBKY OIpeeNsieT HauaabHble YCIo-
pacrpoCTpaHeHHbIi MeTO/ YBe/ueHns 06beMa HyKIen- gy i mocnenyomeii ammmibykanyy THK. [ToHnMa-

HOBBIX KMC/IOT. [TIP 11POKO MCIIONb3YeTCsI B MOJIEKYIISID-  [ye 1 ONTMMM3AIMSI 3TOTO STAra MMEKT 6OJIbIIoe 3Ha-
HOVi 6uonorum Jj1s1 yBenmuenust Konmdecta JTHK B o6pas-
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YyeHMe 151 JOCTUKeHUST TOUHBIX U HaZ|eXKHBIX Pe3y/IbTaTOB.
Bnepsebie TP 6buta ommcaHa HobemeBCKMUM JlaypeaToM
Kapu Mamnncom B 1983 romy [1].

B 1996 rogy kommauust Applied Biosystems mpencra-
BMUJIA MeTO[, KoiuuecTBeHHO ITLP ¢ 06paTHOI TpaHCKPUII-
umesi (TILP-OT) B Buze o6I111eg0CTyIIHOM TeXHOIOTUY, BbI-
IyCTUB Ha PbIHOK Ipr6op 7700 [2]. B TOo Bpems 3TOT Me-
TOJ, CTa Hanbojee TOUHBIM Y YYBCTBUTEIbHBIM CIIOCOO0M
OOHapYysKeHUS ¥ KOTUUECTBEHHOI'O OTpeie/ieH s HyKJIeu-
HOBBIX KUCJIOT.

B cBs131 ¢ HEOOXOAMMOCTBIO ONITUMM3ALIMY TTpoLIecca
muarsoctuky JIHK 6osbIiioe BHMMaHMe yAeasieTcsl COKpa-
1eHMIo npopo/mkuTenbHocTy TP, CymecTByeT HECKOIbKO
crtoco60B yckopenwust ITLP. Hanbosee mpoKo UCITONb3ye-
MBbIM METOJOM SIBJISIETCSI TPOBefeHne KOHBeKTUBHOI [TLIP.
B sToM cityyae M3MeHeHMe TeMIepaTypbl peakKMOHHOM
CMecU JOCTUTAETCS 3a CUeT IlepeMellleHys] peaKLIMOHHO-
IO COLEepPKMMOTrO IOZ, AeiCTBMEM TeIJIOBOV KOHBEKILIVMN.
[BUKeHMe XXUOKOCTU OCYIIEeCTBIISIETCS 3a CUeT TeMIlepa-
TYPHOTO I'pafyieHTa, BO3HMKAIOIIEro M3-3a Harpesa u (Min)
OXJTIAKIOEHYST HEKOTOPBIX TOUEK MUKPOITPOOUPKH, B KOTO-
poii ocyiectsisiercs TP [3].

[TepBble yIIOMMHAaHMS O POJIM KOHBEKTUBHBIX CUJ B
MUKPOMITIOMAHBIX YCTPOCTBAX AJISI aMIUTMOUKAIY HYK-
JIEMHOBBIX KMUCJIOT BCTPEYAIOTCS B IATEHTHOI IuTepaType.
B matenTe CIIIA [2], onuchbiBaloleM KpeMHMeBOe MUKPO-
(dmonaHOe YCTPOICTBO [IJIs TPOBEIEHNSI peakIinii ¢ HyKje-
MHOBBIMU KMcaoTaMu (Bratouas [P u nurasHyio nemnHymo
peaxkuuio), TepPMOKOHBEKIMS UCIIONb3YeTCs IS TaCCUBHO-
ro OXJIKIEHUS PeaKIMOHHOM! CMeCH Y CTEHOK YCTPOMCTBA.

B pa6orte [4], mocBsieHHO pa3paboTke MeToIa Ha-
rpeBa peakiMOHHOM CMeCH 3a CUeT JIEKTPOIUTUYECKOTO
COIIPOTUBJIEHMS, TAKKE YITOMMHAETCS OXJIaXKIeHMe II0Cpel-
CTBOM MPUHYIUTEIbHBIX KOHBEKI[MOHHBIX IOTOKOB BO31Y-
xa.

B oTeuecTBeHHOI IUTEpaType [5] TAaKKe BCTpeUaloT-
Csl YIIOMMHAHMS O KOHBEKTUBHBIX ITOTOKaX B KOHTEKCTe
rpoBenenus I[P B MacCMBHOM TepMOOJIOKe, OIHAKO OT-
MeuaeTcsl UX He3HAUUTe/IbHAsl MUHTeHCUBHOCTb.

[TepBoe onucanme «MCTUHHOVI» KOHBEKIMOHHOI [T1IP,
IJle KOHBEeKTUBHbIe TOKM BBICTYNAIOT B KaueCcTBe OCHOB-
HOJi JBVOKYIIEN CUITBI, IepeMelllnBatolell CIou SKUIKOCTH,
MpeaCcTaB/JIeHO B aTeHTe [6].

B paborte [7] npencTaBieHa HOBask KOHLEMIIUS ITPOBe-
nenus I[P ¢ ncnonb30BaHMEeM KOHBEKLIMIOHHOM STUeliKH,
paboTalolieit Ha OcCHOBe IpuHIIKuIa Benapa—Pases. Yerpoii-
CTBO BBITIOJTHEHO B BUJIEe KyOMKa M3 OPTCTEK/IA C BEPTUKAIb-
HbIM KaHaJIOM, MUMEIOIIMUM ITyouHy 1,5 cM 11 06beM 35 MKII.
Harpes HikHelt yacTu kKyouka 1o 97°C 1 TepMoCTaTUPOBa-
HIe BepxHeit yactu mmpu 61°C o6ecrieunBaoT HUPKYIISIIO
peaKkiMOHHOV CMeCU, UMUTUPYS TeMIlepaTypHbIe IIUKIIbI
[TIIP. DKcIiepMMeHTaabHO MOATBepKaAeHa paboToCIIoco0-
HOCTb IIPeAJIOKEHHOJ cucTeMbl: 3a 1,5 yaca peakmyu ObLI
nonyueH creuynduunsbiii [IIP-nponyKT, JeTeKTupyeMblii
METOJIOM arapo3HOro rejb-3ekTpodopesa.

HecMOTpSI Ha MOMBITKM YCOBEPIIEHCTBOBAHMSI KOHBEK-
uyoHHoI ITLIP-cucTeMbl, MpeaNpUHSIThIE aBTOPaMy pabo-
ThI [8], COXpaHs/IMCh OCHOBHBIE HEJOCTaTKM JaHHOTO Me-

TOIa, TaKMe KaK HU3Kas CKOPOCTb peaKIUy U CJIOKHOCTH C
3aII0JTHEHMEM PeaKI[MOHHbIX COCYI0B. Bpemst MHKy6aLumy,
Heo6XoAMMoe IIJIs TTOTYUeHMsT KOJIMUYeCcTBa LieJIeBOro Mpo-
IYKTa, COIOCTaBUMMOTO ¢ TpaauumoHHoii [P, coctasisino
0K0J10 40 MUHYT.

B pa6orte [9] aBTOpBI MPeIJIOKWIN aTbTEePHATUBHBIN
BapMaHT KOHBEKLMOHHOI stueiiky ajist [P, mo6uBmuCh
P 3TOM BIIEUAT/ISIONIEN CKOPOCTU aMIUIMPUKALIUN —
okono 10 MMHYT — 3a CUeT COKpallleHMsI BpeMeHU Of -
HOTO IMKJIA (leHaTypalus—OTKUT—3/TOHTaIms) 1o 15 ce-
kyHA. OgHaKko, peaKUMOHHBIN COCYH B BUOE TOHKOTO
CJ10ST SKUAKOCTY MEXKIY ITOKPOBHBIMM CTEK/IaMU, TepMe-
TU3UPOBAHHBIMU CUJIMKOHOM, [iejlaeT TJaHHYI0 CUCTEMY
HEITPUTOIHOM [JISI MIMUPOKOTO IIpUMEHEeHMUs, 0COOEHHO
B o6acT JJHK-IMarHoCTUKA.

AHanus cymecTBYIOUIMX UCCIeTOBaHNI B 06/1aCTy Tep-
MOKOHBEKIIMY TEMOHCTPUPYET, YTO (PopMMUpoBaHyEe KOH-
BEKTUBHBIX STU€eK pa3/JINUHbIX TUIIOB HEM3MEHHO CBSI3bIBa-
JIOCh C CO3JlaHMeM TeMIIepaTypHOTO IrpaiueHTa.

Tak, B 60JBIIMHCTBE PabOT HArpeB OCYIIECTBIISIICS
CHU3Y, YTO 06eCIeunBaIo BePTUKAIbHbII IPaIUeHT TeMIIe-
partyp. B Ipyrux uccneqoBaHusIX BO3eiCTBUE Pa3IMUHBIX
TeMIIepaTyp OCYIIECTBISIOCh Ha GOKOBbIE CTOPOHBI CUCTE-
MbI, UTO IIPUBOAMIIO K BOSHMKHOBEHUIO TOPU30HTAIBHOTO
rpagyeHTa TeMmIiepaTyp.

HecMmoTpst Ha 3HAUYMTEIBHBIN ITIPOTPECC B MCC/IEA0BA-
HMM KOHBEKTUBHBIX SIBJIEHUH, BAMSIHIE OPMEHTAIIUM TeM-
repaTypHOro rpagueHTa OTHOCUTENbHO BeKTOpa I'paBuTa-
MM Ha MOPQOJIOTUIO U AMHAMMUKY KOHBEKTUBHBIX STUEEK
0OCTaeTCsl HeJOCTaTOYHO U3yUeHHbIM. TpaJAUIIMOHHO CUM-
TaJIOCh, UTO HarpeB CBePXYy He MOXeT IIPUBECTU K pa3Bu-
TUIO TEPMOKOHBEKIIUM B CUITY CTaGMIM3UPYIOILEro BO3Iei-
CTBUSI TPaBUTALIVNA.

OnmHako pa3BUTHME SKCIIEPUMEHTAIBHBIX METOIOB, B
YaCTHOCTM, MCIOJIb30BaHMe JIa3€PHbBIX CUCTEM JIJISI JIOKA/b-
HOTO HarpeBa >XUIKOCTH, TI03BOJINJIO MHUIIUMPOBATb KOH-
BEKTUBHbIE€ T€UEHMS U ITPU MHBEPTMPOBAHHOM TeMIIepa-
TypHOM rpanueHTe. Hampumep, hoKycHpoBKa JiazepHO-
TO U3JIy4YeHUs B [IeHTPe eMKOCTH C KUIKOCTbIO TPUBOAUT
K BO3HMKHOBEHMIO BOCXOISIINX KOHBEKTUBHBIX ITOTOKOB,
YTO HAIILJIO ITPAKTMUYECKOe ITPMMEeHeHe B pean3anuy KOH-
BeK1MoHHOI1 TTIIP.

HanpHelne MCCIegOBaHMsS B 3TOM HalpaBjIeHUU
MPeICTaBJSIOT 3HAUMTEIbHBIN MHTEpeC AJIs YITy6IeHHO-
ro MTOHMMAaHMSI MEXaHU3MOB (POPMUPOBAHMS U SBOJIIOLIUN
KOHBEKTUBHbBIX CTPYKTYP B Pa3/IMYHbIX YCTOBUSIX.

3a mporeIye IMOYTH IBa AeCITUITHS CYIleCTBOBA-
HUs1 KOHBeKIMOoHHOM [TLP sTa peakiys gokasajia CBOIO
SKM3HECITOCOOHOCTh M B HACTOSIIIIee BpeMs pa3spaboTaHbl
pas/inyHble BapMaHThl METOAA C OOHUM, IBYMS MU JasKe
TpeMsl UICTOUHMKaMM HarpeBa 1 pa3Hoo0pas3Hoit hopmMoit
peaKkIMOHHBIX COCY/IOB.

KWccnemoBanme mpo6iem yckopenus ITHP ocraeTcs ak-
TYaJbHBIM ¥ BasKHBIM Jaske ITPY HaJTMUIMU yiKe pa3paboTaH-
HBIX CPEJICTB U METOHOB. DKCIIEpMMEHTAa/IbHbIE IIPOBEPKU
TPeOYIOT GOJBIIMX TPYA03aTPaT, B CBSI3U C UeM ITOSIBJISIETCS
HeoOXOIMMOCTb B IIpeBapUTEIbHOM MOJEIMPOBAHUN U
MMPOBeAeHUM PacueTOoB /ISl AAJIbHEMIINX UCC/IeJOBaHMIA.
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B HacTosieit paboTe Ha OCHOBE BBIUMCIUTEIHLHOTO
MOJIeJIMPOBaHMS pacCMaTpUBaAeTCsl TIPeoIoKkeHe, YTO
MOMMMO TeMIIepaTypHOTO rpagueHTa CyllleCTBeHHOe BJI-
ssHue Ha Bpems npoBeneHus [P MmoxxeT okasbIBaTh TAKKe
M YTOJI HAaKJIOHa MUKPOITPOOMPKY, TO €CTh M3MEHEHME T'eo-
MeTpMM 00/1aCTV KOHBEKI[MM OTHOCUTEIbHO BEPTUKAJIN.

2. TemnepaTypHasi KOHBEKUUS

CylecTByeT Ba BUIa KOHBEKIMU: €CTECTBEHHAs (CBO-
60n1Has) U BEIHYKAeHHas1. EcTecTBeHHAs! KOHBEKIVSI BO3HU-
KaeT 13-3a pa3HOCTU IIJIOTHOCTENM KUIKOCTH, BbI3BAHHOM
ee KOHTAaKTOM C TOBEPXHOCTHIO C APYTO¥i TEMIIEPATypOii,
4YTO BbI3bIBAET IO beMHbIE (apXUMeL0oBbl) Cuibl. [IpumMepa-
MU eCTeCTBEHHOJ KOHBEKLMY SIBJISIIOTCS TEIJIO0TAa4a OT
CTEeH WIN KPBIIIY 3[aHNSI B 6e3BeTpeHHbIN JeHb, KOHBEK-
LMS B COCYZE C )KUIKOCTBIO, COepiKalleli HarpeBaTe/lbHYI0
CIIMpaJib, MU TEIJIOOTAAYA OT COTHEYHOTO KOJIEKTOPA B
LITUb.

BeiHy)XIeHHasi KOHBeKLMSI BO3HUMKAET, KOrha >KUJ-
KOCTb 00TeKaeT MOBEPXHOCTD C APYTOit TeMIIepaTypoit Mog
JlelicTBMeM BHeIIHe cuibl. CKOPOCTh KUIKOCTY IIpU Ha-
CUJIbCTBEHHO KOHBEKIIMMY BBIIIE, UeM ITPY CBOOOIHOA, UTO
TI03BOJISIET TTepeIaBaTh OGOJbIIE TEIIa IIPYU TOM JKe TeMITe-
patypHOM rpaaueHTe. OHAKO 3Ta yBeJINYEeHHAs Nepena-
4a Teria KOMIIEHCUPYETCS SHepTHel, 3aTpauuBaeMoli Ha
NopAepskaHue IBVKeHUS JKUAKOCTY. BHe 3aBUCUMMOCTH OT
BJJa KOHBEKLIMM KOJIMYECTBO TeIlla, IePeHOCUMOTO Tell-
JIOBBIM OTOKOM, MOXXHO BBIUYMCJINTD C TIOMOIIbIO 3aKOHA
HproToHa-PuxmaHa:

% + V- (pu)=0.

[TpencraBneHust 0 MexaHM3Max TeIIONepeHoca B pas-
JIMUYHBIX cpelax Hauay GopMUPOBATHCS 3a70JIT0 0 BO3-
HUKHOBEHUS CTPOTUX HAYUYHBIX TeOpuii. B yactHOCTH, aH-
miickuii Mmeteoposor /Ik. l'ames (G. Hadley) B 1735 ro-
Iy ¥ poccuiickuit yueHblit M.B. JlomoHocos B 1753 rogy
BBIIBUTAJIM TUIIOTE3bI O CYLIECTBOBAHMM TaKUX MeXaHU3-
MOB. Ba)kHO OTMeTUTb, UTO caM (eHOMeH TeMIlepaTyp-
HOVi KOHBEKIIMM B MPUPOIHBIX CUCTEMAX ObUI SMITUPU-
YeCcKy M3BEeCTEH elle CO BpeMeH aHTUYHOCTU, HauMHas
¢ TpynoB Apxumepa [10].

Bo3MoXHO nnepBoe NpakTUIeCKOe MPYMMeHEeHNEe Tel-
JIOBOJT KOHBEKLIMM COCTOSIOCHh B cepeaune XVIII Beka 671a-
roflapsi aHiMyaHMHy nmonkoBHUKy W. Cook, mipemoxkus-
eMy AJisl CorpeBa MOMeIeHUI UCIO0b30BaTh MPOIOXKEH-
HbIe BIOJb CTEH KOMHAT MeTa/yIndyeckue Tpyobl, B KOTO-
pble NoJgaBaJiCs BOASHO Map U3 CelyuaJibHOM eMKOCTH,
HarpeBaeMoi1 Ha KyxHe [11].

Ha py6esxke XIX-XX BeKOB GBI OITy6IMKOBAHBI OCHO-
BOMoOJIaraplnye Tpyabl ppaHIry3ckoro yueHnoro I. Benapa
(H. Benard), mocBsiieHHbIE CUCTEMATUUECKOMY U3YUEHUIO
(beHoMeHa TepMOKOHBEKLIMY. DTU PAOOTHI TTOIOKUIN Ha-
Yaji0 aKTUBHBIM MCC/IETOBAHNSIM B JAHHOI 06JIaCTH.

3. Mukpodnonamka

[TepBbIMM pe3ylbTaTaMU B MUKPODIIOUOUKE (MUK-
pomaciiTabHble TeueHus1) CJiefyeT CUUTATh OOHApyKeHMe

KOHBEKTUBHBIX siueek Pajies—beHapa. HecmoTpst Ha ToO,
yTo Paneii [12] mpeackasan dopMyupoBaHie KOHBEKTUBHbIX
sTYeeK MoJ, AeliCTBUEeM IrpafyeHTa IJIOTHOCTY, BBI3BAHHOTO
HEOLHOPOOHBIM HarpeBoM, TEOPEeTUYeCKOe pa3BUTHE STOM
KoHIenuuu, npeanpuustoe rebhdpucom(H. Jeffreys) [13],
He M0JIy4aIo 3KCIIepUMMEeHTaabHOTO MOATBEPKIEHUS OO
1935 ropa [14]. O6HapyskeHue faHHOrO (eHOMEHA He 6bLIO0
MIPY3HAHO HAYYHBIM COOBIIECTBOM TOTO BpeMeHM BCITEI -
CTBME PACIIPOCTPAHEHHOCTH OIMOOYHBIX TTPEICTaBIEHMIA
0 KOHBEeKI[MM, OCHOBAaHHBIX Ha aBTOPUTETHOM MHeHUM P3-
nes.

OpHako MuKpodIIOMIMKa KaK HayqHOoe HallpaBJieHue,
Uccenymwllee MoBefeHye sKUAKOCTeN U Ta30B Ha MUKPO-
ypoBHe, BO3HMKIIA B 1990-x rogax. COBpeMeHHbIM 3TaIlioM
ee pa3BuUTHKS cTasia HaHODIoMANKA [15], u3yvaromias siB-
JIeHUsI B HAHOPa3MepHBIX CUCTeMaX, TPAHCIIOPT MOJIEKY
yepe3 HAaHOKAHAaJIbI, B3aMMOZEICTBME C HAHOCTPYKTypaMu
U OpyTHUe acreKThl.

BypHoe pa3BuTue MUKpOGIIOUINKY IIPUBETIO K TIOSIB-
JIEHUIO MHHOBAI[MOHHBIX YCTPOMCTB, CIIOCOOHBIX KOHTPO-
JINPOBATh MOTOKU KUAKOCTU U Ta305KUAKOCTHBIE TIOTOKU
06beMOM HAaHO- U MUKOJIUTPOB B MUKPOCKOTIMYECKMX Ka-
HaJlaX C BbICOKOM TOYHOCTBIO [16]. OTa TeXHOIOTUSI OTKPbI-
BaeT HOBble BO3MO)KHOCTU JJ151 aHAIUTUYECKMX METOLLOB
¥ pa3pabOTKY YCTPOMCTB C YHUKATbHBIMM TEXHUYECKUMMU
XapaKTepuCTUKaMM, He MMEeKIIMMY aHaJ0roB B MaKpo-
maciirabe.

BrepBbie BO3MOXKHOCTb IIIIP Ha MMKpoumMmax ObI-
JIO TIPOIEMOHCTPMPOBAHO B pabOTax MCCIIeOBATETbCKOI
TPYIIIIBI TTOA, pyKOBOACTBOM A. Hoptpoma [17]. B 1994 rony
ObUIN OITYOJIMKOBAaHbI PAOOTHI MCC/IeIOBATENIEN MO/ PYKO-
BOJACTBOM P3M31, B KOTOPBIX MpPEACTaB/JIeHbl HOBbIE Me-
TOIbI pa3zesieHys: 06pas3iioB Ha MUKPODIIOMIHBIX UMITIAX
¢ MpUMeHeHKeM 37eKTpodopesa 1 3JIeKTPoXpomMaTorpa-
dun [18].

[Tpubopsl Ha OCHOBE MUKPODIIOUIHBIX YUIIOB MMe-
I0T 3HaYUTebHbIE NIPEVMYIIECTBA 110 CPaBHEHUIO C Tpa-
JUIIMOHHBIMM aHATUTUUYECKUMMU CUCTeMaMM: SKOHOMMUS
peareHTOB 1 06paslioB, BbICOKAsI YYBCTBUTEIbHOCTb O6HA-
PY>KeHUsI KOMITOHEHTOB 00pa31ia, KOMIIaKTHbIE pa3Me bl
¥ HU3KOe JHEeProInoTpebieHue.

MukpoycTtpoiicTBa 1jis mpoBefenus ITLIP MoryT ObITh
paseneHsbl HA TPYIINBI B 3aBUCUMOCTY OT IPUHLIUIIA U Me-
XaHM3Ma HarpeBaHus peakUMOHHOV cMecH (IIPSIMOe Harpe-
BaHMe KaMepbl, HarpeB CMecu B IIOTOKe, KOHBEKIIMIOHHOE
HarpeBaHMe, HarpeBaHye JeKTPOMarHuTHbIM U3JTyYeHN-
€M) U CITOCO60B MepeMeleHNs peaKIMOHHO cMecH (cTa-
LIMOHAapHbIe ¥ TPOTOYHBIe cucTeMbl) [19]. K cranimonapHbIM
CUCTeMaM C peaKIMOHHBIMYM KaMepaMy, Tae TeMIlepaTypa
MEHSIETCSI B KaKAOM LIMKIe aMIUTMDUKAIMY, OTHOCSITCS
OnHOKaMepHble uuIibl [20] ¥ My/abTUKaMepHble UnIibl [21].

4. MaTemMmaTuueckas MoaeJsb

OCHOBHOJI MPUUMHOI TEIIJIOBOI KOHBEKIUM SIB/ISIETCS
M3MeHeHMe TVIOTHOCTU Cpedbl B 3aBUCUMMOCTH OT TeMIle-
parypsl. B 60JbIIMHCTBE CIy4aeB M3MeHEeHMsI INIOTHOCTH
HEBEJIMKU, ¥ UX MOKHO YUYUTBIBATD TOIBKO B UJIeHe, OTBeYa-
I01LeM 3a MO beMHYI0 CUITY. [I7151 BBIBOZA YpaBHEHU TEILIO-
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BOJI KOHBEKLIMY UCTIONb3yeTcsl ypaBHeHne HaBpre—CroKca,
JIOTIOTHEHHOE YPaBHEeHUSIMU TeTUIONPOBOTHOCTH, 3aKOHA
COXpaHeHUs SHePTUM U YpaBHEHUEM COCTOSIHMS. DTOT MO -
XOfI, aeT CUCTEMY HeJIMHEHbIX ypaBHEHMIi B YACTHBIX ITPO-
M3BOAHBIX, KOTOPYIO MOXKHO HaliT¥ BO MHOTMX MCTOUHMKAX,
Halnpumep, B [23]. IlonmydeHHbIe ypaBHEHM S Ha3bIBAIOTCS
ypaBHEHUSIMM TEIIOBOI KOHBEKIIMM B MpuUGIMskeHNM Byc-
CMHEeCKa [24] ¥ Ipu ONMCaHUY KOHBEKLIVY B HECKMMAaeMOi
SKUIOKOCTHU SIBJISIIOTCST Hambosiee TOMyJIIPHO MOJIENbIO.

B nurtepaType cyliecTBYIOT pa3HOIJIacusl B OIpene-
JIeHUM TepMIHa «IpubnmskeHne byccuHecka» u3-3a TOro,
YTO YpaBHEHMSI KOHBeKI[MM 6bUTK BhiBesieHbI XK. ByccuHe-
CKOM TOJIBKO [IJISI CJTy4yasi yMeHbIlIeHMsI TVIOTHOCTU SKUJTKO-
CTU OT TemIiepatypsl. Hanpumep, Momnengopd u [IxkeH
(J.C. Mollendorf, K.H. Jahn) [25] roBopsIT 0 JBYX acrek-
Tax npubavskeHMst ByccuHecka: repBbIit opasyMeBaeT
He3HaulTesbHble U3MEeHeHUs INIOTHOCTY, & BTOPOW — JIK-
HeHYI0 3aBUCUMOCTD TIJIOTHOCTU OT TeMIIepaTyphbl.

B uccnemoBanuu l'e6xapta u coaBTopoB (B. Gebhart et
al.) [26] 3a mpubnMkeHne ByccuHecKa TPUHMMAETCS CUCTe-
Ma ypaBHEHUII, ONMChIBAIOILAS IMHEIHYI0 3aBUCUMOCTb
IVIOTHOCTY OT TeMIIepaTypbl. B oTeuecTBeHHOI 1uTepary-
pe nipubmkeHne byccuHecka orpemensieTcsl Kak Jaio0bie
MIpUOMVKEeHMS, B KOTOPBIX M3MEHEHMS INIOTHOCTY YUUThI-
BAlOTCS TOJBKO B WiI€He, OTBevaleM 3a MOIAbeMHYI0 CUTY,
KOTOPBIV MOKET BKJIIOUATh B Ce6sI He TOIBKO TeMIIepaTypy,
HO U, HaTITpuMep, nasyieHue [27], yckopeHue cBOGOIHOTO
najieHus Bo BpemeHu [23] u gpyrue daxTopsl [28].

B moTokax, COIpOBOKIAIOIIMXCS Terioliepenayei,
CBOJCTBA JKMAKOCTY OOBIYHO 3aBUCST OT TEMITepaTyphl.
Bapwuaiiuy MoryT 6bITh He3HAUUTETbHBIMU, HO BCE Ke SIB-
JISTbCS IPUYMHONM IBVKeHUs Xuakoctu. Ecin nusmeHenue
IVIOTHOCTY HEBEJIMKO, TO IVIOTHOCTb MOXKHO paccMaTpu-
BaTh KaK IMOCTOSIHHYIO B HECTAIlMOHAPHOM ¥ KOHBEKTUB-
HOM WieHax U Kak rlepeMeHHYI0 TOIbKO B 10jie BHeITHUX
CWJI (TPaBUTALMOHHOM UJIEHe).

B npucyTCTBUM CUJIIBI TSDKECTU Tejla ypaBHEHMS cOXpa-
HEHMSI MacChl M UMITYJIbCA UMEIOT BUJ,:

LI ()

ot
d(pu)
ot

2
+pg+ V- (ZMefft) -V <3“6ff(v ‘ “)) @

‘EZ%(VH—F(V'H)T),

IIle u — BEeKTOp CKOPOCTH; p — [aBjieHue; p — IUIOT-
HOCTb KMIKOCTM TIpY HOPMAaJIbHBIX YCIOBUSAX (6a30Bas
IVIOTHOCTD); g — BEKTOP YCKOPeHMs CBOOOJHOIO NajleHus;
Ueff — CYMMa MOJIEKYJISIPHO U TYpOYJI€HTHO BSI3KOCTEI;
T — TeH30p CKopocTH aedhopMalumn.

Ecinu 1 mIoTHOCTD, ¥ rpaBUTALMOHHOE YCKOPEHMe T10-
CTOSTHHBI, TPaBUTALIMOHHAS C/JIa MOYKET OBbITh BhIpaskeHa
4Jepes IpaJueHT:

+V:(puu) = -Vp+

pg = V(pg 1),

rae r — pagnyc-BeKTop (KOOpAMHATA).

Takum 06pa30M, TpaaueHT JaBJIEHUS U CHJid TSXKECTU
MOTyT OBITh 06'be,Z[I/IHEHbI B djieayriiee ypaBHEHME:

Vp—pg=V(p—pg-r1).

Tenepb pacCMOTPUM C/Ty4aii, KOTAA IIOTHOCTb HEIOo-
cTostHHA. [Ipubmkenne byccuHecka cripaBe/InBoO, KOraa
M3MeHeHMe INIOTHOCTHU, BbI3BAaHHOE M3MEHEHNeM TeMIIe-
paTypbl, HEBEIUKO.

B moTokax, CONpoOBOXAAWILMXCS TeIionepenavye,
CBOJICTBA KMAKOCTU OOBIUHO 3aBUCST OT TeMIlepaTypsl. Ba-
pUaIyy MOTYT GbITb HEGOJMBIIMMM, HO BCE JKe SIBJISIThCS
MIPUUMHONM ABUKEeHUS XXUIAKOCTU. ECii M3MeHeHMe TIIOT-
HOCTM HEBEJNKO, TO INIOTHOCTh MOKHO PacCMaTPUBATh KaK
MOCTOSIHHYIO B HECTALIMOHAPHOM M KOHBEKTMBHOM 4JIeHaX
Y KaK [IepeMeHHYI0 TOJIbKO B TPaBUTAL[MOHHOM WieHe. 3TO
" Ha3bIBaeTcsl npubmkenrem byccunecka [24].

3mech 1 majee 0603HAYMM ITATOHHYIO TVIOTHOCTD Ye-
pe3 pg NIpU 3TAJIOHHON TemnepaTtype Ty. Eciu mbl 3ame-
HUM p Ha pg B ypaBHeHMsIX (1) 1 (2), TO TOTy4YUM ypaBHEeHMeE
HEepa3pbIBHOCTU

V-u=0

" ypaBHEHME COXpaHEeHMs MMITYJIbCOB

ou
= TV (poun) = =Vp+pg + V(2prr). )
3arem paszenum obe yacTu ypaBHeHUs (3) Ha py U 10-
JIYYUM:
Jdu

1
5 T V(uu) = —p*O(VP —p8) + V- (2u.5f7).

3[ech INIOTHOCTD p B TPAaBUTALIMOHHOM YIeHe BbIYMC-
JIIeTCS KaK JIMHeHass GYHKINS TeMIlepaTyphbl:

p~po[l —B(T — To)l,

ldp = 1 p—po

P==0ar ™ T 1’

rae f — KoabduImeHT TeMIepaTypHOro pacupenust; Ty —
3HAUeHMe TeMIIepaTyphbl IJisi HOPMaJIbHbIX YCIOBMIA, IIPU
KOTOPBIX TNIOTHOCTb SKUIKOCTU UMEET 3HaUeHMe p(; TEMITe-
paTypa T BBIYMC/ISIETCS M3 YPaBHEHMS TEIJIONIPOBOIHOCTHI
C YY4€TOM KOHBEKI[UM:
oT

= V() =V (xVT), )
IIpu 3TOM AUGPY3HBIM WIEHOM € KO3 PUIIMEeHTOM TeIlIo-
ITPOBOIHOCTY K MOXKHO IIpeHEOpEeyb.

C TOYKM 3peHUST peaan3ali WieHbl IPaIMeHTa AaBiie-
HMSI Y CUJTBI TSDKECTY TI€PECTaB/ISIOTCS B CIeIyIONeM BUIe:

_V<P>+<P
Po Po
:_V<P—pg-r+pg-r

Po Po




98 AMWN. Ucnamos, K.P. HabuynnanHa

2024. T.19, N2 3. MHorogasHble CUCTEMbI

OTKY,H& BbBITE€KAE€T YPDABHEHNE

0
V) =y~ 0 (L) 49 g0 ©)

B pematrenre OpenFOAM buoyantBoussinesq-
PimpleFoam pematorcs ypaBHenusi (4) u (5). laHHbIe
ypaBHEHMSI ONMMUCHIBAIOT MPOIIECChI, TIPOTeKawIue Mpu
TEeIJIOBOV KOHBEKIIVM B MUKPOIPOOMPKAX, KOTOPbIe ObUIN
CMOAEeMUPOBaHbI MO pe3ynbTaTaM NPOBeIEeHHOIO paHee
UCCIIeJOBAHMSI.

CxeMa pacueTHOJi 06/IaCTy C YKa3aHUEM TOYEK Ipu-
JIO)KeHMsI HarpeBa M OXJIaXOEeHMsl MpuBedeHa Ha puc. 1.
IaHHas cxeMa HarpeBa/oX/IaXIeHusl 3aaHa C yYeTOM 3KC-
MepUMEHTOB, OMUCAHHBIX B paborax [29-31]. Ha pucyHke
TaKKe yKa3aHbl OCHOBHbIE MTapaMeTPhl BBIYUCIUTEIbHOM
obnactu: D — guamMeTp MOIeIMpyeMOii YacTy IPOGUPKIH;
r — paguyc 3aKpyr/ieHusl AHa; i — BbICOTa MOAEIUPYEMOit
yacTu npobupku 6e3 yuera nHa; H — 06111ast BbICOTA.

'paHMuYHbBIE YUIOBUS OJ1s1 pacCMaTpuBaeMoli 3ajaumn
3aJlaHbl B JOCTaTOUHO MpocToM Bufe. [To Bcem rpaHuiiam
MIPUHSTO HaJlMuMe TBEPAOi CTeHKH, YTO O3HaUYaeT npumMe-
HeHMe IPAaHMYHOTO YUIOBUS IPWINTAHUS (BEKTOP CKOPO-
ctu paBeH 0):

VT -n=0.

[y TeMIiepaTyphbl BblZe/eHbl JBe NMaroHaabHO pac-
TOJI0KeHHbIe TPpaHNYHbIe 06/IaCTU B HIDKHEN U BepxHeii
YacTsX MPOOUPKHU, B KOTOPBIX TEMIIEPATYPA 3a/1a€TCST KaK
BeJIMYMHA C TTOCTOSTHHBIM 3HaUeHMeM: 00/1aCTh Harpesa
nipu Tj,,; = 400 K m o6mactpb oxnaskpenus T,,; = 300 K, Ha-
YasibHas TeMmIiepaTypa npussaTa pasHol 300 K. Ha ocrainb-
HBIX IPaHULIAX AJIs TeMIIepaTyphl 3a5aH HYJ€BOM rpaiueHT
WJIN «YCJIOBME IPOTEKaHMSI»: T =0.

[Tpu Tako¥ MoCcTaHOBKe 3aJjaua XapakTepuayeTtcs 6e3-
pa3MepHbIMU UYncIaMu: uuciao PeitHonbaca — Re =~ 10,
yncio Panest — Ra ~ 10°, uncno Hyccenbra — Nu ~ 1.7.

wall
D = 4 Mmm; cold
r=1mm;
h =7 MM;
H = 8 mm; wall
hot

y)\%x

Puc. 1. Cxema BbluncanTenbHOM 061aCTH, NPEeLCTaBNEHHAA B ceve-
Hum Oxz

5. WUHCTpyMEeHTbI BbIYUCIIUTENILHOIO
MoaenupoBaHUs

B kauecTBe MHCTpyMeHTA [J1S pellleHs TOCTaBIeHHO
3a[auy BbIOpaH MakeT MpUKIagHbIX TporpamMm OpenFOAM
(Open Source Field Operation And Manipulation) [32].
OpenFOAM — 3T0 mOCTymHas CUCTeMa IJ151 YMCIIeHHOTO MO-
JIleTMPOBaHMS 3a1a4 MeXaHUKM CIIIONIHBIX cpell. bazoBas
Bepcus rmaketa OpenFOAM mocTaBsieTcss C MHOXEeCTBOM
MPOrpaMMHBIX pellleHNi1, BCIOMOraTeabHbIX MHCTPYMEH-
TOB ¥ 6M6MoTeK. [TOMUMO IMPOrpaMMHBIX PeNIeHMII TTaKeT
BKJIIOYAET B Ce6sT IMPOKUIL CIIeKTD YTUINUT, TO3BOJISTIOIIUX
TeHepUpoBaTh ¥ TPeoOPa30BbIBATh pACUETHBIE CETKHM, YCTa-
HaBJIMBaTbh 3HAUEHMS 110JIelt M MHOTOe JIpyToe.

OpenMPI (Open Message Passing Interface) — sTo
CTaHAAPT AJIS [lepefaun CooOIIeHMI U TTapa/lIe/IbHbIX BbI-
YNCIEHNIA, KOTOPbIii 06eCIeurBaeT BOSMOKHOCTb B3aMIMO-
IeiCTBMSI MEXXAY MpolleccamMmi, paboTaloIIMK Ha pasainyd-
HBIX y3JIax KjacTepa MM Ha OJHOM KOMIIbIOTepe, U Mpe[i-
CTaBJISTIOIIMIA c060Ji Habop 6UOIMOTEK M MHCTPYMEHTOB
LI pa3paboTKy mapasuie/bHbIX MMPWIOXKEeHWU, KOTOPbIe
MOTYT 3((GEKTUBHO MCIIOIb30BaTh BEIUMCIUTEbHbIE pe-
CypChI HECKOJIbKUX Y3J10B [33].

[Mpuuumn pab6otsl OpenMPI BK/TIOUaeT B ce6s cemy-
IollMe acIeKThl:

1. MHnnmanmusanys 1 3aBepiieHne.
. CosmaHye KOMMYHMKAaTOPOB.
. O6MeH COOOLIeHUSIMU.

. CMHXpOHUM3aLMS.

(@2 SR O N B NS

. YIIpaBJjieHue pecypcamMum.

DTO OCHOBHbIE MPUHIUIIBI paboTel OpenMPI, KoTo-
pble IMO3BOJISTIOT Pa3paboTuMKam CO34aBaTh MapayiesibHbIe
npuinoxkenus, 3G PeKTUBHO UCTIONb3YIOLIE BO3MOXHOCTH
pacnpeneneHHbIX ¥ MHOTOIIPOLIECCOPHBIX CUCTEM.

C nmomo1Ibi0 BCTPOEHHO yTUANTbI decomposePar [33]
OCYIIeCTBWIN NEeKOMITO3UILIMIO CeTKU U Toseli. B Hallem
cyJdae 3amycK NMPOM3BOAMIICS Ha JIOKAJIBbHOM MallliHe C
mHorosigepHbiM CPU 11th Gen Intel(R) Core(TM) i7-11700
@ 2.50GHz ¢ 8 smpamu, HO B KOHGUIYpaLy Mbl BICTABU-
JIM UCTToNIb30BaHMe TonbKo 4 sinep CPU. 1o utory nomyumnnm
4 mopKaTanora c HoMepaMu mpoieccopa. B kasxkgom katasnio-
re COePKUTCS KaTaJlor BpEMEHM, COZlepsKall/ii OonMcaHue
(bparMeHTMPOBAHHBIX (IEKOMIIO3UPOBAHHBIX) ITOJIEN U Ka-
TaJIOT C ONMCAaHMEM AeKOMIIO3MPOBAHHOM CETKMU.

Ianee npoBeAeHa MocTo6paboTka JaHHbIX. [T0 OKOH-
YaHUIO BRIUMCIEHUIT cO6MpaeM (arpermpyem) naHHbIe BO-
eIVHO 11 Toc/Ienylolleil 06paboTKy B HOPMAaIbHOM PEXKI-
Me U IPOCMOTpa peleHnit B cpefe paraFoam. BoccTtaHoB-
JleHe pelleHs OCYLEeCTBSIeTCS IPYU IOMOLIU YTUIUTBI
reconstructPar [33].

Vicnionb30BaHye NPOCTPAHCTBEHHOV JeKOMIIO3ULIUY
MO3BOJISIET TPOTIOPIMOHAIBHO YCKOPSITh BBIUUCIEHUS, IPO-
u3BoguMblie B pamkax nakera OpenFOAM, 4TO ITOMOXKM-
TeJbHO CKa3bIBAETCS IIPU MOLEIUPOBAHUN «TSDKETBIX»Z 3a-
a4y IMHAMMKU CIUIOLIHOM Cpeppbl.
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6. PesynbTaTtbl U 06Cy)XAEHUE

[IpoBeieHa cepusi BBIYMCIUTENbHBIX 3KCIIEPU-
MEHTOB C MCIIOJIb30BaHMEM BCTPOEHHOIO pelaTess
buoyantBoussinesqPimpleFoam, KoHEeYHO-00beMHOI1 CeT-
KU ¥ TPAaHMYHBIX YCIOBMIL. B KauecTBe HauaabHbIX YCIOBUI
B KaXX/IOM pacyeTe MCIO0Ab30Baaach HEITOABYOKHAS KU/ -
KOCTb IIpy MOCTOSIHHOM TemnepaType Ty = 300 K. Pacuetsi
CIeslaHbl IIPY Pa3HbIX HAIMIPaBJIEHMSIX BEKTOPA YCKOPEeHUS
CBOOGOIHOTO MaieHus (Yol HaKJIOHa MUKPOTIPOOUPKH) OT
0° (och MPO6GUPKYU BepTUKaIbHA) 70 90° (0Ch IIPOOUPKU
TOPU30HTaIbHA). [Ipy 3TOM IOBOPOT MUKPOIIPOOUPKU
OCYIIEeCTB/SIETCS TAKUM 06pa3oM, YTO 30HA HAarpeBa pacIio-
JaraeTcst BHM3Y 3aKpyIIeHUsT OCTPOro KOHIA ITPOOUPKH, a
30HA OXJIAKOEHMS] — HaBepXy MPOTUBOIIONOKHOTO KOHIIA.

Pe3ynbTaThl MOAEIMPOBAHMS TPOJIEMOHCTPUPOBAHbI
Ha puc. 2-4.

Ha puc. 2 mokasaHbl IMHUM TOKA [IJISI BEPTUKAIBHO
pasMelneHHOo MUKponpobupku. CliemyeT OTMETUTD, UTO
aHAJIOTUYHAS KAPTVHA TEYEHUSI MOKET ObITh ITOKA3aHa U
IIJIsI HAKJIOHEHHO TTpobupku. HekoTopoe ominune B MH-
TEeHCUBHOCTU JIMHUI TOKA Ha PUCYHKe He CJIMIIKOM pas-
muymo. OTHAKO MPY HEKOTOPBIX MTOJIOKEHMS ITPOOVPKA
KapTKHa TeueHUs KapAMHaIbHO U3MEHSeTCs, Kak 3TO IMoKa-
3aHO Ha puc. 3. Takoe pacripefeneHne BUXpeit BOSHUKAET
NP HaKJIOHe pubau3uTenbHo 11°. Ha pucyHKe 1IBET Ju-
HUIi XapaKTepu3yeT TeMIlepaTypy >XUAKOCTH, a AJMHa —
CKOPOCTh.

[Mocte mpoBemeHus pacueTa HEOOXOAMMO ObLIO 06pa-
60TaTh MTaHHbIE IJII JaJbHENIIero aHaamn3a CMOLEINPO-
BaHHOTO MIpoliecca, a TakKe UCCIeL0BaHMs 3aBUCUMOCTU
CKOPOCTY KOHBEKIIUY JKUIKOCTM B MUKPOITPOOMPKE OT yIia
HaKJ/IOHA TIpU TOUeYHOM Harpese.

B kauecTBe MHCTpyMEHTa [JisI HOCTOOpabOTKM ObI-
Jla MCIONb30BaHa BCTpoeHHas1 ytuianta OpenFOAM —
postProcess. [laHHast yTUAMUTA UCIIOAb30BaHa JJ151 BIUNC-
JIeHUSI MOIYJISI BEKTOpa CKOPOCTU B KaskI Ot siueiike ceT-
KU, 111 TIOTYYEeHUST 3TUX TaHHBIX ObIT MCITONb30BaH IMapa-
metp — mag(U). Takke mjis1 manbpHeNIIero aHaau3a HaM
MMOTpe6OBaIOCh ITOyUYeHMe 3HAaUeHUST 06beMa TUeek, IJIst
9TOro 6BUT MCHOJb30BaH napameTp writeCellVolumes.

ITocne 3amycka cnenywllei yTUJINTbI B KauecTBe pe-
HIeHUS TTOMYYMIIN CITMCOK/KATajIor 110 BpeMeHHBIM MeTKaM
(ot 0 mo 1.1 c mrarom 0.01), BHYTpM KaxkA0ro KaTajaora Ha-
xomuics (aiit ¢ ToMyYeHHbIMM TaHHBIMM MOJYJISI BEKTOpa
CKOPOCTU B KaXK[I01 siueiike ceTKU ¥ 00beMoM. CKOPOCTb
COOTHOCHUTCSI C 06BEMOM 10 MTOPSIAKY.

[t aHanM3a MHTEHCMBHOCTY TlepeMelMBaHMs KT -
KOCTM, BXKHOTO [iJ1s1 3afaum yckopeHus TP, Hamu BBe[e-
HO ITOHATHE Ko3dduLieHTa mepemMmeminBanms E. [laHHbII
KO3 PUIMEHT PaCCUUTHIBAETCS U3 PE3YIbTATOB MOIEJIN-
pOBaHUs Kak CyMMa IIpou3BeeHunit 06bemMa U 3HaUeHUs
MOJYJISI CKOPOCTU IIJ1s1 BCEX KOHEUHBIX 0ObEMOB PACUeTHOI
o6nactu. Ha puc. 4 ipesncrasieHa 3aBUCUMOCTb £(a), TO
ecTb K03 duieHTa mepemMenIMBatus OT yIjia HaKJIOHa
MUKPOITPOOUPKIA:

E(a) =) (Vi v),

1

rae € — KoapduIiMeHT nepeMeIBaHus; o. — YIol HaKI0-
Ha Mpo6upKu; V; — 3HaueHune o6beMa B i-0ii ssueiike; v; —
3HaYeHMe MOAY/sSI BEKTOPa CKOPOCTHU B i-0Vi sTuelike; n —
KOJINYECTBO STYeeK CeTKU.

Hcxops 13 noy4eHHbIX pe3ylibTaTOB BUAHO, UTO MaK-
CMMaJbHasl OlleHKa CKOPOCTHU TeIIOBOV KOHBEKIIUY TOCTH-
raeTcs pu yriae HakiaoHa o = —40°. Kpome Toro, mpuse-
JeHHasl BhIlIe 3aBUCUMOCTb, IPeACTaBJIeHHbIe HA PUC. 4,
COIIacyeTcs C pe3y/bTaTaMy UCCIeL0BaHMI, OTyYeHHbIX
B XOZie peasbHOTr0 3KCcIepuMeHTa [3].

[ 4.0e+02

— 350

t 300
2.8e+02

Puc. 2. Busyanusaums nuHKIM ToKa ANs ciyyasl, koraa npobupka
He HaK/IoHeHa

[ 4.0e+02

— 350

t 300
2.86+02

Puc. 3. Busyanusaumus nuHuii Toka Ansa ciyyasi, korga npobupka B
HaK/IOHHOM MOJIOXXEHWUM C YIIOM HakNoHa 11°

—




100 A.N. Ucnamos, K.P. HabuynnunHa 2024. T.19, N2 3. MHorogasHble CUCTEMbI
9% 10710 T T T
7x10710 |- =
£ sx0M0 .
3X10'10 - i
1x10710 | | | | 1 I ] ] ]
-100 -80 -60 -40 -20 0 20 40 60 80 100
(1}
Puc. 4. 3aBUCMMOCTb YPOBHS NepeMeLIMBAHUS OT YI/1a HakNoHa Npobupku
I[pu yrie HaKIoHa oo = —11° HabMIOJAaeTCs HAMMEHb-  BaKHYIO 00/1aCTb MCCIeNOBAHMI C IIMPOKUM CIIEKTPOM ITPU-

11ast OlleHKa CKOPOCTY TeIUIOBOJ KOHBeKUMM. OmHOM 13
MIPUYMH CHUKEHUST CKOPOCTU TEIJIOBOI KOHBEKIMUM SIBJISI-
€TCSI TO, UTO 06/1aCTM HarpeBa/OXIaKaeH ST HaXOOATCS OPYT
HaJ, IPpyrOM, BbI3bIBAsl TEM CaMbIM B3aMIMHOE TpeHMe I10-
TOKOB, UTO B CBOIO OYepeb MelraeT 06pa30BaHUI0 KOH-
BEKTMBHOTO Kpyra ¥ IPMBOOUT K YMEHBIIEHNIO CKOPOCTU
TeIUIOBOJ KOHBEeKLIMU.

Taxke nipu yriax HakiaoHa o = —90° u a = 90° 3ame-
TEH CITaJi CKOPOCTU KOHBEKIUU. OGBSICHSIETCS 3TO TEM,
YTO MIPU HarpeBe 06JaCTY TOPU30HTAIBHO PACIIONIOKEH-
HOi TPOOVPKY TeTIOBbIE TIOTOKM YIAPSIIOTCS O «CTEHKY» U
MIPUBOZAST K CHVKEHMIO CKOPOCTM KOHBEKIIVIY TaKUM 00pa-
30M, UTO IIOTOKM MPOCTO BBITECHSIOT APYT Apyra. B cryuyae
c o = 90° mogbeMHO€E HarpeBaTelbHOE TEUEHNE CBEPXY
OrpaHNYEHO, YTO BBIHYXAAEeT XXUAKOCTb T€4Yb BIOJb CTEH-
KV IIOCTENEHHO OXJIKIOASCh. 34eCh YUYUTBIBAIOTCS CUJIBI
TPEHMUS O «CTEeHKY» U YCJIOBME IPWINTIAHMS, 3aMeJJIsIolnee
Takoi MOTOK. To e CcIipaBeniMBO U PO OXJIAKAAIOIIMIA
noTok. I[Tpu a = —90° obecrieunBaeTcs 6oee noaxosiiiee
YCI0BMe JJ151 BCIIBITUS HarpeToi JXUAKOCTYU Y OITyCKaHUS
OXJI&KIOEHHO ITpY MMHMMAaJbHOM B3aVMIMHOM TPEHUU U
TPEHUY CO «CTEHKO¥», UTO IIPUBOAUT K UyTh 60JIe€ BHICOKOIA
CKOpOCTU KOHBeKI M. COOTBETCTBEHHO MPU TAKUX yIJIaxX
HaK/I0HA CKOPOCTb KOHBEKIMM He caMmast 3pdheKkTUBHAS.

7. 3aKknwueHue

B Hacrosiiieit paboTe pacCMOTpeHa paHee CMOJIENN-
pPOBaHHAasI MOJIeJIb MUPKOIIPOOUPKY B YCIIOBUSX TeMITepa-
TYPHOV KOHBeKIIMM. [Ipon3BemeHbl pacueTsl C MCIIOAb30Ba-
HMEM BCTPOEHHOTO pelaTesis, a Takke UX MOCToO6paboTKa
C IoCeAyLUMM IPMMEeHEHEM CPEACTB SI3bIKa IPOrpaM-
MupoBaHus Python. ITo pe3ynbratam GbLTM TPOBEIEHBI
aHa M3 TOJTyUeHHbIX pe3yabTaTOB U OlleHKa KauecTna Iie-
peMeIMBaHus B 3aBUCUMOCTH OT YIJIa HaKJIOHA ITPOOVPKIA.

Ba>kHO OTMETUTh, YTO MOJEINPOBaHME TeEMIIEpPaTyp-
HOJt KOHBEKI[MM B MUKPOTIPOOUPKAX IpeiCTaBIsIeT Co00ii

JIOXKeHU, HauMHAas OT MUKPOQIIONAVKY U GMOMeANIVH-
CKMX TE€XHOJIOT U 00 3JIEKTPOHUKU U MaTepuaJloBeJeHM .
Onrummsanys u ganbHelniee ucciefoBaHue pacCMaTpy-
BaeMBbIX MTPOIIECCOB aKTYaJIbHO y3Ke 6oJiee IBYX CTOMETHUIA.

[To pesynpraTam ycciaeqo0BaHMs BBISBIEHO CYIeCTBEH-
HOe B/IMsIHME YI/Ia HAK/IOHA Ha Pe3y/IbTaThl, YUTO TOBOPUT O
TOM, YTO ITPE/IIOJIOKEHIE, BBIABUHYTOE B HaUajIe CTaThHy,
ObLIO BEPHBIM.

PesynbTaThl MCCIenOBaHMS TIO3BOISIIOT JIYYIIIe TIOHSTD
BJIVMSIHYE YIVIa HAaK/IOHA MPOOUPKHM Ha CKOPOCTb KOHBEKILIMM
SKUAKOCTU, UTO MMEET 3HaYeHMe 1)1 OIITUMU3AIUA TTPO-
1[eCCOB, CBSI3aHHBIX C TEIVIOOOMEHOM U MepeMeIlMBaHuEM
B MMKPOMACIITa6HBIX cucTeMax. [loyueHHbIe TaHHbIE MO-
TYT OBITH MCIIONIb30BAHBI JIJIS1 Pa3pabOTKM HOBBIX METOZOB
KOHTPOJIS ¥ YIIpaBaeHysI KOHBEKLMel B MMKPOIIPOOMpKaX,
YTO OTKPbIBAET MePCIeKTUBDI Jj1s co3nanus 6onee sddex-
TUBHBIX Y TOUHBIX MUKPOCUCTEM.
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1. Introduction gaseous silicon in a working space of the industrial instal-
lation during high-temperature siliconizing are limited to
the simplest approaches [4]. Namely, due to the fact that
this process is carried out under conditions of moderate
vacuum and at extremely high temperatures above the melt-
ing point of silicon, it is believed that the diffusion plays
decisive role in ensuring the transport of gaseous silicon
from the melt surface to the product [5]. In other words,
to simulate this process, the simplest diffusion equation is
always used without taking into account additional mecha-
nisms, like convective transport. At the same time, it turns
out that the use of real values of the diffusion coefficient
in this equation does not allow us to ensure the supply of
silicon amount observed in the experiment, which is neces-
sary for complete siliconizing of the product. As the result,
there is a paradoxical situation, because the facts speak for
themselves: in experiments, under certain conditions, the
product can still be saturated with the required amount of
silicon but calculations based on diffusive model predict im-
possibility of this process. This means that all the physical
conditions, necessary for the successful implementation of
this process, still remain not fully understood.

All currently known technologies of the production of
high-temperature composite materials are being improved
constantly and, due to their increasing complexity, require
the implementation of more perfect approaches at different
stages [1-3], including the very first one — the construction
of new physical and mathematical models for the process
occurring. One of the current problems in this area is the
numerical simulation of the gaseous silicon transfer from
the melt surface to the product during high-temperature
siliconizing of a carbon porous material. For real produc-
tion conditions, the complex system of differential equa-
tions in partial derivatives must describe this process. The
adequate modelling of this process requires taking into
account many complicating factors, including compress-
ibility of the medium. At the same time, the technology
is essentially three-dimensional and requires a highly de-
tailed computational mesh due to the presence of many
crucibles with the melt in retort and their complex loca-
tion in the working space of the furnace. As the result, it
is not yet possible for a technologist to carry out quickly
full-fledged 3D numerical simulation of this process. At
the moment, existing models for describing the transfer of


http://mfs.uimech.org/mfs2024.3.015
http://mfs.uimech.org/mfs2024.3.015
https://doi.org/10.21662/mfs2024.3.015
https://creativecommons.org/licenses/by/4.0/deed.ru
https://creativecommons.org/licenses/by/4.0/deed.ru
mailto:demin@psu.ru

104 V.A. Demin, TV. Demina, V.E. Zinurova

2024. T.19, N2 3. MHorogasHble CUCTEMbI

2. Diffusive and Convective Transport in
Gases

2.1. Statement of the problem

At first, let us ignore the details of real industrial tech-
nology and consider the process in the simplest model for-
mulation, when the surfaces of the product and the silicon
melt represent two parallel planes located at a distance L
from each other (Figure 1,a). The working space of retort
is filled up with a residual gas, the role of which the argon
plays. The conditions of medium vacuum are maintained
in the retort and correspond to the partial pressure about
100 Pa [6, 7]. The temperature exceeds the melting point of
silicon. The product 1 is saturated by silicon vapour which
is generated by the melt 2 (Figure 1,a). There is a task to
study the transfer of silicon vapor from the melt surface to
the product through residual gas. Characteristic size of the
retort accounts for about 1-2 m, therefore in our statement
we can neglect the effect of gravity (quantitative estimation
of this effect will be given in section 2.2). At first, let us
begin the discussion about phenomenon description from
the analysis of the classical diffusion equation, which has
in the three-dimensional case the following form
oC _(9’C  9°C  9°C )
T <8x2+8y2+8z2>' M

where D is the diffusion coefficient, C is the mass concen-
tration of gaseous silicon. This is a standard second order
partial differential equation of parabolic type. In the sta-
tionary case (9/dt = 0), the problem (1) is simplified and
reduced to the Laplace’s equation AC = 0.

The non-applicability of this equation for the simula-
tion of silicon vapor transfer becomes obvious in a limiting
case of one-dimensional statement (d/dy = d/dz = 0).
For the simplest homogeneous boundary conditions

C(0) =0,

C(L) =G, 2)

only linear distribution of silicon concentration satisfies to

the one-dimensional Laplace’s equation

Cs
=7 X. 3)
Here C; is the concentration of silicon vapor on the melt sur-
face. Obviously, this value can’t exceed the concentration
of saturation for given thermodynamic conditions. The zero
value of concentration on the left boundary means com-
plete absorption of gaseous silicon by the porous medium.
Characteristic distance L between the melt surface and the
product in the course of the technological process is equal
about 0.5-1 m. The saturated vapor pressure for silicon at
the temperature not much higher than the melting point
of silicon is very small and accounts in order of magnitude
to ps = 10 Pa [8,9]. Thus, the number of silicon atoms per
unit of volume for conditions of saturation is estimated
using the state equation for the ideal gas

Ps 10
~ kT 1.38-10-23-1800 )
where k is the Boltzmann’s constant. The characteristic
working temperatures lie near T = 1800—1900 K. It is im-
portant to compare the theoretically predicted silicon flux
density with the weight gain of the product observed in
experiment. In fact, by definition the flux density of a sub-
stance is the mass transferred per a unit time through a
unit area. If silicon transport is determined only by the
diffusion, then in this case the Fick’s law describes silicon
flux density

C(x)

Tl =4.03-10% 1/m?,

jsi= —pDVC = —DVpg;. (5)

Let us make the estimation of diffusion coeffi-
cient using the well-proven formula of molecular-kinetic

theory [10]:
o _ 3K [mkT _3 (k1)°7 ©
8opp | 2wy 8d3py/mmg

Here o1, is the effective scattering cross-section for two par-
ticles, w5 is the equivalent mass. For two approximately
equal masses and sizes for silicon atom and argon one, we

0.08
C |
0.06 b)
C a) 0.04
4 -
] ~— S 0.024
C(x ~—
) |,
— I x 0 T 1 T T
L 0 0.1 0.2 03 0.4 X 05

Figure 1. a) Plane geometry of the problem: 1 — product surface (carbon material), 2 — surface of silicon melt (melt mirror), 3 — linear
distribution according to the standard diffusion model, 4 — working space of retort; b) Analytical solution of modified diffusion

equation for L =0.5m



Multiphase Systems. 19 (2024), 3.

V.A. Demin, TV. Demina, V.E. Zinurova

105

apply 012 ~ nd?, u1p ~ my/2; where my is the mass of one
silicon atom my = Mg;/N4 = 0.028 kg/Mole / 6.02 - 102
1/Mole = 4.7 - 10726 kg (Myg; is the silicon molar mass). In
addition, the diameter of this atom accounts about dg; =
0.23-10~? m. The resulting value of the diffusion coeffi-
cient is D = 0.7 m%/s. Despite of so giant and unusual
value of diffusion coefficient, the formula (5) for constant
gradient Cs/ L predicts a very low value of silicon flux den-
sity jsi = 2.62 - 107° kg/m? s (silicon density on the melt
mirror is pg; = psiMg; /RT = 1.87 - 10~° kg/m3, where R is
the universal gas constant).

According to the estimations of technologists involved
in the siliconizing of carbon products, this is clearly not
enough to block the pores completely in a reasonable time
for existing porosity of the material. Moreover, today there
is a situation when the moving to a new workpiece shape
or new heating conditions, the process cannot be predicted
whether it will be successful. However, in reality, if certain
conditions are found experimentally, the product of any
shape is still successfully saturated with silicon. Thus, an
assertion can be reliably established according to which all
failures during the technological process are determined
not by the diffusive resistance of residual gas and the large
distance from the melt surface to the product, but by ab-
solutely another factors.

2.2. Convective transport in residual gas

Thus, it is necessary to explain the anomalously in-
tensive transport of gaseous silicon from the melt to the
product surface, which takes place in experiments. The
more general equation of admixture transfer in continuous
media mechanics, taking into account an additional con-
vective mechanism of the transport [11], is written in the

form
oC

=, +(VV)C = DAC. (7
Here V is the macroscopic mean-mass velocity of a physi-
cally small fluid element. The main problem of the equa-
tion usage is in the absence of mathematical completeness,
since the velocity field is an additional unknown quantity.
It seems that convective mechanism is the next significant
factor after diffusion in the course of silicon mass transfer.

Within the framework of continuous media mechan-
ics, the dynamics of fluid is determined generally by the
Navier—Stokes equation [11]. In three-dimensional case,
there are three evolutionary nonlinear partial differential
equations for velocity components Vi, V, and V.. These
equations include in addition two variables — the pressure
and the density, which need to be determined also. As the
result, two supplementary equations are added to the sys-
tem: the law of mass conservation for compressible medium
in differential form and the equation of state. Thus, the
final system of equations becomes extremely cumbersome
and difficult to solve.

Currently, direct numerical simulation of the pro-
cesses under consideration in a full three-dimensional
formulation is very difficult, even with the help of high-
performance supercomputers. The task is to reformulate

the problem more simply. On the one hand, it is impor-
tant to take into account all the physical factors necessary
for the adequate description of the process under consid-
eration, and on the other hand, to avoid the use of overly
complex models. It is desirable to construct a new phys-
ical model that can permit to carry out our calculations
in a reasonable time and would not require an excessive
computing power.

To realize these perspectives let us follow the approach,
which is implemented in the theory of porous media. Resid-
ual gas is not generated at the melt surface and is not ab-
sorbed by the product. It permits to suppose that the trans-
fer of silicon vapor through the residual gas is analogous
to filtration of a fluid through porous medium, and this
average flow is not reduced to the diffusion phenomenon.
Then, let us take the momentum equation for filtration in
its primary formulation (Wooding, 1957) and evaluate the
contribution of each term in it. In the hydrodynamics of
porous media, it is necessary to distinguish between the
intrinsic velocity v and the seepage velocity u. The seepage
velocity is determined through the total fluid flow rate and
is related to the pore velocity by the ratio u = ¢v. Here ¢
is the material porosity. For intrinsic velocity in the porous
medium mechanics, we can use the equation of the fluid
motion in first rough approximation [12], neglecting by
Brinkman’s and Vafai’s comlexifications

ov
Pf (at + (VV)V) =—-Vp— gu +pr8. (©)]

Here p/ is the density of the pumped fluid, n is the dynamic
viscosity, k is the permeability. Turning completely to the
seepage velocity, we get the equation in the form of Dupuit-
Forchheimer

d
pr <¢1al: + <l>2(uV)u) =-Vp-— %u +prg. 9

Now it is needful to evaluate the terms containing ve-
locity in the left and right parts of this equation. The most
non-trivial parameter in this equation is permeability. In
relation to the mobile atoms of the residual gas (argon), we
can only talk about the model nature of this matter as a
porous medium with some effective permeability. Namely,
we mean a model according to which the gaseous silicon,
as a kind of fluid, is filtered through a carrier medium due
to the fact that silicon vapors are scattered on dotty argon
atoms, which heavier than silicon atoms, but neverthe-
less mobile. Due to the extreme rarefaction of the carrier
medium, it is expected that the permeability has anoma-
lously large value.

Indeed, the value of mean free path corresponding to
the conditions of moderate vacuum is equal

23
- kT _ 1.38 - 10 - 1800 _98.10%m. (10)
V2rd?p  +/2(1.4-10-10)2100

The value of mean free path permits to calculate the
Knudsen number. It plays key role in the mechanics of
rare gases. The distance between the product and the melt
mirror determines characteristic spatial scale. In our case
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L ~ 1 m. Following to definition, the Knudsen number can
be estimated as

I
Kn=— ~
"1

[=28-10"3m.

One can conclude that Knudsen number satisfies con-
dition Kn < 1, that leads to the ability of continuum me-
dia mechanics application. On the other hand, this value
close to the limits of applicability of this approach. This
is the actual reason of the paradoxical situation that de-
mands taking into accounts of additional factors to describe
anomalously intensive transfer of silicon vapour.

Nevertheless, let us apply the Kozeny-Karman for-
mula to estimate the permeability of this artificial porous
medium. For partial pressure of argon 100 Pa and porosity
¢ = 1 —vgnar = 0.9999999979, the permeability has the
value

=2.10"3m?, (11)
where v, is the volume of one argon atom, x; is the
Kozeny-Karman constant. It has supposed in our calcu-
lation that following estimation is valid for this parameter
Ko ~ a%; where 4 is the characteristic size of the obstacle
(for spherical argon atom a ~ 10710 m).

Another important quantity is the macroscopic mean-
mass velocity of the gas element V. We have to distinguish
later among three velocities: the mean-mass velocity V,
which appears in equation (7), the seepage velocity u and
the intrinsic one v, that enter into equation (8). Note that
the values of seepage velocity and intrinsic one are approx-
imately equal to each other because our medium is rare and
its porosity is extremely close to unit. It can be assumed for
estimation that during evaporation, silicon atoms detach
from the melt surface with a root-mean-square speed

u = +/3kT/my ~ 1250 m/s.

An averaging this velocity over all directions gives the
mean value of the silicon flux density out of the melt in
projection on the normal jg; = ps;u¢/2. The definite part of
the vapor momentum is transmitted to the scattering cen-
ters therefore the equality for the mean-mass velocity takes
place pgju/2 = (psi + par)V. As the result, the mean-mass
velocity is defined by the formula V = pg;u/2(psi + par)
41 m/s (for partial pressure of argon pa, = 100 Pa the den-
sityis equal to pa;r = parMar/RT = 2.67 - 10~*kg/m3). This
evaluation means that convective mechanism makes the
significant contribution to the general transfer of gaseous
silicon during the process under consideration.

Let us estimate now the value of each term in equation
(9), taking into account that the porosity of such medium
is close to unit. In our statement, the flux and the seepage
velocity of gaseous silicon have only one component along
x-axis, which can depend on all three coordinates, there-
fore vVVv # 0 for compressible fluid. On the other hand, the
conditions for steady transfer are settled extremely quickly.
Thus, we can assume dv/dt = 0 for steady regime of trans-
fer. Thus, the non-linear term, viscous one and gravity

(12)

force in (9) are equal in order of magnitude to following
values

2 2 2
‘pfdfz(uv)u‘ ~ pfuf =1.87- 10*5Q —73,
nu|  35-107%-625 13
RS = (13
lorg| = 187107 = 18710~
and satisfy the condition
nu _
‘?’ > ‘Pf‘b 2(uV)u‘ > 'pfg’. (14)

One can see that there is no parity between these three
terms. Comparison of these quantities permits to neglect
by the inertial term and gravity influence in equation (9).
As the result, the Darcy’s law follows from this equation

U= —>Vpg. (15)
M

Due to the incessant evaporation on the melt surface
and absorption on the product, we have a certain average
density gradient of silicon vapor. Since the pressure in the
ideal gas is proportional to density, this causes a silicon
pressure gradient, which can act as an additional driving
force differing from diffusion. The partial pressure of sili-
con according to the equation of the ideal gas state is equal

to
(16)

where ng; = Ng;/V — number of silicon atoms per unit
volume. Let us express ng; over the mass concentration C.
By definition, we introduce mass concentration over the
formula

psi = nsikT,

C— _ Psi
PAr + Psi
Silicon density is expressed from (17) in terms of rela-
tive mass concentration as follows

C
Psi = T PAr

)

(18)

Let’s rewrite equation (16) in terms of silicon density,
i.e. substitute relation (18) into (16) at second step:

RT C

Psi = mﬁPAr- (19)

Then, we substitute this result into Darcy’s law (15),
for simplicity neglecting the spatial inhomogeneities of
argon density and temperature. Let’s also take into account
the fact that the silicon mass concentration never actually
reaches the unit. Argon, as a residual gas, always presents
in the retort, and their concentration is approximately an
order of magnitude higher than the concentration of silicon
vapor. As the result, we expand the factor C/(1 — C) into a
series in small C and limit ourselves in the final expression
to the first non-vanishing term. Darcy’s law (15) takes the
final form

RT
_%ﬁvc

Ms; (20)

K
ugi = _HVPSi =
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However, it is necessary to substitute the average-mass
velocity into equation (7), which is calculated as
Psiusi
PAr T Psi

v — PArUAr T Psillsi _

_ ~ PsiUsi
Par + Psi

PAr

@1

In this approximation the argon is immovable uy, =
0. According to our model, the silicon vapour is filtered
through the stationary argon. Substituting this expression
into the generalized equation (7) for impurity transfer, we
finally obtain the equation

dC  xRTps;
ot nMSi

(VC)? = DAC. (22)
Now this is a more complex partial differential equa-
tion of diffusion with nonlinearity like the square of the con-
centration gradient. Note that similar diffusion equations
with nonlinearities that are quadratic to the concentra-
tion gradient are quite common in various fields of physics.
Thus, in works [13, 14] it is shown that a nonlinear term
of this type quite significantly changes the transport diffu-
sion properties of the material, which is played by a lithium
niobate crystal, and makes it possible to explain some of
the observed effects associated with the saturation with hy-
drogen of the material under consideration. For stationary
conditions, equation (22) is reduced to the form

—(VC)? = yAC, (23)

where v is a positively definite, dimensionless parameter
responsible for the contribution of the convective term to
the overall transport of silicon vapor

_ NMgD

= . 24
KRTpSi ( )

It is important to estimate the value of the new intro-
duced parameter. Let us use the values of dynamic viscosity
and diffusion coefficient as in the works [6,7]. These param-
eters were assessed in relation to our siliconizing process
with the help of the well-known formulas of the molecu-
lar kinetic theory [10]. There is the formula for dynamic
viscosity for a rare gas

3/2
12\ (mkT)'/?
173\ x az

Here d is the diameter of atom; m is the atom’s mass. For-
mula (25) gives the same magnitude of dynamic viscosity:
n = 3.5-10~* m?/s. Thus, according to (6), (11), (25) pa-
rameter y quantitatively has the value

(25)

~ 35-107%.28-1073.0.7
V= 2710-3.831-1800-1.87-10-5

Note that this complex is an initially dimensionless
parameter in the problem (23) and characterizes the rela-
tionship between diffusive and convective transport. The
smallness of this parameter in (23) means that the new non-
linear term in the left part of the equation has an essential
role in our model.

= 0.012.

(26)

Of cause, the parameter (24) in most cases is greater.
This parameter is small only for conditions of medium vac-
uum during product siliconizing in the course of techno-
logical process. At normal conditions, the density of car-
rying gas becomes significantly bigger and this leads to
the diminution of permeability. It is seen from formula
(24) that this parameter at lower temperature becomes also
greater. As the result, the parameter v increases and we
have purely diffusive transfer.

3. Exact Solutions of Equation
for Concentration

3.1. Plane one-dimensional geometry

Thus, we have only one closed equation (22) for silicon
vapor transfer with well-known parameters. Owing to the
comparative simplicity of this equation, the pleasant ability
exists to find an exact analytical solutions in several actual
statements. The first one is one-dimensional stationary
distribution of silicon vapor in Cartesian coordinate system
with boundary conditions of the first kind. The equation
(23) in this case has the form

2
() _
oax) ¥
It is supplemented with the Dirichlet boundary con-
ditions

Gas

7 @7)

(28)

Using procedure the change of variable [15], the inte-
gration of equation of (27) with boundary conditions (28)
gives the solution

C(x) = yIn <f<exp<cs/w> S+ 1>. 29)

The functional dependence (29) is presented in Figure
1b for Cs = 0.08 and vy = 0.012. This dependence qualita-
tively different from the linear solution (3). It means that
the silicon vapor tends to fill up completely the working
space of retort. Derivative of (29) on the product surface
is determined by formula

a£
ox

_ v(exp(Gs/y) - 1)

" I . (30)

It can be seen that this derivative is significantly
greater than the same one for the linear solution. Thus,
one can explain the anomalously intensive absorption of
gaseous silicon by the product during silicification. In the
limiting case of small ratio C; /vy the exponent can be ex-
panded into series and we have got the derivative for linear
solution (3), which is equal to C;/L.
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3.2. (ylindrical one-dimensional case

Analogical problem can be solved in cylindrical coordi-
nate system. Using conditions of concentration uniformity
on azimuthal angle and axial coordinate, we have the equa-

tion )
_(9€) _vo o€
or | ror\ or )’

As before, the Dirichlet boundary conditions can be
imposed in our case

€2))

C(R1) =0, C(Ry) = Cs. (32)

This boundary value problem describes steady transfer
of silicon vapor form external uniform sources located at
distance R, — Ry to the product of cylindrical form with
radius R; (Figure 2,a).

As the result of statement with cylindrical symmetry,
the integration of equation (31) for boundary conditions
(32) gives superlogarithmic solution

C(r) = yin (LR ORISR ) - 5

Derivative of (33) at r = R; is determined by expres-
sion

aC

or

v (1-epc/y)
z=R; Ry (In(R1/Rz) —exp(Cs/v))’

It is seen that in the case of modified equation (22) the
values of derivative as for rectangular coordinate system
as for cylindrical one are evidently greater than analogical
one for classical diffusion equation (1). The distinction can
exceed the whole order. Note that the mass flux is propor-
tional to the derivative of concentration. Thus, it means
that the vapor-liquid phase method could be soundly ap-
plied for silicification of carbon porous materials and our
theory confirms ability of the technology realization.

(34)

Figure 2. a) Cylindrical geometry of the problem with vertical
melt mirror: 1 - product surface, 2 — melt mirror, Ry,
Ry - radii of cylindrical shells, Cs — concentration of
saturation; b) Cylindrical geometry with horizontal melt
mirror

4. Numerical Simulation in Two-
dimensional Statement

4.1. Two-dimensional problem with the axial
symmetry

The problem of silicon vapor transfer looks more realis-
tic for the systems with cylindrical symmetry. The simplest
configurations are presented in Figure 2, where one can see
two coaxial cylindrical shells with different radii R, and Ry,
corresponding to the melt surface and cylindrical product.
Now let us consider the general case of time-dependent
statement to observe also the formation and motion of
concentration front. On the other hand, we simplify the
statement assuming the condition of axial symmetry of
the system. Thus, the equation (22) for unknown function
C(r,z,t) in cylindrical coordinates can be written as

2 2
aC oC oC
(35)
o[, 1ic e
o or2  ror  9z2 )’

Here D, is the dimensional parameter, which character-
izes the intensity of convective transfer in comparison with
diffusion. Note, that there is no necessity to introduce
non-dimensional quantities in our problem because this
parameter has the same dimension [m?/s] as diffusion coef-
ficient. There is a mathematical ability to compare D, and
D. By definition, this new parameter is equal to

KRTpSi

= —2 (36)
nNMsi

Further, we shall call it as the parameter of convec-

tive transport, which appears in physics for the first time.

For our conditions it has the value D, ~ 58 m?/s (see esti-

mation vy). Besides of the sectors with sources and sinks

the impermeable boundaries of retort appear in this state-

ment. Thus, two sets of boundary conditions take place for

corresponding configurations, which are shown in Figure 2:

1) C(Rl,Z) = 0, C(Rz,Z) = C,

ac| _ac

0z lz=0 0z

aC
C(Rl,Z) - 0/ g

z=H
ac
"0z

Z:R2 -
oC
g z=070’
Rs <r<Ry: C(r,z=0) =Cs.

=0, @37

z=H

Ry <r<Rs:

According to the first statement, the surfaces of prod-
uct and melt mirror are opposite to each other. Under the
second set of boundary conditions, the surface of the melt
mirror is horizontal and surrounds the vertical product shell
like in an experiment.
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4.2. The method of numerical simulation

Now we have an evolutionary differential equation (35)
in partial derivatives, which is solved numerically by the
standard method of finite differences [16]. It is important
to use the method that can be applied in a future for autom-
atization of technological process. The method of finite
differences is the most suitable for this purpose realiza-
tion. An explicit scheme of first-order accuracy by time
is applied to simulate the evolution of the system. In cal-
culation algorithm, the spatial derivatives have different
accuracy to provide the stability of the scheme. We use cen-
tral second-order accuracy formulas for derivatives approx-
imation along axial coordinate z and first-order accuracy
backward differences along radial coordinate r. The solu-
tion of equation (35) with boundary conditions (37) is found
for reasonable values of dimensional parameters H = 0.4 m,
L=Ry=09m,R; =02m,D = 0.7 m?/s, D, = 58 m?/s
(L is the full retort radius, which can distinguish from the
radius of the shell with the melt). The time step is chosen
in dependence on spatial one to obtain the stability of the
numerical procedure (the Courant criterion). The author’s
computer code has implemented in the FORTRAN-90 pro-
gramming language. The space of retort is initially empty,
which means that at the beginning the concentration of
the silicon vapor is equal zero in calculation domain. There
is used a numerical grid with the number of nodes along
radial and axial coordinates 85(121):41; along radial axis
85 nods - for vertical melt surface (Figure 2,a), 121 — for
horizontal one (Figure 2,b). The ratio of the retort radius L
to the product height H has been varied in the interval 2-4.

4.3. Numerical results and discussion

Two-dimensional numerical calculations show some
complementary features of the process. This computation
permits to ascertain the characteristic time of the settling
of silicon vapor distribution in retort. The fields of silicon
concentration in section (r,z) are presented in Figure 3 for
two moments of time in the case when the surfaces of melt
and product are opposite (Figure 2,a). Following values of

a)

time points correspond to these realizations: t; = 0.008 s,
tr = 0.5s.

At initial stage the concentration front of silicon va-
por originates on the external boundary and moves inside
to the product surface. It is visible that the gaseous sili-
con propagate quickly through the entire space of retort.
One can see that the settling of stationary concentration
profile occurs approximately over the time t = 0.5 s. At
the final steady stage, the diminution of concentration is
only observed near the product surface, which absorbs the
silicon vapor according to the boundary condition. The
profile on the Figure 3,b looks like the analytical solution
(33). Also it corresponds qualitatively to the solution with
plane geometry (29) which is shown in Figure 1b,.

It must be emphasized that in the case of cylindrical
symmetry, one can observe the more strong effect of wave
front steeping in comparison with the plane statement. In
the system with cylindrical symmetry the streamlines are
concentrated during the motion of gaseous silicon from
the periphery to the centerline therefore the additional in-
creasing of flux density on the surface product is observed
owing to the topological convergence effect.

Then, let us consider the problem with more realistic
statement, when the mirror of silicon melt is horizontal
and the product surface, as early, is vertical (Figure 2,b).
The width of the melt ring is equal AR = L/3. The fields of
silicon concentration are shown in Figure 4. At first stage
the gaseous silicon becomes to evaporate vertically upward
(Figure 4,a). After that the streamlines turn to the product
surface and the silicon vapor begins again to fill up quickly
the working space of the retort.

It can be concluded that the filling of the working space
in the retort by the atoms of gaseous silicon occurs after the
beginning of evaporation less than for the second. Mainly
due to the convective transfer, the concentration of silicon
in the volume quickly amounts to the value, which is close
to the one near the melt surface. If conditions of silicon
condensation take place on the product surface, the high
gradient of concentration originates at this boundary after

]
b\

9o
%

b)

.
9

Figure 3. The concentration of silicon vapor in vertical section for the opposite surfaces of the melt and product for two moments of

time;a) — f1,b) — 1,
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Figure 4. The concentration of silicon vapor in vertical section for the horizontal surface of the melt mirror for two moments of time a) —

t; =0.0055,b) — tp = 0.1's

the settling of steady state. The pressure flow is realized
in this system because of the intensive evaporation at the
melt surface. So, not only diffusion causes silicon transport
through the residual gas but also convective transfer.

Theoretical works [4, 5] predicted the impossibility of
silicon transfer in sufficient quantities for the realistic time.
In the result of solution of the classical diffusion equation,
the estimation of the full siliconizing time is equal 20-30
hours [4, 5]. The time of the siliconizing is proportional to
the derivative of concentration at the surface of the product,
see formulas (30) and (34). Our calculations demonstrate
that the concentration derivative at the product bound-
ary is ten times greater than in the case of pure diffusion.
Thus, we prognosticate the siliconizing time 2-3 hours that
conforms experimental data very well.

5. Conclusion

In the results of analytical and numerical calculations,
one can summarize that there is no necessity to approach
the crucibles as possible to the product during technolog-
ical process in order to overpass the diffusive barrier of
residual gas. This point of view could be valid only for lin-
ear distribution of gaseous silicon concentration in retort.
Indeed, in this case the technologist have to move crucibles
closer to the product in order to increase as possible the
concentration derivative on the sample surface.

It has proved analytically, and additional numerical
calculations confirm this result, that the convective trans-
fer of gaseous silicon makes considerable contribution into
the full mass flux in real technological conditions.

It is shown theoretically, that silicon vapor tends to
occupy quickly the whole working space in retort therefore
near the product surface there is always sufficient amount
of silicon for successful realization of the siliconizing pro-
cess. The simplicity of numerical procedure realization con-
firm an efficiency of suggested new non-linear diffusion
equation for description of silicon transfer in the conditions
of medium vacuum.
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Numerical modelling of the effect of gas temperature non-uniformity
on the geometric parameters of the heating element
in a cold spraying technology
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In contemporary mechanical engineering, extending the lifespan of products necessitates heightened standards for the materials used in the
fabrication of components and structures. One of the most promising avenues is enhancing material characteristics through the application
of functional coatings. This includes boosting the material’'s corrosion resistance, wear resistance, and protection against mechanical
damage, as well as enabling localized repairs without disassembling the structure. Preference is given to technologies that do not adversely
affect the surface to which they are applied. Cold spray technology stands out as one of the most rapidly advancing methods for applying
protective coatings and imbuing materials with various functional properties. This technique not only safeguards surfaces but also enhances
their operational characteristics, ensuring the longevity and reliability of products. Investigation of the influence of the dependence of
the gas heating on the geometric parameters of the heating element of the cold spraying technology was considering in this work. This
task was considered in two software solvers: the software product "Thermoviscous fluids: a hydrodynamic simulator for modeling flow in
annular channels with heat exchange® and ANSYS. The modeling results show that the spiral steel tube can effectively be used for heating
gas to high temperatures at high speeds. However, it is necessary to consider that at high speeds, additional hydrodynamic effects such

as turbulence and shear flows may occur, which can affect the efficiency and stability of the gas (nitrogen) flow.

Keywords: gas heating, heating element, cold spraying technology, nitrogen
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1. Introduction

In the realm of modern mechanical engineering, ex-
tending the service life of products demands elevated stan-
dards for the materials employed in the manufacture of com-
ponents and structures [1-3]. One of the most promising
approaches is to enhance material characteristics through
the application of functional coatings. This includes aug-
menting the material’s corrosion resistance, wear resis-
tance, and protection against mechanical damage, as well
as facilitating localized repairs without disassembling the
structure [4]. Technologies that do not negatively impact
the applied surface are favored.

Cold spraying (CS) technology is at the forefront of
methods for applying protective coatings and endowing
materials with various functional properties [5, 6]. This
process, broadly known as cold spraying, aims to develop
methods and devices for spraying coatings that impart the
necessary properties to product surfaces, such as reduc-
ing porosity, increasing hardness, strength, and corrosion
resistance.

The primary objective of these innovations is to cre-
ate a method and device for spraying coatings that elevate

the surface properties of products to the required levels,
ensuring reduced porosity, enhanced hardness, increased
strength, and superior corrosion resistance. Over the past
20 years, the greatest inventive activity in the field of CS
coating technologies has been observed in Russia, Germany,
China and the USA [7]. Also, this coating area is also being
developed by developers from Japan, the Republic of Korea,
India, Austria and Australia [8].

The forefront of CS technology development is marked
by a drive to enhance productivity and automate the coating
application process. This is achieved through the creation
of novel automated systems and the exploration of modern
powder materials, which endow parts and products with
diverse functional properties.

The device for applying coatings via the CS method
comprises several key components: a dosing feeder, a hous-
ing that includes a powder hopper shaped like a drum with
recesses on its cylindrical surface, and a mixing chamber
equipped with a nozzle designed to accelerate powder par-
ticles. The nozzle is connected to both the mixing cham-
ber and a compressed gas source. A powder particle feed
controller ensures the desired flow rate during the coat-
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ing process, while a partition installed at the bottom of
the hopper prevents powder particles from entering the
space between the drum and the dosing device body, thus
avoiding potential jamming.

The nozzle, featuring a profiled passage, enables the
gas flow to reach supersonic speeds. To further boost pro-
cess efficiency and regulate the speed of the gas-powder
mixture with a supersonic jet, the device incorporates an
element for heating compressed gas, complete with a tem-
perature control system.

Preferably, the heating element should be made from a
resistor alloy, which will allow for a reduction in the overall
dimensions and weight of the heating means [9-13].

In the work of Wenya Li [14], an experiment was carried
out and a 2D model of the entire process of CS technology
was constructed, however, numerical modeling of the gas
heating element was not performed. Nitrogen is most often
used as a working gas.

Nitrogen is an inert diatomic gas without color and
odor, the chemical formula of the diatomic molecule N»,
molar mass 28.01 kg/kmol. The nitrogen content in the
atmospheric air is about 78.09 % by volume. It is used in
technological processes as an inert sealing medium, for
example, for dry gas mechanical seals and sealing com-
plexes, in the chemical industry for the synthesis of ammo-
nia. Liquid nitrogen is used as a refrigerant in mechanical
engineering for the assembly of non-removable tight joints
(cooling of the covered part). Nitrogen is used in special
technological processes for applying a thin layer of wear—
resistant coating — titanium nitride on the surface of steel
parts; in combination with silicon, it forms a wear-resistant
promising ceramic material, silicon nitride SizN4 [15].

Numerical simulation of the gas heating process will
allow to set the optimal parameters of the heated element
to reduce the gas heating time, and, accordingly, optimize
the process in the complex.

2. Problem statement

The working gas is nitrogen (N;), which is supplied to
the tube at room temperature, 293 — 298 K (20 — 25 °C),
and a pressure of 2 to 10 MPa. The tube walls are main-
tained at a constant temperature of 1273 K (1000 °C). The
inner diameter of the tube is fixed and is 0.008 m, and the
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wall thickness is 0.002 m. The diameter, number of coils,
and length of the tube are parameters that need to be de-
termined for efficient gas heating.

3. Methods

This task was considered in two software solvers:

1. The software product «Thermoviscous fluids: a hy-
drodynamic simulator for modeling flow in annular
channels with heat exchange» [16].

2. ANSYS — a universal finite element analysis (FEA)
software system

4. Numerical results

4.1. Part 1. Results of numerical simulation in the
own software product

The flow of incompressible nitrogen in a flat channel
was considered. The channel diameter was fixed, and the
channel length L varied from 1 m to 50 m. The modeling
environment used was the own software product «Ther-
moviscous fluids: a hydrodynamic simulator for modeling
flow in annular channels with heat exchange» which was
adapted to solve this problem: the inner diameter of the
tube — 0.008 m; the length of the tube — from 1 m to 50 m;
the pressure drop dp — 1 Pa; the initial temperature of the
gas — 293 K; the temperature of the tube walls — 1273 K.

To solve the problem of the incompressible flow of ni-
trogen in a flat channel, the control volume method was
chosen. This approach allows solving the Navier—Stokes
equations with high accuracy, which is critical for obtain-
ing reliable results.

The geometric dimensions of the tube, the properties
of nitrogen, the boundary conditions for velocity and pres-
sure at the inlet and outlet of the tube, and the temperature
at the tube walls were used as input data for modeling.

Based on the calculations, the results for the distribu-
tion of velocity, pressure, and temperature along the length
of the tube were obtained. The results of the test calcula-
tion for a channel with a length of 1 m and a pressure drop
of 1 Pa are shown in Fig. 1. The graph shows the distribu-
tion of temperature and velocity along the length of the
channel in a dimensionless form.
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Figure 1. Distribution of temperature and velocity in the computational domain for L =1matdp =1 Pa
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Figure 2. Distribution of temperature and velocity in the computational domain for L =10 matdp = 10% Pa
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Figure 3. Distribution of temperature and velocity in the computational domain for L =50 m at dp = 10° Pa

From the obtained results, it follows that the distribu-
tion of the nitrogen velocity along the length of the channel
has a parabolic shape. The maximum velocity is reached
in the middle of the channel and decreases to zero at the
tube walls.

The study results showed (Fig. 2) that as the chan-
nel length increases to 10 meters and the pressure drop
to 10* Pa (equivalent to 0.1 atm), the nitrogen is heated
closer to the middle of the channel. The maximum nitrogen
velocity in the channel is 0.7 m/s.

Further, when the channel length is increased to 50 me-
ters and the pressure drop to 10° Pa (equivalent to 1 atm),
the nitrogen does not have enough time to heat up in the
center of the channel due to the high flow velocity (Fig. 3).
Heating occurs only in the near-wall region of the channel.
The maximum nitrogen velocity in the channel is 1.5 m/s.

Further research is needed, including the use of more
complex channel geometries and experimental studies, to
improve the accuracy and validity of the mathematical
model and optimize the cold spray process. One option for
increasing the complexity of the channel geometry is the
use of spiral channels, which have a more complex shape
than flat channels and allow for modeling of the flow under
more realistic conditions.

4.2. Part 2. Results of numerical simulation in the
ANSYS software system

The flow of nitrogen in a spiral steel tube in a 3D con-
figuration is considered to study the features of gas flow in
such conditions and to optimize the parameters of the tube

to increase the efficiency of gas heating.

Initial parameters: inner diameter of the tube — 0.008
m; length of the tube — 1.154 m; spiral diameter — 0.06 m;
wall thickness of the tube — 0.002 m; initial temperature of
the liquid — 293 K; temperature of the tube walls — 1273 K;
inlet pressure — 2 — 10 MPa; outlet pressure — 0.1 MPa.

The first step of modeling involves constructing the ge-
ometry and mesh. Fig. 4 shows the geometry of the compu-
tational domain with the constructed mesh. The geometry

Figure 4. 3D Geometry of the Computational Domain





































































