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Pedepar. [IpencraBienbl METOAMKA U pe3yJIBTAThl IKCIEPUMEHTAILHOTO HCCIIEI0BaHUS TEIJI00T-
a4l OJHOPSIIHOTO IMydYKa, COCTOSIIEr0 M3 OMMETALIMYECKHX TPYO CO CIUPAIBHO HAKaTHBIMH
pedpamMu, Mpu €CTECTBEHHON M CMENIaHHON KOHBEKIMU BO31yxa. CMeIaHHas KOHBEKIHS, TPE/-
craBisitonas coboi TerI000MeH, Korjaa BKJIaJ CBOOOJHOH U BBIHYXICHHOH KOHBEKLHH COMOCTA-
BHM, ObLIa OPTaHM30BaHA C TIOMOIIBIO BHITSDKHOM NIAXTHI, YCTAHOBICHHOW HaJl TEIUIOOOMEHHBIM
MyYKOM, a BBIHY)KICHHOE ABM)KCHHE BO3JyXa CO3JaBaji 3a CYET Pa3sHOCTU €ro IUIOTHOCTEH B
axTe U OKpyxkaromiei cpene. [TomydeHsl SKkCnepUMEHTaIbHbBIC 3aBHCUMOCTH TEILUIOOTIAYH 0ped-
PCHHBIX OJHOPSAHBIX IIYYKOB B BBIOPaHHBIX quara3onax uucen I'pacroga u PeitHonbaca. [Tokasa-
HO, YTO TEIUIOOTAa4a IMPH CMCIIAHHOW KOHBEKIWH B 2,5—3 pa3a BbIIE, YeM IpPU CBOOOIHOW,
a MHTEHCHBHOCTb POCTA TEIIOOTHAuH MPY yBeNUUeHUH 4yKcia PeiiHonbaca OoJbliie, 4eM Mpu Bbl-
HYXXJICHHO! KOHBeKIWU. [IpoaHamM3MpOBaHbl pa3iMvHbIe (OPMBI MPEICTABICHUS PE3YJIBTATOB
SKCIEPUMEHTOB U ONpeeNieHo, YTo Ynuciio HyccenbTa uMeeT eUHYyI0 CTEIEHHYIO 3aBUCUMOCTh OT
gncia PeifHomnbIca TpU Tr000i BHICOTE BBITSDKHOW IIAXTHL. Y CTAHOBJICHA JIMHEHHAsI 3aBUCHMOCTh
yncna PeiiHONBACa OT KBagpaTHOro KOpHS M3 uucia ['pacroda u onpeneneHbl Kod3((GULUCHTHI
MPOMOPLUUOHAIBHOCTH JUIA PA3IMYHBIX BBICOT MAaXThl. OTMEUEHO, YTO XapaKTep ABHKEHUS YaCTHUI]
BO3/yXa B Iy4Ke NP CBOOOJHOI KOHBEKIWU WACHTHYCH ABIKCHUIO YACTHUI] NPH BBIHYXKICHHOM
KOHBEKLUH NMpPH MajbIX yuciax PelHombrca, T. €. cBOOOIHO-KOHBEKTHBHBIA MOTOK NPH BO3HUK-
HOBEHUH JOTOJHUTEIBHBIX IBIDKYIINX CHJI TUIABHO TIEPETEKAeT B BBHIHYKICHHO-KOHBEKTUBHBII
0e3 XxapaKTepHBIX MIPOBAJIOB WIIM CKAYKOB.
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Experimental Study of Heat Transfer of a Single-Row Bundle
of Finned Tubes in Mixed Convection of Air

A. B. Sukhotskii¥, G. S. Sidorik”

YBelarusian State Technological University (Minsk, Republic of Belarus)

Abstract. The technique and results of experimental study of heat transfer of a single bundle con-
sisting of bimetallic tubes with helically knurled edges, in natural and mixed convection of air are
presented. Mixed convection, i.e. a heat transfer, when the contribution of free and forced convec-
tion is comparable, was created with the help of the exhaust shaft mounted above the heat ex-
changer bundle and forced air movement was created by the difference in density of the air in the
shaft and the environment. The experimental dependence of the heat transfer of finned single row
of bundles in the selected ranges of Grashof and Reynolds numbers has been determined.
It is demonstrated that heat transfer in the mixed convection is 2.5-3 times higher than in free one
and the growth rate of heat transfer with increasing Reynolds number is more than in the forced
convection. Different forms of representation of results of experiments were analyzed and it was
determined that the Nusselt number has a single power dependence on the Reynolds number at any
height of the exhaust shafts. A linear dependence of the Reynolds number on the square root of the
Grashof number was determined as well as the proportionality factors for different shaft heights.
It is noted that the characteristics of the motion of air particles in the bundle in free convection
is identical to the motion of particles in forced convection at small Reynolds numbers, i.e. a free
convection flow smoothly flows into a forced convection one without the typical failures or surges
if additional driving forces arise.

Keywords: bimetallic tube, exhaust shaft, air cooling apparatus, air-cooled heat exchanger, energy
saving
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BBenenue

B pasznuuHbIX 3HEPreTHYECKUX M TEXHOJOIMYECKHX YCTaHOBKaxX IpUMe-
HSIIOTCSI peKylepaTUBHBIE TEIIOOOMEHHUKH C IyYKaMd U3 OMMETaUIn4eCKuX
TpyO6 co crupanbHo HakatHbIMH pebdpamu (BPT) (mpm umcnax Peitrombica
Re > 1000), o0TexaeMbIX MONIEPETHBIM BBIHYKIEHHBIM ITOTOKOM Bo3ayxa [1, 2].
Mupokoe npumenenne BPT Hamm B TErioOOMEHHBIX CEKUUSIX AamlaparoB
BozaymrHoro oxnaxaeHust (ABO). Ilo manmeM [3], cefiwac tompko B Poccunm
skcIuTyaTupyercs okoio 52000 ABO c yCTaHOBIEHHOW MOIIHOCTHIO TPHBOAA
BeHTHIATOPOB mopszka 2,1 - 10° kBr, npu stoM mapk ABO HempepbIBHO yBe-
nuuuBaercs. TakuM o0pa3oM, 3IEKTPONOTpeOIeHHe amnmapaTroB BO3IYLIHOTO
OXJIaXI€HUsI B OnpKaiiiue rofsl OyAeT TOJIBKO BO3pacTaTh U 10JIs UX B HEPro-
€MKOCTH IIPOMBIIIJIEHHOCTH CTaHET OLIyTHMEE.

OnuH U3 crnoco0oB peleHus: IPoOIeMbl YHEProcOepeKeHH — MPUMEHEHNE
TEII00OMEHHUKOB B YCIOBHUAX CBOOOIHOM KOHBEKINH 0€3 3aTpaT dJIEKTPOIHEP-
MM Ha 00ecreueHre PeKUMa BBIHYXKIAEHHOH KOHBEKLHH OXJIaXIAIOIIEro BO3-
nyxa. Ilpu TemnepaType OXJa)IaroIIero Bo3Ayxa HW)KEe HEKOTOPOT'O 3HAUYEHHUS
BEHTHJISITOPHI BO3AYX00XJIKIAEMOTO TEMJIO00MEHHUKA MOTYT OBITH ITOJTHOCTBIO
OTKITIOUEHBI C 00ecTieueHreM HOPMAaTHBHOH TEeTTOBOM MOIITHOCTH ammapara [4].
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Nmeetcst psan mybmukanmii [5] mo pacdeTry cBOOOIHO-KOHBEKTHBHOTO TETUIO00-
MEHa TIaJKOTPYOHBIX IYYKOB B IMOTOKE BO3AyXa AJS LIMPOKOTO IUAara3oHa
KOMIIOHOBOYHBIX XapaKTEPHUCTHUK ITyYKa U TEOMETPUIECKUX ITapamMeTpoB TPyOBI.
M3BecTHO HEMAJIO JKCIEPUMEHTANBHBIX HCCaeAoBaHMA [6—12] TemmooTmaun
[IaXMaTHBIX ¥ KOPHIOPHBIX ITyYKOB M3 TPYyO CO CIHMpasbHBIMH M IIAHOOBBIMH
pebpamu, oO0TeKaeMBIX CHAPYXKH IOTEPEYHBIM CBOOOIHBIM IMOTOKOM BO3IyXa
B HEOTPaHUYCHHOM IPOCTPAHCTBE.

[IpakTryeckas peaiamu3anusi CBOOOJHON KOHBEKLUH H3y4Y€Ha HEJOCTaTOYHO,
BBHJy TOTO YTO paHee IS PHEPreTUKH HMCCIEeNOBaHUS B ATOH OOJIACTH CUWTa-
JIUCHh HEaKTyaJbHBIMU. M3ydeHne TeIIOBhIX PEKUMOB MpH 3Kcmuryataiuu ABO
B PeKUME CBOOOJIHOM KOHBEKIIMHU TOKa3auo [13], 4To mpuMEHEeHUE 3TOTr0 BHUIA
TEIUI00OMEHa TO3BOJISIET JOOWTHCA CHIDKEHUS IOTPEONEHHS DIIEKTPHUYECKOM
sHeprun npuMepHo Ha 30 %. OmHako 00NacTh WCIOJIL30BAHMS BO3YX0OXJIa-
JKIAEMBIX TEIUIOOOMEHHHUKOB B YCJIOBUSIX CBOOOJHON KOHBEKIIMU JIOBOJIBHO
OTrpaHUYeHa.

[epcnieKTHBHBIN CIOCO0 peleHust IPOOJIEMBI SHEPTOCOEPEIKEHHS — TIPUME-
HEHHE B BO3IYXOOXJIAXKIAEMBIX TEIUIOOOMEHHHUKAaX CMEIIAaHHOH KOHBEKITHH.
Takoi pe’xuM TEeImI00TAaud OpraHU3yeTcsl, KOrAa CBOOOAHOE ABMKECHUE BO3MY-
Xa YCWJIMBAeTCAd 3a CYET OMOJHHUTENbHBIX MOJBEMHBIX CHJ, CO31aBacMbIX,
HalpuMep, MAJIOMOIIHBIM BEHTWISITOPOM WM BHITSKHOHN maxtod. Ilpm stom
BKJIaJ B TEIUIOOTHA4y CBOOOZHON W BBIHY)XKICHHOM KOHBEKLIHH COIIOCTABUM.
TexHrndeckas peanu3anys CMEIIAHHON KOHBEKIIMHM HE TpeOyeT 3HAUMTEIbHBIX
MaTepHaJbHBIX 3aTPaT, & IMOJIy4YaeMbIi TEIUIOIEPEHOC B HECKOJIBKO pa3 OoJbllle,
YeM IpH CBOOOJHON KOHBEKIMH, YTO OOECTieUrBaeT 3HAYUTEIHHYIO SKOHOMUIO
sHepropecypcos [14-17].

Hccenenopanus TEMIOOTIAYM CMEIIAHHONM KOHBEKIMEN MpU MajbIX YHMCIAX
Peiinonbaca (Re < 1000) B opeOpeHHBIX MyYKax NPaKTHYECKH OTCYTCTBYIOT.
WzBectHa numib padota [17], B KOTOpOH MOTy4YeHBI SKCIIEPUMEHTAIbHbIEC 3aBU-
CHUMOCTH TEIUIOOTAAYH OpPeOPEHHBIX OTHOPSIHBIX MYYKOB B JWAla30HE YHCIA
I'pacroda (11-550) - 10° u uncna Peitnonsaca B mpeaenax 480—2500.

[Tpu cMmemaHHOM KOHBEKIMHU Tepefada TEIUIOTHl MIPOUCXOAUT B Pe3ysibTare
COBMECTHOTO JAEUCTBHSA CBOOOJHOW M BBIHYXIEHHOH KOHBEKIIMH, a CJIEIOBa-
TENhHO, BO3HMKAET 3a/1aya MoNydeHus (PyHKIIMOHAIHHON 3aBUCHMOCTH MEXIY
guCcIaMu ToMo0us Ui pacdeTa KOA(PQHUIIMEHTa TEIUIOOTHa4Yd. | paguIiiOHHO
OTIBITHBIE JaHHBIE JUIsI CBOOOTHONW KOHBEKIHMH 0000MIA0TCS (PYHKIIMOHAIBEHBIM
ypaBHEHHEM MOA00MS

Nu = f(Gr, Pr), (D)

rne Gr = (gBl(t.; — o))V’ — umcnmo T'pacroda; Pr=v/a — gmcno Ipanars;
Nu = al/A — uncno Hyccenbra; § — yCKOpeHHE CBOGOJHOTO MaiCHHS, M/C’;
B — KO3(b(UIIEHT TeMIepaTypHOro pacimpenus, K v — ko3 (uIpenT kuaema-
THYECKOU BIBKOCTU CPEIbI, mc; | — XapaKTepHbIA T€OMETPUYECKUI Mapamerp, M;
ter, To — TeMIlepaTypa HarpeTo MOBEPXHOCTH M OKpY KaroieH cpezpl, K; a — koad-
(DMIEHT TeMIEepaTypPONPOBOTHOCTH CPEbl, M°/C; A — TEIUIONPOBOJHOCTh Cpe-
1e1, Bt/(Mm-K).
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JI1s1 BBIHYKICHHON KOHBEKIIMH YPaBHEHHUE TIOJOOMSI IMEET BH/T
Nu = f(Re, Pr), 2

rae Re = wl/v — uncio Pelinonnsaca; W — CKOPOCTB ITOTOKA BO3/yXa, OMBIBAOIIIE-
r'0 HAIPETYIO IIOBEPXHOCTh, M/C.

B pszae ucciaenoBannii B YCIOBHSIX CMEITAaHHONW KOHBEKIHH [15—17] pe3ynb-
TaThl 3KCIICPUMEHTOB TIPEACTABISUINCh B KOOPJMHATAX C Pa3jIMYHBIMA KOMOU-
HALSMU cooTHomeruit uncen Hyccensta, I'pacroda u Peiinonsaca: Nu — Gr/Re?,
Nu/Re%® — Gr/Re?. UI3BeCTHBI HCCIIEN0BAHUS moxbopa 3aBUCUMOCTEH, Hauboee
TOYHO ¥ MOJHO OMHCHIBAIOLINX MPOLECCHl TETNI000OMEHa Al OpeOPEHHBIX MMyY-
KOB B YCJIOBHSIX CMEIIIAHHON KOHBEKITUH U YAOOHBIX TIPH STOM JIJIsl HH)KEHEPHBIX
pacuetosB [16, 17].

B [18] BBICKa3aHO TPEAIIONOKEHHUE, YTO SHEPTHsI, BO3OYKTaromias MoabseM-
HOE JBIDKEHHE BO3yXa H onpesensemas senmanoii gBI%(t., — to), sKkBuBaNCHTHA
KHMHETHYecKoil sHepruu v°. CreoBaTenbHo, uncio I'pacroda HKBHBAICHTHO
KBazpary uncia Peltnomsaca. Mcxomst u3 3Toit aHanorum, aBropami [18] mpen-
JIOXKEH ONPEeNeNAIoNui KpUTEpUi AJisl cliydasi CMEIIaHHONW KOHBEKIMH B BUJIE
kRe? + Gr, rae k — HeKOTOpbIit K03 PHUIHEHT HPOHOPIHOHATEHOCTIL.

Metoauka u PE3YyJAbTAThI HCCJICA0BAHUSA

PaccMoTpuM MeETOIMKY SKCIIEPUMEHTAIBHOTO OMNpPEACICHUS! TETUIOOTAAuN
OJHOPSITHOTO OPEOPEHHOTr0 My4Ka MPH CMEIIaHHOM KOHBEKLIMU BO3IYyXa.

OKcrnepuMeHTaIbHBIN cTeH ] (puc. 1) s ucciegoBaHuss CBOOOIHOW U CMe-
NIAHHOW KOHBEKIIMH COCTOHMT M3 Kamepsl pazmepamu 0,8x0,8x1,0 M, B meHTpe
KOTOpPOH pa3MeNIeH OMBITHBINA OJHOPSIAHBIA TOPU3OHTAIBHBIM My4YOK K3 MIECTU
00orpeBaeMbIX MEePeMEHHBIM DIIEKTPUYecKUM TokoM TpyO. Ilpu atoMm oxna w3
LEHTPaJbHBIX 000rpeBaeMbIX TPYO (KalopuMeTp) CONEpKHUT CpPeAcTBa U3Mepe-
HUS cpenHeil Temmeparypsl Ui BBIMUCICHUS NPUBEACHHOTO KO3 (UIHMEHTa
TEIUIOOTIAYH.

TpyOuatsie snextponarpeBarenu (TOH) mectn oborpeBaembix TpyO myuka
MOJKJIIOYAIA TIapaJUIeIbHO K PEryJIMpPyeMOMY MAacisiHOMY TpaHchopMmaropy
(Mmogens AOMH-40-220-75). OO011yt0 MOIIHOCTh, IMOaBaeMyI0 Ha IY4OK TPYyO,
mmMepsu BartMeTpoMm /157 (xmace Tounoctu 0,1). Temmeparypy Ha MOBEpXHO-
CTH TPYyOBI-KAIOpUMETPa (UKCHPOBAIN C TIOMOIIBIO TISITH XPOMEJb-aJIFOMe-
JeBbIX TepMonap nuamerpom 0,2 MM, KOTOpBIE Yepe3 MepeKItodaTeNb MOAKIIO-
qaau K BOIbTMETpY (Monens B7-40/5, knacc tounoctu 0,4). Tepmonaps! Oblin
3aJI0KEHBI Y OCHOBaHUsI pedep BIOIb 00pasyromiel TpyObl IO BUHTOBOM JTMHUH
Ha TOJIOBUHE OKPY>KHOCTH TPYOBI, CUMTas, YTO BTOpas MOJIOBHHA HMEET CHM-
METPUYHOE TOJIe TeMIeparyp. MOIIHOCTh, MOJIBOIUMYIO K TpyOe-KallopUMeTpy,
m3Mepsin BarTMeTpoMm (Momens K505, xmace tounoctu 0,5), a TemmepaTypy
Bo3ayxa {y BHyTpH Kamephl — PTYTHBIM Ja0OpaTOPHBIM TEPMOMETPOM C TOYHO-
cteio 0,1 °C. OOmmii 11 BCeX TEpPMOIIap XOJOMHBIN CIai MOMEIald B COCY
Jbroapa ¢ TaloLM JIbJOM.
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Puc. 1. ®otorpadust n cxema SKCIEPUMEHTAIFHOTO CTEH A AT UCCIICIOBAaHUS CBOOOIHOI
U CMEIIaHHOW KOHBEKIHHU: | — Kamepa; 2 — OIHOPSAHBIH TOPU30HTANIBHBIN My40K; 3 — nuddy3op;
4 — tabopaTopHBIil TEPMOMETP; 5 — BBITSDKHAA I11aXTa; 6 — MeIb-KOHCTAHTAaHOBAs TEPMOIIapa;
7 — MeIb-KOHCTaHTaHOBAs THIIEpTEpMONapa; 8 — BaTTMeTp; 9 — MacisIHBII TpaHChOpMaTop;
10 — Tepmormapa; 11 — mepexmouaTens; 12 — BonsT™eTp, 13 — cocyn [ptoapa; 14 — omopa

Fig. 1. The photo and the scheme of an experimental stand for the study of free
and mixed convection: 1 — camera; 2 — single row horizontal bundle; 3 — diffuser;
4 - laboratory thermometer; 5 — exhaust shaft; 6 — copper-constantan thermocouple;
7 - copper-constantan hyper-thermocouple; 8 — power meter; 9 — oil transformer;
10 - thermocouple; 11 — commutator; 12 — voltmeter; 13 — Dewar bottle; 14 — backup

OMBITHI TPOBOIVITH Ha OMMETAINTMUECKUX PEOPHUCTHIX KPYTIILIX TPyOax (puc. 2),
UMEIOIINX TMapaMeTphl: HApYXHBIH auameTp pedpa d =56 mMm; BbicoTa pebpa
h =15 mMm; mar pebpa S =2,5wmm; cpeansist Tommuaa pebpa A = 0,5 mm; qua-
MeTp pebpa y ocHoBauus Oy = 26 MmM; koaddumuent opedbpenust ¢ = 21. Hecy-
Y10 TIIAJKYI0 TPYOy ¢ HApy>KHBIM THAMETPOM 25 MM H TOJIIIUHON CTCHKH 2 MM
n3roToBisuTy 13 ctanu 10. TpyOs! ¢ JaHHBIMH TapaMeTpaM¥ HTHPOKO PUMEHS-
I0TCS B anmaparax BO3IYIIHOTO OXJIQKICHHS, B KOTOPBIX JUIS CYLIECTBEHHOTO
SHEprocOepekeHNs MPH HEKOTOPBIX TEMIIepaTypax OKpPYXKalollero BO3ayXa OT-
BOJI TEIUIOTHI OCYIIECTBIISIETCS] CMEILIAHHOW KOHBEKLMEH. TermmooTnaromas 1im-
Ha opebpennoii yactu TpyOsI | = 300 Mm. [TonepeyHstii mar Tpyo B OJHOPSTHOM
myyke cocTaBisil S; = 58 MM. [ly4ok ¢ TOPLOB OrpaHWYMBANM IEPEBIHHBIMHU
TpYOHBIMH JIOCKaMH, a ¢ OOKOB — TTAHKAMHU BBICOTOH 60 MM.

BHyTph OuMeTaimmueckux peOpHucTHIX TPpyO (pHC. 2) COOCHO ObLT BCTABJICH
M3TOTOBJIEHHBIN Ha MuHCKOM 3aBose TOHOB crampHOUM TpyO9aThlil 3JeKTpo-
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Harpesarenb auameTpoMm Orsy = 12,5 MM, mMommHocTEIO 320 Br. BHyrpn TOHa
HaXOWMINCH CIUPAIb U3 MPOBOJOKHA C BBICOKUM OMHYECKHM COTPOTHUBIECHHEM
Y HAIIOJTHUTENb U3 ANIEKTpOoTeXHUUeCcKoro nepukiasza Mapku [1I13. Mexay TOHom
M CTEHKOW 3aChINajCs KBapIEBbI MEeCOK aucrnepcHbiM cocTaBoM 0,16-0,32 mm.
TopreBsie yaacTku 060TpeBaeMBbIX TPyO TSI yMEHBIIIEHHUS TOTEPH TETUIOTHI ObI-
JIM 3aIIUIICHBI (hTOPOILIACTOBBIMHU BTYJIKAMH HApPYKHBIM IUaMeTpoM g, = 45 MM
W JUIAHOM |y = 35 M.

5
7 8
Y )
= d
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Puc. 2. O6umii Bua kanopumeTpudeckoi Tpyosl: 1 — Gumerauinygeckas pedpucras Tpyoa;
2 — KBapIEBbI NECOK; 3 — TpyOUaThIil AIeKTpOHArpeBarelib; 4 — CHUpajb TPyOIaToro
AIIEKTPOHATPEBATEIS; 5 — XpOMeEIb-allfoMelieBast TepMonapa; 6 — GhToporiacToBast BTyJIKa;
7 — xepamuueckast maiiba; 8 — TpyOHas 1ocka u3 GpaHepsl

Fig. 2. General view of calorimeter tube: 1 — bimetallic finned tube; 2 — quartz sand;
3 — heating bundles; 4 — spiral of heating bundles; 5 — chromel-alumel thermocouple;
6 — fluoroplastic bushing; 7 — ceramic bead; 8 — tube sheet of plywood

Bo Bpems skcmepuMmenTa aTMOC(EpHBIA BO3IYyX HArpeBajicsl IydKOM TPYyoO,
a 3aTeM 3a CUEeT Pa3sHOCTH IUIOTHOCTEH ropsiuero W XOJIOJHOTO BO3yXa BO3HU-
Kajla MoJbeMHasl CUJIa, BHITAIKHBAIOLIAs BO3/AYX BBEPX B OKPYXKAOILIYIO CPEAy.
Jis wHTeHCUUKAINA CBOOOMHOW KOHBEKIIMH BO3/AyXa HaJ OKCIEPUMEH-
TaNbHBIM MyYKOM YCT@HABJIMBAIM BBHITSOKHYIO IIaxTy BbicoTod H, = 52; 116;
148; 210 cm (puc. 1) ¢ npsAMOYroJILHBIM OCHOBaHHUEM, IEPEXOISAIIUM B IIHIUH]I-
pudeckyto TpyOy mauamerpom 110 mm. [l n3mepeHus cpemHei Temrmeparypbl
BO3/yXa Ha BBIXOJAE W3 Mydyka (Ha BXOJe B LMJIMHIPUYECKYIO YacCTh IIAXTHI)
yCTaHaBIUBAIU MPOTAPUPOBAHHYIO YETHIPEXCHAWHYI0 MeAb-KOHCTAHTAHOBYIO
TUTIEpTEPMOTIapy, a IS ydeTa TEIUIOBBIX MOTePh B IIaXTe Ha BBIXOJE U3 IMIIHH-
JIpUYECKOil TpyObl — MEAb-KOHCTAaHTAHOBYIO TepMomapy (puc. 1). Jlns cHmkeHus
TEIUIOBBIX MOTEPh BBITSHKHYIO MIAXTY CHAPYKH IMOKPBUIA CIIOEM MHUHEPATbHOTO
BOJIOKHA TOJIIIMHOHN 2—3 CM.

Kaxnyro cepuio ONBITOB BBITIONHSIIM B YCIOBUSX TOJHOTO TEIJIOBOTO MO-
JIEIMPOBaHMsl NpU (UKCHUPOBAHHON BBICOTE BBITSDKHOW MIaxThl. Pacuer xod¢-
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(buIMeHTa TeIIo0TIaud OCYIIECTBISUIM TOJNBKO MO pe3ylbTaraM IpOBE/ICH-
HBIX WM3MEpPEHWIl Ha KajmopumeTpe. B Kakaoil cepud ONBITOB BapbUpPOBAIU
3IEKTPUYECKYI0O MOIIHOCThH, TOAABAaeMyI0 Ha TPyOy-KaJlOpHMETp, B IHaraso-
He 60—220 Bt. TemmepaTypa CTCHKH y OCHOBaHHS pedep M3MEHsIach OT 32
mo 110 °C, Temreparypa OKpy>kKaroIiero Bo3ayxa B kamepe coctabisuia 17-23 °C
COOTBETCTBCHHO. BpeMsi BhIXOJa yCTAaHOBKHM Ha CTallMOHAPHBIN TEIUIOBOM pe-
)kuM — 60-90 MHH MOCIIe Ka)JI0ro PeryIHMpOBaHMS JJICKTPUICCKOW MOIIHOCTH,
M0JJaBa€MOM Ha My4OK.

Cpenuii mpuBeeHHSI K03 (UIMenT TerooTaaun o, Br/(m*K), orHeceH-
HBIN K [TOJTHOW Hapy>KHOM MOBEPXHOCTH

__Q
OL_(tm_to)':l (3)

rie Qr — KOHBEKTHBHBIH TEIIOBOM MOTOK, BT; t.; — cpemuss temmneparypa mo-
BEPXHOCTH CTEHKH Y OCHOBaHUs pebep TpyOs! (cpemHeapudmeTrnueckas Temrie-
paTypa 1o mmokazaHusM tepmorap), °C; to — Temmneparypa Bo3ayxa B kamepe, °C;
F = Indop — miommaas TermooTaaomeil OpedpeHHOI HOBEPXHOCTH TPYObI, M°.

TemnoBoii motok Q, BT, oTBeAeHHBI OT TpyObl K BO3IyXYy KOHBEKIHEH,
PaCCUHTHIBAIIN U3 YPaBHCHHUS

Q=W-Q,-Q, (4)

rae W — snexTpudeckast MOIIHOCT, TIOIBOINMAs K Kalopumertpy, Bt; Q, — ten-
JIOBOH TIOTOK, OTBEAEHHBIM M3IyYeHHEM OT TpyObl K Bo3ayxy, Br; Q, — Termio-
BbIE TTOTEPH Y€pe3 TOPIBI TPYO U TOKOMOABOAKI, BT.

Tenmorsie motepu Q,, BT, yepes ToprieBbie y4acTku 0peOpEeHHOM TPYOBI BHI-
YUCIISUIM HA OCHOBAHUU MPEBAPUTENIHHO MPOBEACHHBIX OMBITOB IO CIEAYIOLIEH

dhopmyme [19]:
Q, =0,4125+0,08663W +1,41106-107*W 2. (5)

PesynpTupyromuil TEMI0BOM MOTOK M3IYYEHHS MEXIY KaTOPUMETPUUIECKON
TpyOKoii 1 kKamepoit Q,, BT, 06pasyromumu 3aMKHYTYI0 cucteMy, onpeaessuiu [20]

4 4

T

2

100

Tl
100

Qn = 8np(Pl'-o(Prn-oCOF‘ - (6)

TJI€ €y, — NPUBEIEHHAs CTENEHb YEPHOTHI CUCTEMBI TEI; Py, — CPEAHUH YITIOBOM
K03 GHUINEHT U3Ty4eHHS TPYOBI K OKPY)KAIOIIEH CPEeNe; Pry.o — TO K€ M3IIyde-
HUS OT TJIATKOTPYOHOTO ITydKa K OKPYKaOIIeH cpere; Co — KodhpumuenT u3my-
YeHUs1 a0COJIFOTHO YEPHOTO Teja; 11, T, — aOCONOTHASI TeMIiepaTypa opedpeH-
HOU TpYyOBI M OKpY>KaloIIero Bo3ayxa B kamepe, K.

Cpenuuii yriaoBoi Ko3(QQHUIMEHT U3TydeHUs] TPYyObl K OKpYXaromei cpene
paccuntbiBanu o gopmysne [21]
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(5 ~ Qo101 (S - A))d

7_ 42 ! (7
d®—d§)/2+(s—A)dy+Ad

(‘PT-O =
(

TIE @, _,— YIVIOBOM KOO((QHIHMEHT M3ITy4eHHsI Ha CeOs LMIMHIPUYECKON II0-

BEPXHOCTH auameTpoM d u JUIMHOM (S — A), 3aMbIKarollel MexpeGepHyIo Io-
JOCTb.
3Havenue ¢, ,, s Tpy6 ABO moxer ObiTh nmpunsTo ¢, ., = 0,02-0,04

WJIU PaCcCUUTHIBATHCS COTMIACHO [22]

_p2
@01_01=1—R+ﬂ+§arctg 2V1ZR +iarcsin(l—2R2)—
4 = H 21
(8)
VH? +4| = : 2R?*H?
-———F—| staresinf 1-————— 1|,
2n |2 HZ—4R? +4

rae R = do/d; H = 2(s — A)/d.
Cpennuii yrioBod KO3(PPHUIHMEHT H3IydeHHS OT IIAAKOTPYOHOro Iydka
K OKpYXarollel cpeaie BBIYUCISUIN o JaHHBIM [20]

Z
2
(pm_ozﬂ 1- /1—%—iarctgw/cf—1 , (9)
o O

Tz

rae o1 = S1/d — OTHOCHTENBHEIN MOTIePEYHBIi Iar.
[puBeaeHHAs CTENEHb YEPHOTHI

e =[1+ (Ut )0 | (10)

rae &, = 0,66 — >hdexkTHBHag cTeneHb YEpHOTHl OJMHOYHOH OpeOpeHHOM
TpyOsI [23].

Pesynbrarel kcrmepuMeHTa NpEACTaBIsUM B yuciax momodus ['pacroda u
Hyccenbra. [Ipn aTOM ompenensromeil st TEIIoQU3NIESCKUX CBOMCTB BO3/IY-
xa A, v, P ABISIIach TEMITepaTypa OKpYKaroIero Bo3ayxa ly. 3a ompenensrontmii
pa3Mep IPUHUMAIIH HaMeTp TPyObI 110 OCHOBaHHIO pedep do.

Pe3ynpTarel SKCIEpUMEHTAIBLHOTO HCCIENIOBAaHHS TEIJIOOTAAYH TPU CMe-
MTAHHON KOHBEKIIUU OJTHOPSIHBIX IyYKOB MPEACTABICHBI HAa puc. 3. AHaIU3U-
pys JaHHBIE PHC. 3, MOXKHO MPEANOIOXKHUTh, YTO 3a CUET MOJHEMHOU TATH, CO-
3/1aBa€MOW BBITSDKHOHM IAXTOW, YBEIMYMBAIOTCS PACXOJ U CKOPOCTh IOTOKA
BO3/yXa. DTO MPUBOIUT K €ro TypOYIHM3aIMH U MOBBIMIEHUIO TEIUIOOTAaYN KOH-
BekIueil B 1,5-3 paza. [loaromy Bo3HUKIIAa HEOOXOAMMOCTh TPEACTABUTE JKCIIE-
pUMEHTaJIbHBIE TaHHBIE B APYTrOM BHJE C MCIOIB30BaHHEM umcia PeitHomnbaca,
OTPaXKAIOIIETO BIUSHIE BHIHY)KJIEHHOTO JBIKEHUS BO3yXa, BO3HUKAIOIIETO OT
TTOABEMHON CHITBI, ¥ YCHIJIMBAIOIIEE CBOOOTHOE IBUKCHHE.
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Fig. 3. Intensification of the heat of the bundle exposed to forced convection

s onpeneneHns CKOPOCTH MOTOKA BO3MyXa B IYyYKE BOCIOIB3yeMCS ypaB-
HEHHEM TEIUIOBOTO OayiaHca

Q=n(W -Q,)=cp¥ (1, 1), (11)

3
13 KOTOPOTO BRIYHCINM Pacxoj Bo3ayxa V, M°/c, MpoXoasIiero yepe3 oqHOpsII-
HBIHA ITyYOK:

AV n(W _Qn),
cp(t, —t))

riae Q — Teruora, MOJABEJCHHAS K MOTOKY BO3JyXa, MPOXOASIIETO 4epe3 My-
4ok, BT; N =6 — uucio tpyd B myuke, WmT.; C — CPeaHss M300apHAs TEIUIOEM-
KoCcTh Bozayxa, J[x/(kr-K); p — mIOTHOCTH BO3MyXa MpHW CpedHE Temrepary-
pe, Kr/m®; ty — CpeHss TeMmeparypa Bo3ayxa B maxte, °C.

CxopocTh BO3AyXa B IMy4Ke

(12)

W =

ot

\Y,

rac fz — IJIomiaab CKaToro CCUCHUs ImyvkKa, MZ, paccuuTeiBacMasd 1o (bopMyne

f,=ln-s 1—[£Jd . (14)

S

Pe3ynbTathl uccienoBaHus TEIIOOTAAYM IPU CMEIIAHHON KOHBEKIIUU OJHO-
DSUIHBIX ITyYKOB B pasnuunbix koopauHatax Nu/Re® — Gr/Re? u Nu — 0,5Re?
npuBeneHsl Ha puc. 4 [15]. Kak BugHO, 00a criocoba mpencTaBieHUs SKCIIe-
PUMEHTAIILHBIX JIAHHBIX HE MO3BOJISIOT TOJIYYUTHh CIUHYI0 KPUTCPUAIBHYIO
3aBHCHMOCTb.
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Puc. 4. Ternooraaya npu cMeUIaHHON KOHBEKLUU OJHOPSAHBIX ITyYKOB
B PA3IMYHBIX KOOPAUHATAX

Fig. 4. Heat interchange of mixed convection in different coordinates

UccnengoBanu TemiooTAauy OpU CMEIIAHHON KOHBEKIIMH OJHOPSIHBIX ITyd-
KOB B BHJEe 3aBucuMocTH uncen Hyccenbra or umcen PeliHompaca B jora-
pubMUYeCKHX KOOpIuHaTax. BiusHue ompenensronieil TeMmepaTypsl BO3ayxa
Ha CXOAUMOCTH (00O0O0IaeMOCTh) OIBITHBIX JAHHBIX MPEIACTABICHO HA pUC. 5.
[Ipu >TOM 11 IOCTpOCHMS TPadUKOB HA pHC. Sa dncao PeHHOIbICA paCCUUTHI-
BaJIM B 3aBHCHUMOCTH OT TE€MIIEpaTyphl OKpy’Karoiuel cpemsl ty, a Ha puc. 5b —
OT CpeJHel TeMIepaTypsl Bo3ayxa B myuke to, = 0,5(tg + t,).

Kak BumHO U3 puc. 5, Ha 000uX rpaduKax IMeeTcsi KAYeCTBEHHOE CTETICHHOE
onucanue 3aBucumocteit uncia HyccenbTta oT uncna PeliHOb/ca, TPy 3TOM BCe
SKCIIEpUMEHTAIbHBIC JaHHBIC PACHOIATAIOTCS HA OJHON JIMHUU JJIS Pa3TUUYHBIX
BBICOT IIaxThl. ClieIOBATENbHO, OMPEACISIIOIIMMEI IPU CMEIIAHHON KOHBEKIIUHU
SIBIIIIOTCS. CKOPOCTh BO31yXa B IydKe W 4uci0 PeliHonbaca, a yucio ['pacroda
JUTSL OTIMCAHUS TIPOIIECCOB TEIIIO0OMEHA He TpeOyeTcs.

a b

Nu Nu
43 . 3 43 o s
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] ¢ maxroi 1,48 m o ¢ maxtoit 1,48 m f
2_ ¢ cmaxToi 2,12 m ‘A:sv 2_57 ¢ maxToit 2,12 M

] ® ]

] PY ol ] M

] .® :

4 | | 1
1 1 e ‘ 1 ]
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Puc. 5. Biusinue onpenensonie TeMneparypsl Bo31yXa Ha CXOAMMOCTb ONBITHBIX JaHHBIX

Fig. 5. The effect of determining temperature of air on convergence of the experimental data
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Hawnbonee kauecTBEeHHO 3aBUCHMOCTH TPEACTABIEHBI NPU pacyeTe dYucia
PeiiHonbp/aca O cpemHed TeMiepaType Bo3myxa B myuke (puc. 5b), mms xoro-
PBIX OBIJIO TIONYYEHO amMmpOKCHMAIMOHHOE YpaBHEHUE ISl OTPECTICHHS YHcia
HyccenbTa

Nu =0,038Re™. (15)

Kak BunnO u3 (15), OTHOCHTENBHBIN POCT TEIUIOOTAAYH B IyHUKe (ompeaes-
eMbli crenenpo 1,1) mpu cMeImaHHON KOHBEKLUMH C yBelHueHHeM dmcia Peid-
HOJIbJIca 0osiee CYLIECTBEHEH II0 CPABHEHHUIO C POCTOM TEIUIOOTIAuu MpPU BbI-
HY)KJICHHON KOHBeKIMH Bo3mayxa (cremenb 0,7—0,8). CiaegoBatensHo, dTO elie
pa3 MOATBEPXKIAET, YTO OpraHU3aLus Majo3aTPaTHOM CMEIaHHOW KOHBEKLIUHU
JIaCT 3HAYMTENBHBIN 3HEeprocoeperaroniuii 3pQeKkT 1m0 cpaBHEHHUIO ¢ obecreue-
HHEM BBIHYKJACHHON KOHBEKLIUH BO3AYXa.

AHanu3upysi IpUBeACHHBIE BbIIE rpadUKy, MOXKHO CAENATh MPEATONIOKe-
HHE. TIOCKOJIbKY JBM)KEHHE BO3yXa OOYCIIOBICHO TOIBKO MOXBEMHBIMU CHJIA-
MU, BO3HUKIIMMHU H3-3a TIepernajga TEMIepaTyp MOTOKa B IMy4YKE W IIaXTe IO
CPaBHEHUIO C OKPYKAIOLIEH CPeZoN, B 3TOM CIIydae IEUCTBUTEIBHO PAHEE BbI-
ckazanHoe npexamnonoxenue [ 18], uto uncno ['pacroda sKkBUBaJICHTHO KBaJIpaTy
gucna Peitnonbaca. [y m3ydeHuss MJaHHOTO MPEATIONIOXKEHUS HA pUC. 6 TpUBe-
JIEHBI 3aBUCUMOCTH 4rciia PeliHompica ot kopHs u3 yncna ['pacroga. Kak Bua-
HO, 3TW 3aBUCUMOCTHU OJM3KH K JTMHEHHBIM, T. €. MMEETCs MpsMasi IpOIOpLHO-
HaJIbHAs CBA3b MEXIy KOpHeM u3 uucia ['pacroda u uncnom PeliHonbiaca mis
KaXXI0H BBICOTHI MAXTHI. [lyTeM anmpokcuManyn SKCIEPUMEHTAIBHBIX JaHHBIX
IOJTy4eHbl KO3(QQUIHUEHTs HponopuuoHansHocTd Ky, = 0,795 (1,055; 1,596;
1,327) coOTBETCTBEHHO /I MIaXThl BeicOTOM Hy, = 52; 116; 148; 210 cm.

CrnenoBaTenbHo, Re = kaGrO‘S. IIpeobGpa3oBaB 3TO BEIpaKEHHE, ITOTYIHIM

02 = kangdO(tCT - tO) (16)
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Puc. 6. 3aBucumocTb 4yncia PeiiHombaca OT KBajpaTHOTO KOopHs U3 uncina ['pacroda

Fig. 6. The dependence of the Reynolds number on the square root of the number Grashof
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OpHako CKOpPOCTH MOTOKA BO3/AyXa B ITydKe MOXKHO OIIPENEIHNTh Yepe3 pa-
BEHCTBO TOTEPH AABJIEHUS MMOTOKA BO3/AyXa B IIAXTe W IyYKe, a TAKXKE IOTb-
E€MHO-BBITS)KHOTO JIABJICHUS IIAXThHI

L= 2(p0_pm)g(Hm+d0) 0'5’ (17)

H
K, +p K, —™
pl'lH F)I.LII.LIdIII

rae K, Ky — koo dumment aspoiuHaMHYIeCKOro COMPOTUBIICHHS TTyYKa M Iax-
ThI, PACCUMUTAHHBIN Yepe3 CKOPOCTh MOTOKA BO3AyXa B ITyUKe.

O6benunans (16) u (17), mody4dnmM BeIpa>keHUE IS OIIpeieeHns Kodphuim-
€HTAa MPOIOPIUOHATHLHOCTH

0,5

2(py _pm)(Hm +do)

H
pnkn + pmkm Tm Bdo(tCT _tO)

(18)

l'lp:

[pu orcyrcTBun maxtel (Hy, = 0) u3 (17) u (18) MOXXHO HAWTHU CKOPOCTH IO~
TOKa B IMyYKe U KOIPDHUITUEHT MPOMOPIIMOHATHLHOCTH TIPA CBOOOTHON KOHBEK-
MU BO3JyXa!

o | 2P0 —Pw)9d
Pk,
0,5
— 2(p0 _pLH)
® pnknB(tcT _tO)

B mpomecce wuccrnemoBaHMi aBTOpaMH CTaTbu omnpeAesieH KoadduiueHt
HPOTIOPLHOHATBHOCTH B OTCYTCTBHE IIAXTHI ISl ONMBITHOTO Iy4ka K., = 0,41 u
noctpoena 3apucumocts NU = f(0,41Gr*®) (puc. 5, 3aKpalleHHbIC KBaIPAaTHKH),
kotopast xoporo coriacyercs ¢ Nu = f(Re). MoxHO OTMETUTB, YTO XapakTep
JIBIDKEGHUSI YaCTHI[ BO3JyXa B My4YKe NMPH CBOOOJHON KOHBEKIIMM WICHTUYCH
JIBIDKCHUIO YACTHIl TPH BBIHYXJICHHONW KOHBEKIMH MPHU MajlbIX 4Hciax Peii-
HOJIBJICA, T. €. CBOOOIHO-KOHBEKTUBHBINM MOTOK NPH BO3HHMKHOBEHHH JIOTOTHH-
TENBHBIX JBIDKYNIMX CHJI IUIABHO TMEPETEKACT B BBIHYXKICHHO-KOHBEKTUBHBII
0e3 XxapakTepHbIX IPOBAJIOB MM CKaYKOB.

Hekoropoe  otkmonenne 3aucumoctd Nu = f(0,41Gr*®) mpu  cBoGox-
HOM KOHBEKITMM OT JIMHEWHOW B BEpPXHEW 00JIACTH MPHU BBICOKHX TEMIIEpaTy-
pax (t.; > 90 °C), ckopee Bcero, CBsI3aHO ¢ 0COOCHHOCTHIO M3MEHEHUsI (hrznde-
CKUX CBOWCTB BO3/yXa ¥ C BIUSHHEM JTU(MQPY3HBIX CHAJ B BO3IyXE HAJ MYYKOM.
B o0iacTu BBICOKHX TemIlepaTyp BS3KOCTh BO3/yXa CYIIECTBEHHO YBEIHMYHBa-
€TCS, YTO MPHUBOJUT K HJIECHTUYHOMY POCTY a3pOJUHAMHUYECKOrO COMPOTHB-
JICHHs TyYKa MPH JBIDKCHHH BO3MyXa B Y3KHX MEXKpeOepHBIX mieisax. Takke
cTaHOBSATCs Oombie qud(y3HBIC CUIIBI, OTYETO BO3HUKAIOT 3HAYUTEIbHBIC TOPHU-
30HTaJbHBIC TIEPEMEIICHUS, KOTOphIC YBEIUYMBAIOT TOMEPEYHOE CEUCHHE,
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HO HPEMATCTBYIOT POCTy CTOJI0A TEIJIOro BO3AyXa Hal MydkoMm. B pesynbrare
Temmeparypa Boie 90 °C He MPUBOAUT K YBEIUYCHHUIO CKOPOCTH IIOTOKA U PO-
cty uncna Hyccenbra. M3MeHeHHMe BS3KOCTH BO3AyXa HE OKa3bIBaeT CyIlle-
CTBEHHOT'O BIIMSHMS Ha 3HAYEHHE adPOJMHAMHYECKOTO CONPOTHBIICHUS IIAXTHI,
a B OTPaHMYECHHOM MPOCTPAHCTBE ITOTOK BO3AyXa JBIDKETCS] TOJIBKO BEPTHUKAJIb-
HO BBepX, Mo3ToMy He HaOmonaercs otkioHenne Nu = f(Re) ot nuHeiHoi 3a-
BHCHMOCTH (pHC. 5a, ).

BbIBO/IbI

1. TerooTnada mpy CMENIaHHOW KOHBEKIMH B 2,5—3 pa3a BBIIIC, YeM TIpU
CBOOOJHOM, a MHTEHCUBHOCTH POCTA TEIUIOOTAAYH TIPU YBEIMUEHUH unciia Peid-
HOJIbJIca 0OJIbIIE, YEM IIPU BBIHY)KICHHOM KOHBEKILIHU.

2. [lpu cMemaHHOW KOHBEKIMH, OPTaHM30BaHHOW 32 CUET YCTAHOBKH HaJ
MyYKOM BBITSDKHOM IIaxThl, yucyio HyccenbTa UMEET enuHyI0 CTEIEHHYIO 3aBU-
CHUMOCTH OT uncia PeliHombaca npy 000 BRICOTE MAXTHI, a TAKXKE CYIIECTBY-
eT IWHEHas 3aBHUCHMOCTh 4duciia PelfHombaca oT KopHsS 3 uucna [ 'pacroda.
Koaddumument nponopumroHanbHOCTH ONpeAensieTcsl 4epe3 KodPQHUIUEHTHI
a’pOIMHAMHUYECKOTO COIIPOTHUBIICHHUS WAXThI U ITyYKa.
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