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Oco0eHHOCTH TeIJI0BOro peéxuMa MacJdooxiyiaauTelst ¢ pasnnToﬁ BHeIIHeH
MOBEPXHOCTHIO

A. 1O. Apmsinnn, E. C. baiimeroBa, M. E. XBajibko

WxeBckuil TocymapcTBEHHBIM TexHM4yeckui yHuBepcuteT umeHn M.T. Kamamnukosa, Poccus, 426069, MxeBck,
yi. Ctyaendeckas, 7

AnHoTanus. /11 0TBOAa 00pa3yromuxcs npu padoTe TUAPABINYCCKHX CHCTEM Ha MEPUOJUUCCKUX PEKUMAX
U3JTUIIKOB TeIIa OT pabove KUIKOCTH TPeOyeTCsl IPUMEHEHHUE CIICIIUAbHBIX KOHBEKTUBHBIX TCIIIO0OMEHHBIX
amnmapaTtoB — MacjOOXJIaJUTEICH, TECOMETPUs KOTOPHIX HAMPSIMYIO BIUSCT HAa UX 3PPEKTHBHOCTh. B naHHOM
paboTe paccCMOTPEHBI BOMPOCHI PEATU3yeMBIX B MPOTOYHBIX TpPaKTaX H KOPIYCE MPOMBINUICHHOTO
MacCHOOXJIAMUTENS TEIUIOBBIX PEXHUMOB. MeTolaMi MaTeMaTH4ecKOro MOJICIMPOBAHUS pelieHa 3aaadya
COMPSKEHHOT0 TEIIOOOMEHAa B KaHAlaxX W KOPIyce MAcCHOOXJaauTens. PellieHne HEIMHEWHOW CHCTEMBI
YpaBHEHHI COXpaHEHHs CTPOUTCS METOJOM KOHEYHBIX 00BEMOB C HcHonb30BaHueM Open source miaTGopMbl
openFoam. B pe3ynbrate BBIYHUCIMTENHLHOTO 3KCIIEPUMEHTA BBISIBICHBI M OMUCAHBI PEAU3yeMble TEIUIOBBIC U
a’3pPOTrUAPOANHAMUYECKHE PEXHUMBI PabOThI JJIEMEHTa OXJaXAarolei cexiuu. [loka3zaHa HEpPaBHOMEPHOCTh
HarpeBa KOpIlyca OXJaxJIamomel cekiud. Ha OCHOBE aHalu3a MOJNYYCHHBIX IOJIEH Ta30JMHAMUYECKUX U
TEIUIOPU3NUCCKUX BEJIMYUH TMOKa3aHa IEJIeCO00pa3HOCTh KOHCTPYKTHBHON ONTHMHU3AIUH HCIOJHCHUS
BHEIIHETO OpeOpeHmsl.

KiawuyeBble cJ0Ba: MaTeMaTHYECKOE MOACJIUPOBAHUE, COIPAKCHHAd 3aaada TGHJ’IOO6MCH3, 3ama4da
OIITUMH3alHU, MAaCJIOOXJIAAUTCIIN, CUCTEMA OXJIAXKIACHUA.
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Peculiarities of the Thermal Regime of an Oil Cooler with a Developed External
Surface
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Summary. For removing excess heat from working fluid, which forms during the hydraulic system operation in
periodic modes, special convective heat exchangers such as oil coolers, the geometry of which directly affects
their efficiency, are required. In this paper, we consider the issues of thermal regimes in flow paths and the body
of an industrial oil cooler. The object of the study is a multi-section collector with a complex cross-sectional
shape of the liquid supply channels and with a developed outer surface for effective cooling. The cooling section
is made in the form of a flat tube with longitudinal inner channels with rectangular cross-sections, in which
additional longitudinal ribs are placed to provide machine oil flow turbulence. It allows intensifying the heat
exchange between the viscous medium and metal wall by preventing the formation of a laminar boundary layer.
The heat-exchanger outer surface is equipped with multiple double-sided ribs to increase the device heat
efficiency. By methods of mathematical modeling, the problem of conjugate heat exchange in the oil cooler
channels and body is solved. The models of a heat-conducting viscous incompressible fluid, heat-conducting
viscous compressible gas and heat conduction in a solid are used. The discretization of the basic equations is
carried out by the finite volume method using the Open source product openFoam. As a result of the
computational experiment, the realized thermal and aero-hydrodynamic modes of operation of a single element
of the cooling section are revealed and described. The uneven heating of the cooling section body is shown. On
the basis of the analysis of the obtained fields of gas-dynamic and thermophysical values the expediency of the
constructive optimization of the external finning design is shown.

Keywords: mathematical modeling, coupled heat exchange problem, optimization problem, oil coolers, cooling
system.
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BBEJIEHUE

TexHuueckue  ycTpoiicTBa,  paboTaromie C  HEKOTOPOM  MEPUOAMYHOCTBIO U
IpelycMaTpuBarolue Haluyue pabodyux HUKIOB [1], UMEIOT MIMPOKUI CIEKTp MPUMEHEHUS B
Pa3IMYHBIX TEXHMUYECKHUX cuUcTeMax. Paboumil UK TaKuUX YCTPOMCTB COIPSDKEH CO CXATHEM U
pacimipeHreM pabouux cpei, BCIEICTBHE YEro COMpshKeH ¢ HarpeBoMm 3Tux cpen. [loatomy
pacnpoCTpaHEHHBIM TEXHUYECKUM PELICHUEM SIBJISETCS] IPUMEHEHUE CIIEHUaIbHbIX KOHBEKTUBHBIX
TEIUIOOOMEHHBIX anmnapaToB [UIsl OTBOJA HM30BITOUHOIO TEIJia, KOHCTPYKTHBHOE HCIIOJHEHUE
KOTOPBIX CYIIECTBEHHO BJIMSET Ha TEIUIOBYIO 3((eKTHBHOCTH Takux ycTpoilctB [2]. OgHO# u3
Haubosee 3(PPEeKTUBHBIX CXEM TaKHX TEIUIOOOMEHHBIX AalnapaToB SBJSIOTCA YCTPOMCTBAa THIIA
"paguarop", mpeAcTaBISIOMUE COOOW CIOXKHBIA KOJJICKTOP W3 Ha0Opa BHYTPEHHHUX IUIACTHUH-
KOJUJIEKTOPOB C MaJIOpa3MEPHbIMU BHYTPEHHUMHU KaHAJIaMH CIIOKHOHN (DOpPMBI U pa3BUTON BHEIIHEH
MOBEPXHOCTHI0. K TaHHOMY BUY yCTPOHCTB MOKHO OTHECTH U MACJIOOXJIaAUTENH.

B pabGorax [3—16] mnpuBomarcs pe3yibTaTbl YHUCIEHHBIX M OKCIEPUMEHTAJIbHBIX
UCCJIEIOBAaHUM BJIMSHUS BHYTPEHHEH I€OMETpPUM KaHajIOB Ha TMJIPOJUHAMHUKY U TEIUIOOOMEH.
Tak, B paborax [5, 6] mokazaHo, 4to nNpouIMpoBaHrNEe BHYTPEHHUX KaHAJOB SIBJISIETCS yIOOHBIM U
3G GEKTUBHBIM HHCTPYMEHTOM ISl TypOY/IHM3allMd TEYEHHS C OJHOW CTOPOHBI H OIpENeNsieT
o0Opa3oBaHKe BTOPUYHBIX BUXPEBBIX MPOTUBOTEUYECHUN — ¢ Apyroil. B pabotax [7 — 9] uccnenoBano
BIIMSTHUE TIPSIMOYTOJIBHOW ()OPMBI BHYTPEHHETO KaHajia Ha 3()(h)eKTUBHOCTH TEIUIOOTIAYU B CTCHKY
B paMKax CTallMOHApPHOrO TeUYeHUs ra3a. TaMm ke B [7] mpuBeIEHbI IEPBbIE aHATUTUYECKUE MOJEIH
IUIE MaTeMaTHYeCKOTo OMHCAHWs MPOIECCOB TEpPeHoca TeIula B MPOQMIMPOBAHHBIX KaHallaX
pa3IMyHON TE€OMETPUM, MPEICTABICHbl PE3yJbTaThl 3KCIEPUMEHTAIBHOTO  HUCCIEIO0BAHUS
MIPOIIECCOB COMPSKEHHOTO TEIIOOOMEHA B KaHaJaX TPEYroJIbHOTO CEYCHUSI.

ACHeKThl  MNPUKIATHOTO  HKCIOJIb30BaHMS ~ OOIIMX  3aKOHOMEpPHOCTEH  yIpaBlIeHUS
3G (GEKTUBHOCTHIO TEIIOOTBO/A MyTeM TNPO(GUIMPOBAaHHS BHYTPEHHETO KaHala, B TOM YHCIE
MCMOJIb30BaHUS MOJU(PHUIMPOBAHHBIX JYHKAMH, KaHaBKaMM, TPaHIIESIMH M T.N. MOBEPXHOCTEM,
npuBeneHbl B paborax [10—14]. B [15] BbIABICHO M TMOKa3aHO, YTO JOMOJHUTEIBHO K
HEMOCPEJCTBEHHOW (opMe KaHaja YIJIOBOE PAcIOJIOKEHHE CTEHOK, a MMEHHO — YToJI HaKJIOHA
OOKOBBIX CTEHOK, SIBJSIETCSI OJHUM W3 YIPaBISIOMIMX [AapaMeTpoB JJsi HHTEHCU(PHUKALUU
TEIUIOOTAAYM B MPSAMOYrOJbHOM KaBepHE NPU HAYaJbHOM CTENEHU TYpOYJIEHTHOCTH IOTOKa
6omee 0.15. O0o0UIeHNE 3HAYUTENBLHOTO YKCIa Pe3yJIbTaTOB MCCIEIOBAHUS BIUSAHMS ITapaMETPOB
Ha0eramomero MoTOKa, a HMMEHHO — HayaJbHOW CTENeHH TypOYIEHTHOCTH, Ha IPOLECCHI
MHTEHCU(PHUKAIIMU TEIUIOOTJAa4d BO BHYTPEHHHX KaHalax, B BHJIE MaTEeMaTHYECKOH MOJEIH Js
OLIEHKUM TpeAeTbHbIX [apaMeTpOB KOHBEKTUBHOIO  TEIJIOOOMEHAa M THJPaBINYECKOTO
CONPOTUBIIEHUSI C YYETOM CTENEHM HayaJlbHOM WHTEHCUBHOCTH TYpOYJIEHTHOCTH MOTOKa
npeacTaBiIeHo B padote [16].

W3BecTHO 3HAUMTENBHOE KOJMYECTBO PAOOT, MOCBSIIEHHBIX BOMPOCAM HHTEHCHU(PHUKALIUU
KOHBEKTHBHOI'O TEIUIOOOMEHA 3a CUeT BHEIIHEH TypOynu3aluu TeueHHs BOJIU3M MOBEPXHOCTEH
Teriockema. llpuMeHeHue naHHOro moxoja OasupyeTcsi Ha HUJAEe YIpaBICHHUS NapaMeTpamu
IIOTPAaHUYHOTO CJI0s B 30HE B3aUMOJIEHCTBUS BHEIIHETO MOTOKA ra3a ¢ IOBEPXHOCTHIO TEIJIOChEMA
[17, 18]. DxcnepumenTanbHO [17 —22] 000CHOBAaHO yBEIHMYECHHE WHTEHCHBHOCTH KOHBEKTHBHOTO
TEIUIOOOMEHa TpHU  TOBBILEHUH TYpOYJIEHTHOCTHM  HAOeraomero IMoToKa. Pe3ynbTarsl
AKCIIEPUMEHTAJILHOTO MCCIEI0OBaHUSl BIUSHUS HWHTEHCHUBHOCTU TYpPOYJIEHTHOCTH Ha TPOIECCHI
COIPSDKEHHOTO TEII000MeHa Il KPUBOJIMHEHHON BHEUIHEW MOBEPXHOCTH CIIOXKHOW TeOMETpPHH,
MpeACTaBICHBI B [23].

OnHako, COBMECTHOE MCCIIEOBAHME THUAPOra30JUHAMUKM M TEIUIOOOMEHA YCTpPOWCTB,
COYETAIOIIUX B KOHCTPYKIMM U BHYTpEHHUE MPO(UIMpPOBAaHHbIE KaHAJIbl, M1 BHEIIHIOI Pa3BUTYIO
MOBEPXHOCTh CII0KHOM KOH(UTYypaluu, U, Kak CIeICTBHE, 3HAUUTEIbHYIO TUIONIA/Ib TOBEPXHOCTU
TEIJIOChEeMa, OCTAIOTCS MAJIOYUCIICHHBIMU [24 — 31].

OnnuM u3 Haumbonee pACHpPOCTPAHEHHBIX BHJIOB AHAJOTHYHBIX 110 KOHCTPYKTUBHOMY
WCTIOTHEHHUIO TEIMJI00OMEHHBIX alllapaToB SIBJSIOTCS aBTOMOOWIBHBIC paauaTopsl [28 —31]. Ilpu
TOM OCHOBHBIC HCCJEIOBaHMS HANpaBICHbl Ha M3yYEHHE METOAOB JHArHOCTHUKU paboumx
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XapaKTepUCTHK JAHHBIX TEIIOOOMEHHBIX ammaparoB [32, 33] u He paccMaTpUBalOT BOIPOCHI
HEMOCPEJCTBEHHOI0 MCCIIEIOBAaHUS PEAIN3yeMbIX B JIaHHBIX YCTPOICTBax paboumx MpPOLIECCOB U
TEIIOBBIX PEXKHMOB.

Taxkum oOpa3oM, pabodne Npoueccsl, MPOTEKAIOIINE B IPOMBIIIJICHHBIX MacI00XIaJnuTelsX,
OCTAlOTCSI HEJOCTATOYHO H3YUYEHHBIMH, a B €ro TpPaKTax M BHEIIHEM pPa3BUTOM OpeOpEeHUH
TEIUIOBOW PEKUM — HE UCCIIeI0BaHHbIM. [laHHas paboTa MoCBsIeHa YUCIEHHOMY MO/IEIMPOBAHUIO
COIPSDKEHHOT'O TEIUIOOOMEHAa BO BHYTPEHHUX IIPOTOYHBIX KaHalaX MacjloOXJIaJUTelNs, €ro
pa3BUTON BHEIIHEH MOBEPXHOCTU C YYETOM TEILIONPOBOAHOCTH MaTepHalia KopIryca.

ITOCTAHOBKA 3AJTAYA

OOBEKTOM HCCIIEZIOBAHUS SIBISIETCS MHOTOCEKLUMOHHBIA KOJUIEKTOP CO CIOXHOH (opmoi
IONIEPEYHOI0 CEYEHMs KaHAJIOB MOABOJA XHUJIKOCTH M C PAa3BUTON BHEUIHEH NOBEPXHOCTBIO AJIS
3 HEKTUBHOTO OXJIAXKIEHUS TeIUIoHOCUTENs. OXJIaXIaloIias CeKIUs BBHIIIOJHEHA B BUIE TUIOCKON
TpYObI C IPOAOIBHBIMA BHYTPEHHUMHU KaHAJIaMH MPSIMOYTOJIbHOIO CEYEHMsI M Pa3BUTON BHEILIHEH
MMOBEPXHOCTHIO ¢ MHOKECTBEHHBIM opeOperueM (puc. 1).

3.4 o

gas—»

0,02

N0012

Puc. 1. Pacuernast od1acTn

Fig. 1. Calculation domain

IIponecc oxnaxkaeHUs BHYTPEHHETO IOTOKAa pabodel JKUAKOCTH — T'MIPABIMUYECKOro Macia

— 1200kr, . _ 31000k p=0.11Ma-c ,1=0.41%-K) yTeM

- M3 P KT
HpI/IHy,HI/ITeHLHOFO O6HyBa KOHHCKTOpa MacCJIOOXJIaAUTECIIA HaHpaBJ'IeHHBIM IIOTOKOM B03nya

(M =222, = 1000 K = 1.831-105Ta-¢; A= 0.0261% -K), wuccnemyercsa B

kMoub p KT
paMKaX 3a1a4u COHpSDKGHHOFO TGHHOOﬁMeHa BHyTpeHHel“O 3JICMCHTA CI[I/IHI/I‘lHof/'I OXJIa>K)1aIOH1€I7I

CeKIMM TpU 3aJaHUM YCIOBHUM CHMMETpUM Ha OOKOBBIX TpaHSAX pacueTHOW oO0JacTu.
KT 903/
Kopnyc cekuumm oxnaxkaeHuss BbIModHeH u3 amomuuaus (p = 2700—; ¢, =——K;
m3 p KT
A=237Bt/m-K). Ilpu mOCTpOCHMH MaTeMaTHYEeCKOW MOJEITH TIpoIecca OXJIAKICHHS
MHOT'OCEKIIMOHHOTO KOJIJIEKTOPa UCIOIb30BAIUCH CIIEIYIOIINE JOMYIIEHHUS:

1. MaTepunan npsMOyrojapHOro KaHajla H30TPOIIEH.
2. [llepoxoBaToCTh MaTepHaa HE YUUTHIBAETCSI.

Jlykoitn Teitzep CT-32 (p

MonenpoBaHu€e NPOBOJNUTCS HA OCHOBE PELIECHUS YPaBHEHUI COXPAaHEHUS TEKYUUX Cpel s
JIOMEHOB BO3AyXa (air) W TUAPaBIMYECKOW KUIKOCTH (0il) COBMECTHO ¢ YypaBHEHHEM
TEIUIONPOBOJHOCTH B TBEPOM TeJie Ul Kopityca MaciooxiaauTens (alum):

a_/’+%:0, (1)
ot 0Ox,
Opu.u . Ou,
ot x; ox;, O, o, ox, ) 3" ox, "
OpE N OpHu, _ ou,7; . oq, - 3)
ot ox; ox; ox;
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B cucreme ypaBuenuit (1)— (3) npuHATHI cienyromye AOMYIIEHUS: p — IUIOTHOCTh CPEAbI;
1, — KOMIIOHEHTbl BEKTOpa CKOPOCTU u; p — JAaBJEHUE; MU — JUHAMUYECKUH KOI()(ULMEHT

BA3KOCTH; F; — BHemHsAs maccoBas cuna;, E=CT "‘0-5%2 — MOJIHAs YAENIbHAsA DHEPTUA CPEObl;

2 Ou
_ _ 2 _ 2 . _ _ = k _
H=E+p/p=C,T+0.5u; =h+0.5u; NOJHAsL yJeNbHAs SHTANbNUS; 7, =2uS, 3 ,u—an 0,
o 1 aul. auj o o
TEH30p  BASKMX  HampsokeHuid; S, =—| —+—_——| —TeHsop ckopocredl  mepopmanmii;
T 2(ox;  ox

oT o . .
q, = A—— — TCIIOBOM MOTOK; 4 — KO3 (UIMEHT TEIIONPOBOAHOCTH Cpeibl; T — TeMiepaTypa.

ox ;

J
B crmydae MomenupoBaHUs IBHKEHHUS T'a3000pa3HBIX CKUMAEMBIX CPEJl CUCTEMa ypaBHEHUI
(1) — (3) momosHsIaCh ypaBHEHUEM COCTOSIHHS MICATLHOTO Tra3a;

P =pPRT, 4)

rac R- yacibHad Tra3oBasd IMOCTOsAHHadg, a B ClIyd4ac MOACIMPOBAHUA HEC)KHMaeMoi
KUIKOCTHU — YPABHCHUECM IMOCTOAHCTBA IIJIOTHOCTU CPCIbI:

0 = const . (5)

IIponecc nepenoca Temia B KaHaJle ONUCBHIBAETCS HA OCHOBE yPaBHEHUS:
or o ,oT
pe, L=, ©6)
ot 0Ox, Ox,
e ¢, — yAelIbHas TCINIOEMKOCTh MaTepHala.

[ToctpoeHnass TakuM 00pa3oM Ha OCHOBE YpaBHEHHH COXpaHEHHs CHCTEMa YacCTHBIX
npou3BoaHBIX (1) —(6) pemraercs NPUOTMKEHHO METOJOM KOHEYHBIX OOBEMOB B paMKax
KBa3HCTAIMOHAPHOW TIOCTAHOBKM C HcHojib3oBaHueM Open source miaTdopmsl openFoam ¢
npuMeHeHreM pemrarens chtMultiRegionSimpleFoam, ocHoBanHOTr0 Ha yncneHHOM cxeme Simple.

OCHOBHBIE TPaHUYHBIC YCIIOBHSI, HCIIOJIb3YEMbIE TIPY YUCICHHOM MOJICIIMPOBAHIH, TOKA3aHbI
B Tabnuue. Kpome 3TOro Ha HENMPOHUIAEMBIX CTEHKAaX MPUMEHSAJIOCh YCJIOBHE MPWIMIAHUS U
YCIIOBHE CUMMETPHH Ha OOKOBBIX TPaHHIIAX.

XapakTepUCTUKU KHUJIKOCTU U CPEIHSS CKOPOCTh TEYEHHUS IO3BOJSIOT MOAEIUPOBAThH
JBIDKEHUE B JIAMUHApHOUM mocTaHoBKe (uuciio Pelinonbaca paBao 1000). B To xe Bpems TeueHue
BO3AyXa ¢ yuciaoM PeifHonbaca paBHbM mpuMepHO 8000 COOTBETCTBYET MEPEXOTHBIM PEXHUMAM
IBUKEHMSI cpell U TpedyeT yueta 3pdekToB TypOyneHTHOCTH. [loaToMy A pacuera napamMeTpoB B
JIOMEHe gas MOAKIIIoYanach MoJieNlb TypOyneHTHOCTH MeHTtepa [34].

Ta6auna — 'pannyHbIe yca10BUS

Table — Boundary conditions

JloMeHBI/TpaHU LB KoHTakTHasi NOBEpPXHOCTH Bxox Brixoa
Domains/boundaries Contact surface Enter Exit
oT,
) . ai =, %T’ uy = 5wm/c ap 0
air n n —_—=
T, = 293K
T, =T, g 93 on
oT, oT
A —t=2 " po = 10-10°Ta
i =4-10°11
011 al’l an To = 333K po a
T, =T,
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PacueTHast ceTka HOCTpOEHa C MCIOJIb30BAaHHEM YTUJIMTHI MOCTpoeHUs ceTok blockMesh
nmaketa openFoam wu comepxkutr Oonee 10 MuH. TpU3MaTHYECKUX dJeMeHTOB. Ha rpaHuUIbI
COMPSDKEHHSI Ta3-MeTaul npuxoautcst 6omee 900 ThIC. TpaHel, METAI-)KUIKOCTh 178 ThIC. TpaHEeH.
CeTku Ha rpaHULIAX CONPSDKEHUS SBIISIOTCS COTJIACOBAHHBIMU.

PE3YJIbTATBI PACHETOB

B pe3ynbraTe MNpOBENEHHBIX pPACYETOB IOJNYYEHBI paclpeiesieHuss IoJeld CKOpOCTH,
JABJICHUS, TEMIIEPaTypbl M TEIUIOBOTO TOTOKAa BOJHM3U HEMPOHHUIAEMBIX IMOBEPXHOCTEH
paccMarpuBaeMoro ¢pparmMeHTa BHEIIHEr0 OpeOpeHHsI MacIOOXJIaIUTENs, TOJIy4€Hbl HHTETPAJIbHbIC
TeII0(U3NIEeCKHE XAPAKTEPUCTUKH BO3IYITHOTO MOTOKA JO M IOCIE MPOXOXKICHUS SJIEMEHTOB
opebpenusi. Ha puc. 2 mpezacraBieHa CTPyKTypa MOTOKa BO3AyXa MPU OOTEKaHUH ETUHUYHOTO
OXJIAKJAIOUIETO 3JIEMEHTA, a TAK)KE CTPYKTypa TEUEHHUS TI'MIPABIMYECKOI0 Macjia B KaHajaxX Ha
pUMepe [eHTPAIbHOTO KaHaa.

5.6e+004
1.6e+005
2.6e+005
3.6e+005
4.6e+005 o
5.6e+005
6.6e+005
7.6e+005
8.6e+005
9.6e+005

S - ———

S
-~
)
~

Puc. 2. CTpykTypa noroka Bo3ayxa B Bu/e NPOCTPAHCTBEHHBIX TPYOOK TOKa (@), TUHUI TOKA B CpeAHEM
ceyeHuH (b) M cTPyKTypa NOTOKA rHAPABIMYECKOro Mac.ja (¢) BO BHyTPeHHeM NPAMOYTroJILHOM KaHaJle

Fig. 2. Air flow structure in the form of spatial current tubes (a), current lines in the middle section (b)
and hydraulic oil flow structure (¢) in the inner rectangular channel

W3 puc.2,a BUIHO, YTO CTPYKTypa TOTOKA BO3IyXa XapakTepu3yercs oOpa3oBaHHEM
BO3BPATHOM 30HOM 32 €IMHUYHBIM AJIEMEHTOM CEKIIMU OXJaXKACHUS, 4YTO 00YCIIOBIEHO reoMeTpueit
CeKIIMM — HaJIW4YHe YCTyma, 3a KOTOPBIM HaOmromaercst (GOPMHpPOBAHHWE BUXPEBOW CTPYKTYPHI.
ITpu 3TOM B 30HE Y3KHX MEXIIENEBBIX 3a30poB (puc. 2, b), IpyU B3aUMOJCHCTBUU HArHETaEMOI0
BO3[lyXa C BHEIIHUM OpeOpEeHHEM 3JIeMEHTa, HaOJI0JaeTcsl CIOHUCTOE OJHOPOJHOE OEe3BUXpPEBOE
TeyeHue. Puc. 2, ¢ WUTIOCTpUPYET KIACCHUYECKOE JIAMUHApHOE TEUCHHE BS3KOH HEC)KHMaeMOu
KHUIIKOCTH B MPSMOJMHEHHBIX KaHaiaxX. Peann3yemble B MPOTOYHBIX TPAKTaX paccMaTpHUBAaEMOTO
€IMHUYHOTO DJIEMEHTa OXJAXKAAIOUIEH CEeKIMU a’pOJAMHAMHUYECKUH M THIPOJAWHAMHYECKHM
pPEXKUMBI, B COBOKYITHOCTH, corjiacHO [35] moimkHBI oOecreuuTh (OpMHUpPOBAHWE JTAMHUHAPHOTO
MOTPAaHUYHOTO CJIOS B NPSAMOJIMHEHHBIX KaHajlaxX IOJBOJA Maclia, YTO INPH BBIIIEONHCAHHOM
0e3BHXPEBOM XapakTepe HaTEKaHUs BO3AyXa Ha 3JIEMEHTHI OpeOpEHUs JOIDKHO MPUBECTH K HU3KOU
TEIUIOOTAa4Ye M BBICOKMM THJPABIMYECKUM MoTepsM. PacmpeneneHue temmeparypsl 1o o0bemy
KOHCTPYKIIMU €IUHHYHOTO 3JIEMEHTa OXJKIAIOIIEH CEeKIMW M TeMIlepaTypbl Macia 1O JIJTHHE
KaHaJIOB IPUBEJIEHO Ha puc. 3.
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T_oil (K)
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Puc. 3. O0beMHOe pacnipeeeHre TeMIIepaTyphbl BO3AyXa 110 BCeM PacdeTHBIM JoMeHaM (a),
MO TeMIlepaType KOHCTPYKIMH eANHUYHOT0 3JIEMEHTa oXJazKAaomeil cekuun u3 aniomuHus (b)
M TeMIIepaTypbl MacJia Mo JJHHe HeHTPaJIbHOro KaHaJa (c)

Fig. 3. Volumetric distribution of air temperature over all calculated domains (a), over the aluminum temperature
of a single cooling section design element (b), and over the oil temperature along the length of the central channel (c)

Habmtoaercss HepaBHOMEpHBIN HarpeB Kopmyca OXJIaXKJIalolled CEeKIMU ¢ JoKalu3anuen
TEMIIEPATYPHOTO MaKCHMyMa B O0JIACTH BHYTPEHHHUX IICHTPAJTBHBIX KAaHAJIOB, YTO OOYCJIOBIICHO
CHUHEpPruell TeIJIOBBIX MOTOKOB OT BHYTPEHHUX MPSIMOYTONbHBIX KaHamoB. [Ipu sToM Temmepatypa
BO3/lyXa B 30H€ KOHTakTa (pHC.3, @) MU3MEHSETCS MO TOMEPEYHOMY CEYCHHUIO HE3HAUYUTEIbHO
(ma 2 K). HeobxomuMo OTMETUTh, UYTO HEPAaBHOMEPHOCTh HarpeBa IIEHTPAIbHON o0xacTu
QTFOMHUHHECBOW KOHCTPYKIIMH COIPSDKCHA C HEOJHOPOTHOCTBIO TIOJNS TEMIEPaTyphl MO 00beMy
JKUAKOCTH, HO HE CBsi3aHa C J(P(PEKTUBHOCTHIO TEIUIOOTAAYM OT THUIPABINYECKON >KUIKOCTH
OT/ICJIbHBIX BHYTPEHHUX KaHAJOB (puc. 4).

6935.87 .
7012.96
7090.05
716713
724422 3
732131
7629.66

alpha (W/K m*2)

Puc. 4. Pacnipenesienne ko3¢ QuiueHTa TeIJI00TIA41 0 MOBEPXHOCTH KOHTAKTA MaCJI0/aTI0MUHMIA
BHYTPEHHHMX KaHAJIOB eTUHUYHOIO 3JIeMEHTA OXJIAKAAIOIel CeKIun

Fig. 4. Distribution of the heat transfer coefficient over the oil/aluminum contact surface
of the inner channels of a single cooling section element
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W3 puc. 4 BumHO, YTO MO JUIMHE KaHAla TEIUIOOTAada OT Maclia K MaTepuairy Kopiryca
CHIDKACTCs, a TaKKe, B BUAY MAaJIOCTH PACCTOSHUS MEKAY KaHallaMd MHHUMYM Kod(dduimenra
TEIJIOOT/IaYM MPU MaKCUMAJIbHBIX TEMIIepaTypax *KUIAKOCTH U Kopmyca (puc. 3, b-¢), HabmogaeTcs
B MOKKaHAIbHOW oOmactu. Tam ke B IEHTpalbHBIX KaHanax (puc. 3, c) duxcupyercs,
00yCIIOBJICHHOE B3aMMOBIIMSIHUEM BHYTPCHHHX KAaHAJIOB IMEPEpPaCHpe/ICIICHHE TEIUIOBBIX MOTOKOB,
MPUBOASIIEE K OOCCIEUYCHUIO JIOTOJIHUTEIBFHOTO IMOJBO/A TEIUIa K THAPABINYECKON KHIKOCTH,
TEKyIEeH B EHTPAJIbHBIX KaHAJIAX.

P

r;;

— OO NOD
et o)) o S To1Te]
s s

- po O =AW OWOMNOT—OWONMNOANFTOOONFWOWOO
S 339N SR SNON G 20T B e ErNNNNNMOOOI T I D
B R T S B R R R R R
alpha (W/K m*2) T_air (K)

Puc. 5. Pacnipenesienue ko3(p¢uuueHTa TeMJIO0TAAYH OT )KMIKOCTH B KOPILYC,
OT KOpIyca K BO3IyXYy MoJie TeMIepaTypbl HATHETAeMOro Bo31yXa

Fig. 5. Distribution of heat transfer coefficient from liquid to enclosure,
from enclosure to air and discharge air temperature field

W3 pacnipenenenns nosen TEIIOOTJA4YM OT Macia K aJJFOMUHHUIO U OT KOHCTPYKIMH K BO3LYXY
(puc. 5) BUAHO, YTO BHEILIHEE NMPOPHINPOBAHHE KOPIyca MO3BOJSET YBEIUYUTH 3(P(HEKTUBHOCTh
KOHBEKTHBHOI'O TEIUIOOOMEHAa — MaKCHUMaJbHbE KOA(PQHUIMEHTHl TEMJI00TJauld COOTBETCTBYIOT
MeXpeOepHbIM KaHaBKaM, OJIHAKO pPa3Mepbl BHEIIHEro opeOpeHus TpeOylioT ONTUMH3ALUU s
MOBBIIEHUS 3PPEKTUBHOCTH MACIOO0XIIAAUTEIS.

3AK/IIOYEHHUE

B pabote npoBefieHO YHCIEHHOE MOJEIUPOBAHUE a3POTUAPOra30JUHAMUKY U COMPSKEHHOTO
TEINIOOOMEHAa B YCTPOMCTBE OXJAXKJICHHMS THAPABINYECKOr0 Macia. BBISBIEHBI M ONHUCAHBI
PCAIN3YEMBIC TCIIJIOBBIE M A3pOTUAPOJUHAMHUYCCKUC PEKUMBI pa60TBI CAMHUYHOI'O JJIEMCHTA
OXJIaXJAIOIIe CeKUuu. BbIsBIeH, omucaH M OOOCHOBAaH HEPAaBHOMEPHBIH HArpeB Kopmyca
OXJaXJAIoNIeH CEeKIMU C JIOKaJu3alueld TemrnepaTypHOro MakCMMyMa B 0OOJacTH BHYTPEHHHUX
HEHTpaJbHBIX ~ KaHajoB. Iloka3aHa  3((EKTUBHOCTh  JIOMOJHUTEIBHOIO  OpeOpeHus H
npoduIMpoBaHus BHEIIHENH pa3BUTON MOBEPXHOCTH TEIUIOOOMEHHOTO armapara 1 Heo0X0IUMOCTb
KOHCTPYKTUBHOM ONTUMH3AIMH UCTIOJIHEHUS BHELITHETO OpeOpeHusI.

CIIMCOK JIMTEPATYPbI REFERENCES

1. [TnotaukoB JI. B. 'a3oauHaMuka u TermiooOMeH 1. Plotnikov L. V. Gazodinamika i teploobmen
TyJIBCUPYIONINX TOTOKOB B CHCTEMax ra3000MeHa pul'siruiushchikh potokov v sistemakh gazoobmena
YCTPOHUCTB MEepUOINIeCcKOTo NeHcTBUs: Jluce. JOKT. TeXH.  ustroistv periodicheskogo deistviia [Gas dynamics and
Hayk. EkarepunOypr. 2021. 344 c. heat exchange of pulsating flows in gas exchange systems

of periodic devices]. Diss. dokt. tekhn. nauk.
Ekaterinburg, 2021, 344 p. (In Russian).

XUMUYECKAA ®PU3NKA N ME3OCKOIUA. 2022. Tom 24, Ne 1 99



2. Helgeland A., Mardal K. A., Haughton V., Reif B. A. P.
Numerical simulations of the pulsating flow of
cerebrospinal fluid flow in the cervical spinal canal of a
Chiari patient // Journal of Biomechanics, 2014,

vol. 47 (5), pp. 1082-1090.
https://doi.org/10.1016/j.jbiomech.2013.12.023

3. Koponesa M. P., TepentreB A. H., UepHosa A. A.
I'uaponuHaMuKa KOJICKTOpPA CIIOKHOU (popmbl // BecTHIK
PrIOMHCKOM rocyapcTBEHHOW aBHAL[HOHHOW
TexHonoruueckoi akagemun uM. [1.A. ConoBreBa. 2021.
Ne 3 (58). C. 50-55.

4. I'mzarymmaa A. ©., baiimerona E. C., XBamsko M. E.,
ApmsanH A. 1O. [Tapamerprudeckne mcciae0BaHNsg
BBIHY/ICHHOTO KOHBEKTHBHOI'O TEINIOOOMEHA CHCTEMBI
oxuaxaeHus // Xummdeckas pusuka u me3ockomms. 2021.
T.23.Ne 4. C. 393-402.
https://doi.org/10.15350/17270529.2021.4.35

5. Kyrarenaaze C. C. OCHOBBI T€OpHH TEILIOOOMEHA.
M.: Atomm3aart, 1979. 416 c.

6. Unenpbuuk U. E. AsporuapoauHaMuka
TexHoJoruueckux anmnaparos. ([Togsom, oTBog 1
pacrpeneneHue MoToKa 1o CEYCHHUIO almaparo). M.:
MammHocTpoenue, 1983. 351 c.

7. Sugiyama H., Akiyama M., Shibata K. Heat and Mass
Transfer Analysis of Developing Turbulent Flow in a
Square Duct // Transactions of the Japan Society of
Mechanical Engineers Series B, 1991, vol. 57 (535),

pp. 1044-1050. https://doi.org/10.1299/kikaib.57.1044

8. Huser A., Biringen S. Direct numerical simulation of
turbulent flow in a square duct // Journal of Fluid
Mechanics, 1993, vol. 257, pp. 65-95.
https://doi.org/10.1017/S002211209300299X

9. Myong H. K. Numerical investigation of fully
developed turbulent fluid flow and heat transfer in a
square duct // International Journal of Heat and Fluid
Flow, 1991, vol. 12, pp. 344-352.
https://doi.org/10.1016/0142-727X(91)90023-O

10. Senay G., Kaya M., Gedik E., Kayfeci M. Numerical
investigation on turbulent convective heat transfer of
nanofluid flow in a square cross-sectioned duct //
International Journal of Numerical Methods for Heat and
Fluid Flow, 2019, vol. 29 (4), pp. 1432-1447.
https://doi.org/10.1108/HFF-06-2018-0260

11. Liu J., Hussain S., Wang W., Xie G. et al. Heat
transfer enhancement and turbulent flow in a rectangular
channel using perforated ribs with inclined holes // Journal
of Heat Transfer, 2019, vol. 141 (4), 041702.
https://doi.org/10.1115/1.4042841

12. Kumar R., Kumar A., Goel V. Performance
improvement and development of correlation for friction
factor and heat transfer using computational fluid

2. Helgeland A., Mardal K. A., Haughton V., Reif B. A. P.
Numerical simulations of the pulsating flow of
cerebrospinal fluid flow in the cervical spinal canal of a
Chiari patient. Journal of Biomechanics, 2014, vol. 47 (5),
pp- 1082-1090.
https://doi.org/10.1016/j.jbiomech.2013.12.023

3. Koroleva M. R., Terent'ev A. N., Chernova A. A.
Gidrodinamika kollektora slozhnoi formy
[Hydrodynamics of a collector of complex shape]. Vestnik
Rybinskoi gosudarstvennoi aviatsionnoi tekhnologicheskoi
akademii im. P.A. Solov'eva [Vestnik of P.A. Solovyov
Rybinsk State Aviation Technical], 2021, no. 3 (58),

pp- 50-55. (In Russian).

4. Gizzatullina A. F., Baymetova E. S., Hval'ko M. E.,
Armyanin A. Yu. Parametricheskie issledovaniia
vynuzhdennogo konvektivnogo teploobmena sistemy
okhlazhdeniia [Parametric studies of convective heat
exchange in cooling system|. Khimicheskaia fizika i
mezoskopiia [Chemical Physics and Mesoscopy], 2021,
vol. 23, no. 4, pp. 393-402. (In Russian).
https://doi.org/10.15350/17270529.2021.4.35

5. Kutateladze S. S. Osnovy teorii teploobmena
[Fundamentals of the theory of heat transfer]. Moscow:
Atomizdat Publ., 1979. 416 p.

6. Idel'chik I. E. Aerogidrodinamika tekhnologicheskikh
apparatov. (Podvod, otvod i raspredelenie potoka po
secheniiu apparatov) [Aerohydrodynamics of
technological devices. (Supply, discharge and flow
distribution along the section of the apparatus)]. Moscow:
Mashinostroenie Publ., 1983. 351 p.

7. Sugiyama H., Akiyama M., Shibata K. Heat and Mass
Transfer Analysis of Developing Turbulent Flow in a
Square Duct. Transactions of the Japan Society of
Mechanical Engineers Series B, 1991, vol. 57 (535),

pp- 1044-1050. https://doi.org/10.1299/kikaib.57.1044

8. Huser A., Biringen S. Direct numerical simulation of
turbulent flow in a square duct. Journal of Fluid
Mechanics, 1993, vol. 257, pp. 65-95.
https://doi.org/10.1017/S002211209300299X

9. Myong H. K. Numerical investigation of fully
developed turbulent fluid flow and heat transfer in a
square duct. International Journal of Heat and Fluid
Flow, 1991, vol. 12, pp. 344-352.
https://doi.org/10.1016/0142-727X(91)90023-0

10. Senay G., Kaya M., Gedik E., Kayfeci M. Numerical
investigation on turbulent convective heat transfer of
nanofluid flow in a square cross-sectioned duct.
International Journal of Numerical Methods for Heat and
Fluid Flow, 2019, vol. 29 (4), pp. 1432-1447.
https://doi.org/10.1108/HFF-06-2018-0260

11. Liu J., Hussain S., Wang W., Xie G. et al. Heat
transfer enhancement and turbulent flow in a rectangular
channel using perforated ribs with inclined holes. Journal
of Heat Transfer, 2019, vol. 141 (4), 041702.
https://doi.org/10.1115/1.4042841

12. Kumar R., Kumar A., Goel V. Performance
improvement and development of correlation for friction
factor and heat transfer using computational fluid

100

CHEMICAL PHYSICS AND MESOSCOPY, 2022, vol. 24, no. 1


https://doi.org/10.1016/j.jbiomech.2013.12.023
https://doi.org/10.1016/j.jbiomech.2013.12.023
https://doi.org/10.15350/17270529.2021.4.35
https://doi.org/10.15350/17270529.2021.4.35
https://doi.org/10.1299/kikaib.57.1044
https://doi.org/10.1299/kikaib.57.1044
https://doi.org/10.1017/S002211209300299X
https://doi.org/10.1017/S002211209300299X
https://doi.org/10.1016/0142-727X(91)90023-O
https://doi.org/10.1016/0142-727X(91)90023-O
https://doi.org/10.1108/HFF-06-2018-0260
https://doi.org/10.1108/HFF-06-2018-0260
https://doi.org/10.1115/1.4042841
https://doi.org/10.1115/1.4042841

dynamics for ribbed triangular duct solar air heater //
Renewable Energy, 2019, vol. 131, pp. 788-799.
https://doi.org/10.1016/j.renene.2018.07.078

13. Sharma N., Tariq A., Mishra M. Experimental
Investigation of Heat Transfer Enhancement in
Rectangular Duct with Pentagonal Ribs // Heat Transfer
Engineering, 2019, vol. 40 (1-2), pp. 147165.
https://doi.org/10.1080/01457632.2017.1421135

14. Schindler A., Younis B. A., Weigand B. Large-Eddy
Simulations of turbulent flow through a heated square
duct // International Journal of Thermal Sciences, 2019,
vol. 135, pp. 302-318.
https://doi.org/10.1016/j.ijthermalsci.2018.09.018

15. Opstaenxo A. 1O., Tepexos U., Speiruna H. Y.
Oo0tekanue TypOyIeHTHBIM IIOTOKOM TTOTIEPETHOMN
KaBEpHBI C HAKJIOHHBIMH OOKOBBIMH CTEHKaMH. HacTs 2.
Tenmoobmen // [IpuknagHas MexaHUKa U TEXHHYECKAs
¢usmka. 2007. T. 48, Ne 4. C. 23-29.

16. Dreitser G. A., Lobanov 1. E. Limiting Intensification
of Heat Exchange in Tubes Due to Artificial Turbulization
of the Flow // Unxxenepno-¢pusuueckuii xypnan. 2003.

T. 76, Ne 1. C. 46-51.

17. JleontseB A. 1., OnumnueB B. B. Temnodusuka u
TEIUIOTEXHHUKA IEPCICKTHBHBIX MHTEHCH(PHUKATOPOB
TeruioooMena (0630p) // VzBectus Poccuiickoit akageMun
Hayk. OHepretuka. 2011. Ne 1. C. 7-31.

18. Ilomos U. A. aTeHCH(HKaNNS TEIIOOOMEHA.
DU3NUECKHUE OCHOBBI U MIPOMBINUICHHOE IPUMEHEHHUE
nHTeHcuukanuu temiooomena. Kazaunp: KI'TY

uMm. A.H. Tymnonesa, 2009. 560 c.

19. Isi6an E. I1., Onuk DO. 4. TeroooMmeH u
THIPOJMHAMUKA TYPOYJIN3UPOBAaHHBIX TOTOKOB. Kues:
Hayxosa [{ymka, 1985. 296 c.

20. Simonich J., Bradshaw C. P. Effect of free-stream
turbulence on heat transfer through a turbulent boundary
layer // Journal of Heat Transfer, 1978, vol. 100, no. 4,
pp- 671-677. https://doi.org/10.1115/1.3450875

21. MacMullin R., Elrod W., Rivir R. Effects of free
stream turbulence from a circular wall jet on a flat plate
heat transfer and boundary layer flow // American Society
of Mechanical Engineers (ASME), Gas Turbine and
Aeroengine Congress and Exposition, Amsterdam,
Netherlands, June 6-9, 1988. 10 p.

22. MacMullin R., Elrod W., Rivir R. Free-stream
turbulence from a circular wall jet on a flat plate heat
transfer and boundary layer flow // Journal of
Turbomachinery, 1989, vol. 111, no. 1, pp. 78-86.
https://doi.org/10.1115/1.3262240

23. Kestoras M. D., Simon T. W. Combined effects of
concave curvature and high free-stream turbulence
intensity of boundary layer heat and momentum
transport // American Society of Mechanical Engineers,
1993, pp. 1-10 (Code 20061).

dynamics for ribbed triangular duct solar air heater.
Renewable Energy, 2019, vol. 131, pp. 788-799.
https://doi.org/10.1016/j.renene.2018.07.078

13. Sharma N., Tariq A., Mishra M. Experimental
Investigation of Heat Transfer Enhancement in
Rectangular Duct with Pentagonal Ribs. Heat Transfer
Engineering, 2019, vol. 40 (1-2), pp. 147165.
https://doi.org/10.1080/01457632.2017.1421135

14. Schindler A., Younis B. A., Weigand B. Large-Eddy
Simulations of turbulent flow through a heated square
duct. International Journal of Thermal Sciences, 2019,
vol. 135, pp. 302-318.
https://doi.org/10.1016/j.ijthermalsci.2018.09.018

15. D'yachenko A. Yu., Terekhov V. I, Yarygina N. .
Turbulent flow past a transverse cavity with inclined side
walls. 2. Heat transfer. Journal of Applied Mechanics and
Technical Physics, 2007, vol. 48, no. 4, pp. 486-491.
https://doi.org/10.1007/s10808-007-0061-4

16. Dreitser G. A., Lobanov 1. E. Limiting Intensification
of Heat Exchange in Tubes Due to Artificial Turbulization
of the Flow. Engineering and Physics Journal, 2003,

vol. 76, no. 1, pp. 46-51.

17. Leont'ev, A.L. Olimpiev V. V.. Teplofizika i
teplotekhnika perspektivnykh intensifikatorov
teploobmena (obzor) [Heat trahsfer enhancement and flow
structure in the channels with dimpled or protruded
surface (Review)]. Izvestiva RAS. Energetika [Proc. of the
RAS. Power Engineering], 2011, pp. 7-31. (In Russian).

18. Popov 1. A. Intensifikatsiia teploobmena. Fizicheskie
osnovy i promyshlennoe primenenie intensifikatsii
teploobmena [Intensification of heat exchange. Physical
basis and industrial application of heat exchange
intensification]. Kazan: KGTU Publ., 2009. 560 p.

19. Dyban E. P., Epik E. la. Teploobmen i gidrodinamika
turbulizirovannykh potokov [Heat transfer and
hydrodynamics of turbulent flows]. Kiev: Naukova
Dumka Publ., 1985. 296 p.

20. Simonich J., Bradshaw C. P. Effect of free-stream
turbulence on heat transfer through a turbulent boundary
layer. Journal of Heat Transfer, 1978, vol. 100, no. 4,
pp. 671-677. https://doi.org/10.1115/1.3450875

21. MacMullin R., Elrod W., Rivir R. Effects of free
stream turbulence from a circular wall jet on a flat plate
heat transfer and boundary layer flow. American Society
of Mechanical Engineers (ASME), Gas Turbine and
Aeroengine Congress and Exposition, Amsterdam,
Netherlands, June 6-9, 1988. 10 p.

22. MacMullin R., Elrod W, Rivir R. Free-stream
turbulence from a circular wall jet on a flat plate heat
transfer and boundary layer flow // Journal of
Turbomachinery, 1989, vol. 111, no. 1, pp. 78-86.
https://doi.org/10.1115/1.3262240

23. Kestoras M. D., Simon T. W. Combined effects of
concave curvature and high free-stream turbulence
intensity of boundary layer heat and momentum

transport. American Society of Mechanical Engineers,
1993, pp. 1-10 (Code 20061).

XUMUYECKAA ®PU3NKA N ME3OCKOIUA. 2022. Tom 24, Ne 1

101


https://doi.org/10.1016/j.renene.2018.07.078
https://doi.org/10.1016/j.renene.2018.07.078
https://doi.org/10.1080/01457632.2017.1421135
https://doi.org/10.1080/01457632.2017.1421135
https://doi.org/10.1016/j.ijthermalsci.2018.09.018
https://doi.org/10.1016/j.ijthermalsci.2018.09.018
https://elibrary.ru/item.asp?id=13545646
https://elibrary.ru/item.asp?id=13545646
https://elibrary.ru/contents.asp?id=33327618
https://elibrary.ru/contents.asp?id=33327618
https://doi.org/10.1007/s10808-007-0061-4
https://doi.org/10.1115/1.3450875
https://doi.org/10.1115/1.3450875
https://doi.org/10.1115/1.3262240
https://doi.org/10.1115/1.3262240

24. Gizzatullina A., Mishchenkova O., Koroleva M.,
Chernova A. Numerical investigation of cooling down and
aerodynamic resistance processes in ribbed tubular
elements // Proceedings-2020 Ivannikov Ispras Open
Conference, 2020, C. 142-149.
https://doi.org/10.1109/ISPRAS51486.2020.00028

25. Baymetova E. S., Chernova A. A., Koroleva M. R.,
Kelemen M. Optimization of the developed outer surface
of an industrial oil cooler // MM Science Journal, 2021,
vol. 2021, June, pp. 4764-4768.
https://doi.org/10.17973/MMSJ.2021_10 2021027

26. baiimerosa E. C., 'm33atymmuna A. ©.,

[Iymkapes @. H. Pemenue 3anaun conpspkeHHOTO
TEIUI000MEHa B OpeOpeHHOH TPyOKe ¢ UCTIONBE30BaHIEM
openFOAM // Xummueckas pusnuka u me3ockorms. 2021.
T.23, Ne 2. C. 154-164.
https://doi.org/10.15350/17270529.2021.2.14

27. Koroleva M. R., Saburova E. A., Chernova A. A.
Studying the efficiency of cooling and resistance of ribbed
tubular elements // Journal of Physics: Conference Series,
2020, vol. 1675, 012009. https://doi.org/10.1088/1742-
6596/1675/1/012009

28. Xabubymmma U. U., Huzamyrauaos P. M.,
Kanpipos P. I'., Hukonaeunka U. B., I'ypees M. B.,
TuynoB M. B. UncneHHoe MOAEIMpPOBaHUE POLIECCOB
TerI000MEeHa B anmnapaTe BO3IYIIHOTO OXJIaXKACHHS
Macia // T'azoBast npombiinienHocTs. 2019, T. 780, Ne 2.

C. 84-90.

29. I'ypees M. B., Epmaxos A. M., Xykosa 1O. B.,
Kanpipos P. I'., Kanumyimun P. P., Mapmanosa I'. C.,
Muponos A. A., Huzamytounos P. M., Tlonos U. A.,
CxkpoinHuk A. H., Tuynos C. B., Ycenkos P. A.,
Xabubymmmn U. U., Yopusrit A. 1. [ToBeimenne
HaJIS)KHOCTH TIPOTHO3UPOBAHMUS TEIUIOTHPABINIECKIX
XapaKTEePUCTUK TPyOUaTO-peOPUCTHIX PAAHATOPOB
annapaToB BO3AYIIHOTO OXJIaXEHUS SHEPrOyCTaHOBOK
Ha OCHOBE YHCIICHHOTO U 3KCHEPUMEHTAIBHOTO
uccienosanus / TemsoBsie nporeccsl B TexHuke. 2020.
T. 12, Ne 11. C. 482-502. https://doi.org/10.34759/tpt-
2020-12-11-482-502

30. Tuynos C. B., Ckpemnuk A. H., Mapmanosa I'. C.,
I'ypees B. M., TTonos U. A., Kagsipos P. I'.,

Yopasiii A. [1., XKykosa 0. B. DxcnepumenransHoe
HCCIIeI0BaHNE TEMIOTHIPABINUECKUX XaPaKTEPUCTUK
OpeOpEeHHBIX TIOCKHUX TPYO ammapaTa BO3AYIIHOTO
oXJaxIeHus Macya // Juepretuka. M3BecTrs BBICIIUX
y4eOHBIX 3aBEJICHUH M SHEPTETUIECKIX 00BETMHEHNI
CHI'. 2020. T. 63, Ne 2. C. 138-150.
https://doi.org/10.21122/1029-7448-2020-63-2-138-150

24. Gizzatullina A., Mishchenkova O., Koroleva M.,
Chernova A. Numerical investigation of cooling down and
aerodynamic resistance processes in ribbed tubular
elements. Proceedings-2020 Ivannikov Ispras Open
Conference, 2020. C. 142-149.
https://doi.org/10.1109/ISPRAS51486.2020.00028

25. Baymetova E. S., Chernova A. A., Koroleva M. R.,
Kelemen M. Optimization of the developed outer surface
of an industrial oil cooler. MM Science Journal, 2021,
vol. 2021, June, pp. 4764-4768.
https://doi.org/10.17973/MMSJ.2021 10 2021027

26. Baymetova E. S., Gizzatullina A. F., Pushkarev F. N.
Reshenie zadachi sopriazhennogo teploobmena v
orebrennoi trubke s ispol'’zovaniem openFOAM [Solving
the Conjugate Heat Transfer Problem in the Ribbed Tube
with OpenFOAM). Khimicheskaia fizika i mezoskopiya,
[Chemical Physics and Mesoscopy], 2021, vol. 23, no. 2,
pp. 154-164. (In Russian).
https://doi.org/10.15350/17270529.2021.2.14

27. Koroleva M. R., Saburova E. A., Chernova A. A.
Studying the efficiency of cooling and resistance of ribbed
tubular elements. Journal of Physics: Conference Series,
2020, vol. 1675, 012009. https://doi.org/10.1088/1742-
6596/1675/1/012009

28. Khabibullin I. I., Nizamutdinov R. M., Kadyrov R. G.,
Nikolaenka I. V., Gureev M. V., Tiunov M. V. Chislennoe
modelirovanie protsessov teploobmena v apparate
vozdushnogo okhlazhdeniia masla [Numerical modeling
of heat exchange processes in the oil air cooling device].
Gazovaia promyshlennost’ [Gas Industry], 2019, vol. 780,
no. 2, pp. 84-90. (In Russian).

29. Gureev M. V., Ermakov A. M., Zhukova Yu. V.,
Kadyrov R. G., Kalimullin R. R., Marshalova G. S.,
Mironov A. A., Nizamutdinov R. M., Popov I. A.,
Skrypnik A. N., Tiunov S. V., Usenkov R. A,
Khabibullin I. I., Chornyi A. D. Povyshenie nadezhnosti
prognozirovaniia teplogidravlicheskikh kharakteristik
trubchato-rebristykh radiatorov apparatov vozdushnogo
okhlazhdeniia energoustanovok na osnove chislennogo i
eksperimental'nogo issledovaniia [Improving the
reliability of prediction the thermal-hydraulic
characteristics of fin-tube radiators of air cooling devices
of power plants based on numerical and experimental
study]. Teplovye protsessy v tekhnike [Thermal Processes
in Technology], 2020, vol. 12, pp. 482-502. (In Russian).
https://doi.org/10.34759/tpt-2020-12-11-482-502

30. Tiunov S. V., Skrypnik A. N., Marshalova G. S.,
Gureev V. M., Popov 1. A., Kadyrov R. G., Chornyi A. D.,
Zhukova Yu. V. Eksperimental'noe issledovanie
teplogidravlicheskikh kharakteristik orebrennykh ploskikh
trubapparata vozdushnogo okhlazhdeniia masla
[Experimental investigation of thermal and hydraulic
characteristics of finned flat tubes of the oil air cooling
device]. Energetika. Izvestiya VUZ. Energetika
[Energetika. Proc. of CIS HEI and Power Engineering
Associations], 2020, vol. 63, pp. 138-150. (In Russian).
https://doi.org/10.21122/1029-7448-2020-63-2-138-150

102

CHEMICAL PHYSICS AND MESOSCOPY, 2022, vol. 24, no. 1


https://doi.org/10.1109/ISPRAS51486.2020.00028
https://doi.org/10.1109/ISPRAS51486.2020.00028
https://doi.org/10.17973/MMSJ.2021_10_2021027
https://doi.org/10.17973/MMSJ.2021_10_2021027
https://doi.org/10.15350/17270529.2021.2.14
https://doi.org/10.15350/17270529.2021.2.14
https://doi.org/10.1088/1742-6596/1675/1/012009
https://doi.org/10.1088/1742-6596/1675/1/012009
https://doi.org/10.1088/1742-6596/1675/1/012009
https://doi.org/10.1088/1742-6596/1675/1/012009
https://doi.org/10.34759/tpt-2020-12-11-482-502
https://doi.org/10.34759/tpt-2020-12-11-482-502
https://doi.org/10.34759/tpt-2020-12-11-482-502
https://elibrary.ru/title_about.asp?id=26075
https://elibrary.ru/title_about.asp?id=26075
https://elibrary.ru/title_about.asp?id=26075
https://doi.org/10.21122/1029-7448-2020-63-2-138-150
https://energy.bntu.by/jour/index
https://energy.bntu.by/jour/index
https://doi.org/10.21122/1029-7448-2020-63-2-138-150

31. Asepkues JI. A., ITocnaBckuit A. I1., Manyiinos B. C.
CepBHUCHO-MArHOCTUUECKHI KOMILIEKC IS
aBTOTPAKTOPHBIX TEIUIOOOMEHHUKOB // TpaKkTOpH! 1
cenbckoxo3siictBenHble MamuHEL 2007. Ne 10. C. 41-42.

32. Acnun B. I1., bonnapenxko E. B., ITocnasckuit A. I1.,
Masnyitnos B. C., Xnynenes A. B. Meton koHTpons
pabo4mx XapaKTEpUCTUK PaJANaTOPOB B dKCILTyaTanuu //
BecTHHK MOCKOBCKOTO aBTOMOOMIIEHO-/I0POKHOTO
HHCTUTYTA (TOCYapCTBEHHOTO TEXHUYECKOTO
yauBepcuteta). 2008. Ne 4(15). C. 7-12.

33. Asepkues JI. A., [Tocnasckwuii A. I1., Manyiinos B. C.,
XnynerneB A. B. Meron auarHocTrpoBaHus pabodnx
XapaKTePUCTHK TETNTIOOOMEHHUKOB TPAHCIIOPTHBIX MaIlIHH
// BecTHHK POCTOBCKOTO rOCyIapCTBEHHOTO
yHuBepcureta myteit coodmenus. 2009. Ne 3. C. 97-101.

34. Menter F. R., Kuntz M., Langtry R. Ten years of
industrial experience with the SST turbulence model //
Turbulence, Heat and Mass Transfer. Begell House, 2003,
8p.

35. Kykayckac A. A. KOHBEKTHBHBIN IEPEHOC B
TeruiooOMeHHuKax. M.: Hayka, 1982. 472 c.

31. Averkiev L. A., Poslavskii A. P., Manuilov V. S.
Servisno-diagnosticheskii kompleks dlia avtotraktornykh
teploobmennikov [Service and diagnostic complex for
automotive heat exchangers]. Traktory i
sel'skokhoziaistvennye mashiny [Tractors and Agricultural
Machines], 2007, no. 10, pp. 41-42. (In Russian).

32. Aspin V. P., Bondarenko E. V., Poslavskii A. P.,
Manuilov V. S., Khludenev A. V. Metod kontrolia
rabochikh kharakteristik radiatorov v ekspluatatsii [ The
inspection method of labour characteristics radiators in
exploitation]. Vestnik Moskovskogo avtomobil'no-
dorozhnogo instituta (GTU) [Bulletin of the Moscow
Automobile and Road Institute (STU)], 2008, no. 4(15),
pp- 7-12. (In Russian).

33. Averkiev L.A., Poslavskii A.P., Manuilov V.S.,
Khludenev A.V. Metod diagnostirovaniia rabochikh
kharakteristik teploobmennikov transportnykh mashin
[Diagnosis method for operating characteristics of heat
exchanger in transport machines]. Vestnik Rostovskogo
gosudarstvennogo universiteta putei soobshcheniia
[Bulletin of the Rostov State University of Railways],
2009, no. 3, pp. 97-101. (In Russian).

34. Menter F.R., Kuntz M., Langtry R. Ten years of
industrial experience with the SST turbulence model.
Turbulence, Heat and Mass Transfer. Begell House, 2003,
8p.

35. Zhukauskas A. A. Konvektivnyi perenos v

teploobmennikakh [Convective transfer in heat
exchangers]. M.: Nauka Publ., 1982. 472 p.

Tocmynuna 23.03.2022; nocie oopabomxu 08.04.2022; npunsma x onyoauxosanuro 11.04.2022
Received 23 March 2022, received in revised form 08 April 2022; accepted 11 April 2022

Hugpopmayusa 06 aemopax

Apmanun Anexcen IOpvesuu, acnupanm, Uocl TY
umenu M.T. Karawnuxosa, Hocesck, Poccutickas
Deoepayus

baiimemosa Enena Cepzeesna, cmapuiuti
npenooagamens, Hocl TY umenu M.T. Karawnuxosa,
Hocesck, Poccutickas @edepayus,

e-mail: baimetova.e.s@gmail.com

Xeanvko Muxaun Eezenveeuu, acnupanm, Hocl TY
umenu M.T. Karawnuxosa, Uxcesck, Poccuiickas
Dedepayus

Information about the authors

Aleksej Yu. Armyanin, Post Graduate Student,
Kalashnikov Izhevsk State Technical University, Izhevsk,
Russian Federation

Elena S. Baymetova, Senior Lecturer, Kalashnikov
Izhevsk State Technical University, Izhevsk, Russian
Federation, e-mail: baimetova.e.s@gmail.com

Mikhail E. Hval'ko, PhD Student, Kalashnikov Izhevsk
State Technical University, Izhevsk, Russian Federation

XUMUYECKAA ®PU3NKA N ME3OCKOIUA. 2022. Tom 24, Ne 1

103


mailto:baimetova.e.s@gmail.com
mailto:baimetova.e.s@gmail.com

