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TEILIOBASI DJ®PPEKTUBHOCTH BUXPEBOM
HNHTEHCUOPUKANUNU TEIIJIOOTAAYU I'A30BOI'O ITIOTOKA
P HHPOJOJIBHOM U ITIONEPEYHOM OBTEKAHUU
KPYT'JIOTPYBHBIX TIOBEPXHOCTEHA
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Tlokazano, 94TO HPH OLEHKE ACHCTBUTEILHON TEILIOBOH 3()(EKTUBHOCTH OT IPHMECHEHUS
BUXPEBOH MHTCHCH(MKALMHK TEIUIOOTIa4d HEOOXOAMMO YYUTHIBATh YBEIHYECHHE TEIIOOTAA-
IOMeH IUIOmaay MOBEPXHOCTH TPYOBI COOTBETCTBYIONIMMH YIIIyOJIeHHSMH (BBIEMKaMH,
JIYHKaMH), KOTOpast B 3aBUCUMOCTH OT UX F€OMETPHYECKHX IapaMeTPOB MOXET W3MEHATHCS
oT 4 10 280 %, 4TO BBI3BIBAET MOBBIIIEHUE TEMIOOTAAYH C OJHOBPEMEHHBIM POCTOM €€ OT
TypOynIn3anuy NOTPAaHUYHOTO CJIOSI TIOTOKA BHXPSIMH, T€HEPUPYEMBIMU JTYHKOBBIMU TypOy-
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m3atopamu. [ mMpojoibHO oO0TekaeMol TpyObl IIpH HAaHECEHWH BHIEMOK Ha Hapy>KHOH
MOBEPXHOCTH BUXpPEBasi THTCHCU(HUKAINSI yBeJIMUUBACT TEILIOBYIO 3 dexrrBHOCTS 110 1,39 pasa,
a B clly4ae MONEPeYHO OOTEKaeMbIX IOTOKOM ITyYKOB M3 OOJYHEHHON HapyXHOIl IOBEPXHO-
ctr TpyO He npesbmaet 29 % mpu Re = 5000. C pocrom uncna Re no 14000 sHepreTuueckuii
s ekt ouryTrmMo cHmwkaercs 10 6 %.

TennoBast >dpekTHBHOCTE BUXPEBOH HMHTEHCH(UKALUKM cHEpUUYSCKUMH JIyHKaMH Ha
BHYTPEHHE MOBEPXHOCTH TPYOBI NMpH ABIKEHHM B HEW BO3Ayxa He mpeBblmaeT 13 % B uH-
teppate Re = (1-2) - 10 koTopsli XapakTepeH s BO3LYXOINOZOrpeBaTeNeil MapOBBIX
koTioB. OnHako Oonpmmii sHepreTHdeckuilt dddexr (1o 33 %) npHu NpoAOILHOM TEUSHUH
JIOCTHI'AeTCsl OT IOSBMBILIMXCS BBINYKJIOCTEH Ha BHYTPEHHEH IOBEpXHOCTH TPYObI mox cde-
PUYECKUMH YIIIyOJICHUSIMU HAa HAPYXKHOIl TOBEPXHOCTH. Y CTAHOBJICHO, YTO IPUMEHEHHE JIHC-
KPETHOH IIEPOXOBATOCTU B BUJIE MONEPEUYHBIX KOJIBIEBHIX BBHIMTYKIOCTeH (Iuadparm) 1mo3Bo-
JSIeT JOCTHYb MHTEHCH(HKAIMK TEIUIOOTAaYM 3HAYUTENbHO GoJbiueii (1o 70 %) B uHTepBane
Re = (10-100) - 10° o cpasuenmio ¢ roagxoii Tpy6oit. ITokasano, 4To GUIMUIECKHE IPHHIH-
bl BUXPEBOH MHTCHCU(UKALMK TEIUIOOTAAYM OOJYHEHHEM KPYIJIOTPYOHBIX MOBEPXHOCTEH
OTJIMYAIOTCS OT TAKOBBIX IPY HAHECEHWH HCKYCCTBEHHOM NpeIeNIbHON MEepOX0BATOCTH B BH/IC
YCEUEHHBIX IIMPaMH] Ha HAPY>KHOI MOBEPXHOCTH TPYObl, 00TeKaeMoil MOIepEYHBIM HOTOKOM.

KiroueBble ciioBa: BUXpeBas HHTCHCU(HKAIMS TEIUIOOTAAYH, KOIDOHULUCHT TEIIoBOit
s¢dexTuBHOCTH, TONIEpedHOe 00TeKaHue, chepudeckre u noiaychepudeckre JTyHKH, HUINH-
JIpUYECKUE U KOHNYECKHE YIITyOJICHNS.

WUn. 4. Ta6mn. 2. bubmuorp.: 13 na3s.

THERMAL EFFECTIVENESS OF THE GAS FLOW VORTICAL HEAT-
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RELEASE INTENSIFICATION AT AXIAL AND TRANSVERSAL
FLOWING-AROUND THE ROUND-TUBULAR SURFACES

Part 2
KUNTYSH V. B.Y, SUKHOTSKIY A.B.”, YATSEVICH A. V.2

YBelarus State Technological University,
2JSC “Minsk Plant of Automatic Lines named after P. M. Masherov'’

The paper demonstrates the fact that in valuating the actual heat efficiency from utilizing
the vortical heat-release intensification it is necessary to account for the increase of heat-
releasing area of the tube with the corresponding lacunae (hollows, lunules). It may vary from
4 to 280 % as a function of their geometrical parameters which causes heat-release increasing
with its simultaneous growth from vortex formation in the boundary-layer flow by the swirls
generated by lunule turbulizers. For the tube of axial flow-around with hollows applied on the
outer surface the vortex intensification enhances the thermal effectiveness up to 1,39 times,
and in the case of the transversal flow-around tube banks with lunuled tube outer surface it
does not exceed 29 % at Re = 5000. With Re number growing to 14000 the energy effect tan-
gibly declines to 6 %.

The thermal effectiveness of the vortex intensification with spherical lunules on the tube
inside surface and the air moving inside does not exceed 13 % in the interval Re = (1-2) - 10%,
which is distinctive for air the preheaters of steam-boilers. However, a greater energy effect
(up to 33 %) for the axial flowing is attained from emerging saliences on the tube inside sur-
face beneath the spherical lacunae on the outside. The authors establish that employing dis-
crete roughness in the form of transverse circular saliences (diaphragms) allows attaining
much greater heat-emission intensification (up to 70 %) in the interval of Re = (10-100) - 10°
as compared to the smooth tube. The paper shows that physical principles of the heat-emission
vortex intensification by way of lunuling the round tubular surfaces differentiate from those
applying artificial limited roughness in the form of pyramid frusta on the tube outside surfaces
flowed around by the transverse flow.

Keywords: vortical intensification of heat release, coefficient of thermal effectiveness,
transversal flow-around, spherical and hemispherical lunules, cylindric and conical lacunae.

Fig. 4. Tab. 2. Ref.: 13 titles.



JIelicTBEHHBIM CIOCOOOM CHHIKEHMSI Macchl M rabapuTOB TEMI0OOOMEHHBIX
anmaparoB sIBJsIETCS MHTEeHCUUKalus TerioooMena. Ha npotsbkenun nocnen-
HHUX TpeX JIEeCATWIETHH 0co00e BHUMAaHHE yIeNseTCs N3yYeHUI0 crioco0a BUXpe-
BOM MHTEHCH(HKALUHU TEINTIOOOMEHa ra30BbIX (BO3AYIIHBIX) TIOTOKOB, PeaIn3y-
€MOro TNPUMEHEHHEM HAHOCHMBIX Ha TEIUIOOTHAIOIIYI0 IMOBEPXHOCTH YIIy0-
JIEHUH pa3nuaHON (opMbl (IMITHHIPHYECKNE W KOHUYECKHE BBIEMKH, TIOTyche-
pHUECKUE JTYHKH, MEIKHE M KpYyMHbIE CHEpUUEeCKUE BBIEMKH, DJUTUNTHYCCKUE
BBIEMKH U T. [I.), KOTOPbIE SIBJISIOTCS T€HEPaTOpaMy BUXpEil B IPUCTEHHOM CJIOE
JBIDKYLLETOCS IPUHYJUTEIBHOrO MOTOKA. DTO OTPaXKEHO BO MHOTHUX ITyONHKa-
IUAX, U3 KOTOPBIX ClIeyeT OTMETHTh [1—4]. M3BecTHBI e¢AMHUYHBIE MyOJIUKa-
muu [5, 6] Mo HCCIIeAOBaHMIO TEIUIOTHUAPABINYECKUX XapaKTEPUCTUK LUIHH-
OPUYECKUX KPYIJIbIX TPYO, IMIMPOKO NPUMEHSEMBIX B Ta30-Ta30BBIX TEII000-
MEHHUKAX, C MOBEPXHOCTHIO W3 CPEPUUECKUX IYHOK, PEaTH3YIOIIUX CIOCO0
BUXpeBOH MHTeHCHUpUKanuu. OOmMN HEZOCTaTOK M3BECTHBIX MCCIEIOBAHUN —
OTCYTCTBHE JOCTaTOYHOH HH(POpMALMU IO TEOMETPUUYECKHUM IapaMmeTpam
yri1yOneHni, KOTopast MO3BOJIHIIA Obl BBIYMCIIUT YBEJIMYCHHE TEILIOOTIAIOIICH
IUIOIIAAN MOBEPXHOCTH OT NMPUMEHEHHS MHTEHCH(HUKATOPOB. ITO MOMOTIO OBI
00BEKTUBHO BBISIBUTH TEIUIOPHU3MUYECKYIO CTOPOHY TAKOTO CII0c00a MHTEHCU(H-
Kaluu, pazieinB 3QGEeKT Mo yBETHUSHHUIO TeIUIOOT/Aa4uH Ha JIBE COCTABIISIFOIIUC:
OT HapalMBaHUs TEIUIOOTAAIONIEH MOBEPXHOCTU M BCIIEACTBUE BO3HUKHOBEHHS
OT YriyOJIEHUI BUXPEBBIX CTPYKTYP, T. €. 00BEKTUBHO BBISIBUTH TEIUIO(QU3NYE-
CKYIO CTOPOHY JIaHHOTO crioco0a HHTEeHCH(DUKAITHY.

Lenpb nccaeqoBaHuil aBTOPOB 3aKII0YaNach B CICAYIOIIEM:

o BBIICHUTH (pakTHUecKHe KO3()(QUIUEHTH! TeMIOBOH 3PPEKTUBHOCTH KpPYT-
JI0i TpyOBI B IPOJOTILHOM MOTOKE, HMHTEHCU(DUIIMPOBAHHOHN YIITyOIeHUsIMH pa3-
JUYHON (OPMBI;

e CPaBHUTH TEIJIOBYIO dPHEKTUBHOCTH BUXPEBO MHTEHCHU(HUKALNU B 3aBU-
CUMOCTH OT XapakTepa TEUEeHHUS MOTOKa W MPEACTABUTH MPAKTUYECKHUE PEKO-
MEHJIALMH 110 €€ IPEANOYTUTIEIHbHOMY IPUMEHEHHUIO.

JIs1 moCTIKEHNMS eI UCTOJIB30BAIA H3BECTHYIO MeTOMUKY B. M. AHTY(b-
eBa Il CPaBHEHUs] KOHBEKTHBHBIX MOBEPXHOCTEH MO TEIUIOBOH 3¢ ¢EeKTUBHO-
cti [7]. OmHUM U3 TIEPBBIX 3KCIIEPUMEHTAIBHBIX WCCIEOBAHAN SBISIETCS ITy0-
nukanus [8], Tme miusd WHTeHCH(HWKAITMH KOHBEKTHBHOTO TEIDIOOOMEHa IIpo-
JIOTIbHOOOTEKaeMON BO3yXOM JIaTYHHOH TpyObl Ha ee HapyXHOM MMOBEPXHOCTH
HaHeceH peibed B BHE MHOXKECTBA YIITyOJIeHHH (JIyHOK) ¢ MIaXMaTHBIM Pacmo-
JIOKEHHUEM, OTINYAIOMIMXCS (OPMO, FeOMETPHYECKIMHA W KOMIIOHOBOYHBIMHU
napamerpamu (Tabn. 1). DTOT cmocod MHTEHCH(UKAIHMK TemIoo0MeHa IMocie
psaa OoJiee mo3aHUX HccaenoBanuii [1, 2] Obut Ha3BaH [. M. Kuknanse Buxpe-
BEIM. BriOop myOswkarmu [8] A KONMHYECTBEHHOUW OIEHKH SHEPreTHYECKOH
st (heKTUBHOCTH crioco0a BUXPEBOW MHTEHCHU(DHUKAIINH TPEAOIPENEICH qeTallb-
HBIM COOOIIEHHEM IapaMeTPOB YIIyOJeHHM, TO3BOJISIOIINX UCKIIOUUTh U3 Be-
JMYUHBI MHTCHCU(UKALMK TEIUIOOTAAYN MPHUPOCT €€ BCICACTBUE YBETUUCHUS
TEIUIOOTAAIOIIEH MOBEPXHOCTH M TEM CaMbIM MOIYYUTh (HPaKTUUECKUE 3HAUCHUS
BUXpeBOTO 3 dekTa.

OmnbiTHbIE TPYObI 1—5 umenu HapyxHbiid auametp d = 24 mm. Pesynbrare
omnbITOB TpejicTaBiienbl B Buae rpadukos Nu = f(Re) u Eu = f(Re), koropsie s
ynoOCcTBa aHaj M3a TEIUIOOTIAYM ONHCAHBI aBTOPaMHU JaHHOW CTAaThU ypaBHeE-
HHUEM M0100Us
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Nu =cRe™, 1)

oxBathIBaromuM HHTepBan Re = (8-30) - 10°. B kauecTBe Ompe/esIoLero pas-
Mepa B uncrnax NU u Re mpunsar auametp d. Koapdwuent termoormaun oo B Nu
BBIYKCIICH BO BCEX CITydasix IO IUIOIIAAM IIOBEPXHOCTH IIIaAKoH TpyOsI 1 (Tadi. 1).

Tabruya 1
apaMeTpbl yriryoJeHuit
I yriyo
= = Koadpdurpent JloIst NTUHBL,
.
N % =le s B ypaBHe- |3aHHMaeMasi yCThsIMU
= 2% | E g Hun (1) yriTyOneHuit ©
A oz 2% |E£5|% |Z2. S
5 = [ < o . | =
el Y=5z 88|55 gk 8 B o
a 5§53 8 Se| g3 28 > g B
2588 c3| 2|22 ¢ |m| 8 s _|g2
& =3 H 3 E s o N = & = E e
s = > | A - & g = 5 O S = T O 5>
S = £ ! SE |l g2 8 o © “ 5 B
s m 5= < 8|0 8|» & =I=| ==l SN
1 |Tpyba c¢ rmagkoit
MOBEPXHOCTHIO - - 1,00 | 0,0180 | 0,80 B S -

2 |Hunuuapudeckas:
D=05h=25 5,0/2,0| 1800 | 1,29 | 0,0039 | 1,00 | 0,0925 0,100 | 1,44
3 |Konunueckast:
Do =1,5,h=15|7,0/35| 800 | 1,13 | 0,0042 | 1,00 | 0,1850 0,200 | 5,77
4 |[unuHApUYeCKast:
D=38;h=38 45/55| 292 | 2,76 | 0,1060 | 0,88 | 0,7600 0,400 |43,80
5 |[ununapuyeckas:
Dios = 2,5;

Do, =09;h=25 [45/55| 292 | 1,71 | 0,0430 | 0,77 | 0,2000 0,096 | 2,46

Bce TpyOsI ¢ yrimy0OneHussMu 0OHAPYKHUBAIOT 3aMETHBIM POCT TEILIOOTAAYH,
4TO OOBSICHACTCS TypOYyIU3aIMeH MOTPAHUYHOTO CIIOSI BUXPSMHU, TeHEPATOPaAMHU
KOTOPBIX SBIISTIOTCS yriryOnerns. OOHapy eH HOBbBIN d(h(eKT B adpoauHaMmde-
CKOM COIPOTHUBJICHUU TPYO C yriTyOJICHHUSIMHU, 3aKITFOYAIOIIUNICS B MEHBIIIEM UX
COIPOTUBJICHUH B CPaBHCHHUU C COMPOTUBJICHHEM IJaKkoi TpyObl. Hampuwmep,
Ui TpyOBI 4 CHW)KEHHWE CONPOTHBIEHUS cocTaBwio 25 %. K mpemnoxeHHOMY
OOBSICHCHHIO TPUOETAIOT W TI0 HacTosmiee Bpems [2, 3]: BO3HUKIINE BHXPH
00pa3yrT «KAaTKI, IT0 KOTOPBIM MPOUCXOIUT CKOJNBKEHHE MOTPAHUIHOTO CIIOS
MPUCTEHHOTO MOTOKA. ClleI0BaTENbHO, TPEHUE CKOJIKKEHHUS Ha TTaJKON TpyoOe
YaCTUYHO 3aMEHSETCs] TPEHHEM KaueHHs, a Ha HETO 3aTpadrBaeTCsl MEHbIIE
SHEPIHM.

Breruncnum xosdpunveHT ¢ yBenTU4eHHs TEIUIOOTIAAIOIIEH TOBEPXHOCTH OT
yrayonernnii. [Imomaap moBepXHOCTH TITaKkoil TpyOsI |

f =mndl, )
rae | — muaa TpyOsI, M.
Has py6 2, 4:
e IJIOIA b IOBEPXHOCTH yIIIyOICHUI
fyT = nDhn; (3)

e (hakTHUECKas TEIUIOOTIAOIIAS IIOIIAlb IIOBEPXHOCTH TPYO
fH =f, + fyr. (@)
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Hist TpyOBI 3:
e IIMHA 00pa3yoe KOHMIECKUX YTriayOoneHui

L, =4/(0,5D,,, )" +h?; )

e TUIOMIAh TIOBEPXHOCTH yTTyOIeHMI
fyr =0,57D_,L.n; (6)

[ (baKTI/I‘-IeCKaﬂ TCIIOOTAAromas riomaab MMOBEPXHOCTU TPY6BI

f,=f,+f,—0,251DZ n. )
st TpyOEI S:
e JUTMHA 00pa3yIOMIeH MIMHAPUICCKUX YTITyOICHHHA
Dyos = Doy |
I—u: { 110n2 rop] +h2; (8)

e IJIOLIA/Ib TIOBEPXHOCTH YIIYOJICHHUN
fyr =70 (0,5(D,q, + Dy ) Ly, +0,25D7,, ); 9)
e (hakTHUECKas TEIUIOOTIAOIIAS [IOIIa (b IOBEPXHOCTH TPYOBI
_ 2
f,=f,+f, 0,257 D2 n. (10)

KoaddummenT yBenmdaeHus TUIOMAnNA MOBEPXHOCTH
o= (11)

W3 Tabn. 1 BUIHO, 9TO YBETUYCHHUE TUIOMIAIN YTIYOJICHUSIMU WIH UHBIM UC-
KYCCTBEHHBIM PEJIbe()OM MOXKET JIOCTHTaTh BeChbMa OIIYTHUMOTO 3HAYEHUS, JUIS
TpyOBI 4, HartpuMep, @ = 2,76. HeyueT BIUSHUS ( HCKaKaeT peaTbHYIO KapTHHY
B K&)XJIOM KOHKPETHOM CiIydae JOCTUTHYTOTO 3¢ ¢eKra OT BUXPEBOl MHTEHCH-
¢uKanuy TerI000MeHa.

OpHAM U3 TapaMEeTPOB, XapaKTEPHU3YIONINX TPyOy ¢ HAaHECEHHBIM Ha €€ I10-
BEPXHOCTH penbeoM, SBISETCS IUIOTHOCTh OONYHEHHS, INPEACTaBIAIONIAS
OTHOIIICHUE TUTONIAAN MOBEPXHOCTH JIyHOK f, (BBIEMOK, yriyOneHuit u T. 1.)
K MCXOJHOM IUIOLIa/I [IAIKOH TOBEPXHOCTH:

y=-* (12)

1

Kpussie TtermoBoi sddexrtuBHocTr Tpyd 1-5 (Tabnm. 1) m3o0pakeHB Ha
puc. la, rme Ha OCH OpAUHAT HAaHECEHBI KOA(P(OUIUCHTHI TEILUIOOTAAYU O
nmo ypaBHeHuto monoOus (1); 3atparsl MomHOCTH Ny BBEIMHCICHBI TIO (popmy-
ne (2) u3 [9], B xoTopoii 3HaueHus C ompenemsuid mo rpadukam padoTsl [8].
[Tpu BerumciaeHnn ko3 GuIMEeHToB W, U | (Tabn. 2) mo dpopmyne (1) uz [9]
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32 JTJIOHHYIO MOBEPXHOCTh NpUHHMaIM Tiankyi TpyOy 1. Koadduuuent
TEIIOBOH 3()(EKTUBHOCTU Y| C y4EeTOM YBEJIMUYCHHOH IUIOMAAN MTOBEPXHOCTH

TpyO 2—4 BBIUKCIICH UCXOMS U3 pUC. 10, B KOTOPOM 3aTpaTa MOITHOCTH OTHECE-
Ha K TIOJTHOW TIOBEPXHOCTHU TPYOHI.

Tabauya 2
Koapdpunment rennopoii 3ppexTnBHOCTH BUXPEBOii HHTeHCH(HKAUU TEILIOOTAAYH TPYObI,
NMPO0ILHO 00TeKaeMOil CHAPY KU BO3TyXOM

oy Howmep tpy6s1 1o Tabm. 1
Koapdumuenr | Ng, Br/m 1 > 3 7 5
Vi 10 1,0 1,23 1,35 2,34 1,75
i 1,0 1,03 1,23 1,11 1,13
Vi 240 1,0 1,44 1,73 2,50 1,60
i 1,0 1,26 1,39 1,22 1,13
o, Br/( M K) Re 30 000
%8 — 1 z — —0
1705 TeTh—A-xT L
1504 —e—dh—o—d_ s
130 4— ~%73 : / é
110 4 |- 5 / :
90 1 Re=10000 e e
NNy« /// _
| Re =8000 5/ / / | e, BUG2K)
1 - h/ - E—140
50 :, /, / / // 120
- a—£100
NGV ¢ - :
S0 "~ :
: //} Re=3oooo—60
40
; : ‘ —— ; 20
2 6 10 100 No, Br/v®

Puc. 1. Kpusble TemnoBoi 3¢ GpekTHBHOCTH TPYO ¢ HHTEHCH(HUIUPOBAHHOMN TEIIO0TaAYeH
BHXPEBBIM crioco0oM: 1-5 — Homep TpyOEbI o Tabm. 1

Hctunnyto TemnoByro 3 ¢GeKTUBHOCTh TPYO 2—5 OT BO3CHUCTBUS BUXPEBBIX
TypOyIM3aTOPOB MOKa3bIBaeT pUc. 10, B KOTOPOM UCKJIFOYEHO BIUSHHE BO3POC-
el MOBEPXHOCTU HAa WHTCHCcU(UKAMio Teruiootnadd. COBMECTHBIH aHAJIN3
JMaHHBIX puc. la, 0 m Tabn. 2 yka3piBaeT Ha ciemyromee. TermoBas >3 ¢peKTuB-
HOCTH Tpy0O 2—5 BbIme 3(pPeKTHBHOCTH Tiagkoi TpyOs! 1, HO HambombIIast A¢-
(heKTUBHOCTH TIpHIcyIIa TpyOe 4, ChbeM TEIUIOTH KOTOPOI MPEBBIMIAET 3Ty XapaK-
TEPUCTUKY TIamKkoi TpyOsl B 2,34—2,5 pasa mpu No = idem B ucciaeqoBaHHOM
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untepsane Re = (10-30) - 10°. CbeM TernoTsl TpyObl 2 HAMMEHBIIIHI, HO BBIIIE
B CpaBHEHUU C Iiaakou TpyoOoi B 1,23—1,44 paza. BMecte ¢ TeM, TOBEPXHOCTh
TpyOBI 4 yBenmueHa B 2,76 pas3a Mo CpaBHEHHIO C TTAAKOW TpyOo#, a TpyOsI 2
B 1,29 paza. CoBepLIeHHO OYEBHAHO, YTO EAMHHUIA TOBEPXHOCTH TPYOBI 2
y4acTBYeT B TEINIOOOMEHe ¢ OOJbIlIeii aKTHBHOCTBIO, OCOOCHHO C BO3PacTaHU-
eM Np (Tabn. 2). TermoBast 3¢ (eKTUBHOCT OT BO3JACHCTBUS BUXPEBOIl MHTEH-
cudukauun B Haubonpiueil mepe (B 1,35—1,39 paza) peanusoBana Ha TpyOe 3
B CPaBHEHUH C IJIaJKOW TpyOOid, HECMOTPS Ha HEOOJBIIOE 3HAYEHUE TNIOTHOCTH
yTIIyOJIeHUH 7y, IPAYEeM OHO 3HAYUTEIHHO MEHBIIE pEeKOMEHIyemMoro B [2, 3]
(y = 40-70 %), kak ONTUMAJIBHOTO JUIS IIEJICBBIX KAaHAIOB. MOXHO MpEAIoo-
®uTh, uTo TipH h/D = 1 (Tpyda 3) HenpepsIBHO reHEPUPYEMbIE JTyHKAMHU CPHIBAKO-
LIMeCs BUXPU HAaXOISTCS B IIOTPAHUYIHOM CJIOE U TypOYIU3HPYIOT B HEM TEUEHHE.
KocBeHHBIM MOATBEPKICHUEM 3TOTO SIBJISCTCSl BO3POCIIUM IOKa3aTelb CTCHEHU
mpu Re B (1) mo m = 1,0 nporus 0,8 mmsa rmaakoit Tpyosr 1. Takoit mokazaTenb
CBOMCTBEH TEIJIOOOMEHY BHYTPH IIEPOXOBATHIX TPYO C aBTOMOECIBHBIM PEKUMOM
Te4YeHUsl MOoToKa. [Ipy mpoaoIkHOM OOTEKaHUHM OOJYHEHHBIX TPYO 3TOT (PakT He
uMeeT Mecta. TakuM 00pa3oM, MEXaHW3M BUXPEBOH MHTEHCH(HKAIMU TErioo0-
MEHA OTIMYAETCS OT TAKOBOTO YISl TPYO € MPEAEIbHOM MIepOXOBATOCTHIO.
TemnoBas 3¢ dexTHBHOCTE TPYO 2, 4, 5 HAXOOUTCSA B MPOMEKYTKE MEKIY
sddexTrBHOCTBIO THaaKoi 1 1 onTumansHOM 3 TpyO. HarmsaHoe mpencTaBienue
1O KOJIMYECTBEHHOMY HM3MEHEHHIO KO3(UIMEHTOB 3(deKTuBHOCTH Vi, V|

BUJIHO U3 pHUC. 2.
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Puc. 2. BimsiHue yBeMUeHNS HAPYKHOM OBEPXHOCTH Ha KO DUIUEHTHI TEIUIOBOU
3¢ GexTHBHOCTH TPYO 2—5 MPHU MPOJOITEHOM BHEIIHEM OOTEKaHUH TOTOKOM:
CBETJIbIC TOUKH — JUISL i, YEPHBIC — I Y,

Jiis onieHkH 3(PGEKTUBHOCTH BUXPEBOW BHYTPEHHEH MHTEHCU(DUKAIIUH TEI-
JIOOTJAYH TIPH MPOJIOJILHOM TEUSHHUH BO3JyXa UCIIOJIb30BAHO IKCIIEPUMEHTAIIb-
HOE UCCIICJIOBaHUE [9] MPUMEHHUTEIBHO K TPyOaM AMaMETPOM BO3IyXOIMOAOTrpe-
Barenst 40x1,5 MM, BHYTPEHHSISI TIOBEPXHOCTh KOTOPBIX OOJyHEHA «MEITKUMI)
U «rITyOOKUMUY JTyHKaMu (pa3Mephl ¥ MapaMeTPhl PacIioIOKCHHS HE yKa3aHbI).
OrnbITamMu oxBadeH auanasoH Re = (7-21) - 10°. JlOCTHTHYT OJHOBPEMEHHEII
POCT TEIUIOOT/aYl W COINPOTUBJICHHUS TI0 CPAaBHEHHIO C TIAJKON TpyOoii, 4To
OTIIMYAET XapaKTep U3MEHCHUS COIPOTUBIICHUS HA TPOTUBOIIOIOXKHBIN OT TaKO-
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BOro Uit TpyO ¢ OOIyHEHHOH Hapy»HOH MOBEPXHOCTBHIO, HO TPH MPOJOIBHOM
o0TekaHnu. DPPEKTHBHOCTh BO3PACTAET C YBEIMYCHHUEM CKOPOCTH BO3IyXa
u cocrasisier ipu N = 0,6 Br/m® (Re ~ 10%): v; = 1,07 — nst «Menkux» JyHOK,
vi = 1,09 — mst «rny6okux». Opnako mpu Bospactanud 1o No = 4 Br/m?
(Re ~ 2 - 10%) cooTBEeTCTBEHHO HMeeM y; = 1,09 u 1,13. CnegoBarenbHo, K03(-
(PUIUEHT TEIIO0TIauM O YBeITu4nBaeTcs He Oonee yeM Ha 13 % (puc. 3), 4To B
1,07-1,23 pasza wMeHbplIe MO CPaBHEHHIO C KO3()(UIMEHTOM TEIIOBOM
s} dexTuBHOCTH \y; HPH NMPOJOILHOM BHEIIHEM OOTEKaHUH. Y CTAHOBJIEHO, YTO

pacroyioKeHHe IYHOK Ha BHENIHEH ITOBEPXHOCTH IPHBOJUT K OOJbIIEMY
3¢ (eKTy 1Mo CpaBHEHUIO C BHYTPESHHUM PaCIIONIOKCHHUEM.

50 : - Re =20 000—a
a, Br/(M*K) 4 o

40

20 —— L
0,2 1 Ng, Br/m? 6
Puc. 3. KoapuuueHT temnooTnadu Tpyod ¢ BHYTPEHHUM 00IyHEHHEM

B 3aBHCHMOCTH OT 3aTpaT MOLIHOCTH: 1 — riiaakas Tpyoa;
2, 3 — TpyOBI C «METIKUMI U «TITyOOKUMM» JTyHKaMU

HccnenoBaHue TOPU3QHTAILHOTO IapoBoasiHoro moporpesarens [10], tpyo-
HBIM IIaXMATHBIA Iy4OK KOTOPOTO BBINOJHEH M3 JIATYHHBIX TPYO AWAMETPOM
16x1 MM co cepruuecKkuMU JTyHKaMU Ha HapY>KHON TOBEPXHOCTH, MO KOTOPBIMH
Ha BHYTPEHHEH MOBEPXHOCTH BO3ZHHKIM BBIMYKIOCTH B BHJE TUCKPETHOW pery-
JSIPHOM IIEPOXOBATOCTH, HE BBISBIJIO MHTEHCU(HULIMPYIOLIErO BIMSHUS JTYHOK HA
KO3 (UIUEHT TEeII00TAauM KOHJICHCHPYIOIIETOCS Tapa. BBITyKiocTn BHYTpH
TpyO MHTEHCHQUIIMPOBAIM TEIUIOOTAady BoAbl B 1,59 pasa mpu Bo3pocmieM a0
2,1 pa3a TUIpaBIMYECKOM COMPOTHBICHNWH B wHTepBaie Re = (4—100) - 10°.
Koadduuuent temnoBoir 3pPeKTHBHOCTH BHYTPEHHEH HMHTEHCU(HUKALNUU Tell-
nootnaun y; = 1,33, HO 3TOT 3P (eKT TOCTUIHYT BCIEACTBUE IIEPOXOBATOCTH

BHYTPEHHEH MOBEPXHOCTH, a OOJIyHEHUE TPYO JIMIITH PUBENIO K BOSHUKHOBCHHIO
ATOW IIEPOXOBATOCTH (BBIMYKJIOCTEH). JIByCTOPOHHSAS MHTCHCH(DUKAIIMS TETUIO-
oTIa4ym TpyOBl HE peann3yeTcs Mpu BeIOpaHHOM crocobe. Ha prc. 4 HaHeceHs
KpUBBIC TEIUIOOTA4YH TPYO C MOMEPEYHON KOJIBLIEBON HAKATKOW ONMTUMAabHBIX
pasmepos [11]: do/dy, = 0,935 u s/d,, = 0,5, rae d,, = 14 MM — BHYTpeHHUH ana-
MmeTp TpyOsl; do, S — IHAaMETp MepeKUMa | Iar HakaTtkd. [Ipu 3ToM criocode HH-
TeHCH(DUKAIMM Ha BHEIIHEH MMOBEPXHOCTH TPYObl BO3HUKAIOT TMOMEPEUHBIE
KOJIBIICBBIE KAHABKH, a TI0]] HUMH Ha BHYTPEHHEH MOBEPXHOCTU — IIABHO O4ep-
YCHHBIC BBICTYIHI (TIEPEKHUMBI), UTO SIBJISCTCS HETPEebHON PeryyspHoOil Iire-
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poxosarocTbto. [Ipu Ng = idem koo purmeHT BHYTpEHHEH TEIUIOOTIAYN YBEIIH-
yuiies g0 1,7 pasa (1. e. y; = 1,7) u npeBbicul 3PEKTUBHOCTh MHTEHCH(U-

Kallud OT JIYHOUYHBIX BBIMyKJocTedl Ha 28 %. VHTEHCHBHOCTH TEIIOOTAAYH
KOHJICHCAIIMU Tapa Ha TOPU30HTAIBHBIX TPYOax ¢ KOJIBIICBHIMU KaHABKaMH BO3-
pactaeT Ha 210—270 % mo cpaBHeHUo ¢ rinaakumu. CieaoBaTeNnbHO, SHEPTEeTU-
YeCKHU HeIenecoo0pa3Ho MPUMEHSITh OOITyHEHHbBIE TPYyObl B MapOBOASHBIX ITOI0-
rpeBaTesiX Ha ATOM JTaIle UCCIICAOBAHUM.

1 1 § : o
100004- ReT1000 | ——o720
a, Br/(M*K) ] .ﬁ%"\' : ‘ :
4 O/ : .
] —o—1;—e—2;
' —AL—3,—0—4;
1000 -  m— 5 ——§
] . Re =20 000
1 g :5000' - | Re=14 000 e W
e= HEEEE e
D i _ ~Re=100007]
50 F———rrrr—
0,1 1 6 10Ng, Br/M* 100 1000

Puc. 4. KoadpuuueHT TemnooTadn HHTEHCUPUITUPOBAHHBIX TPYO
C Pa3IMYHBIMU TEYEHHUSAMH MIOTOKA B 3aBUCHMOCTH OT 3aTpar MOIIHOCTH: 1 — riajkas Tpyoa,
2 — obmyHeHHast Tpy0Oa; 3 — KonbIeBas HaKaTKa; 4 — MIAaAKOTPyOHBIN ITyH0K;
5 — my4ok 13 00IyHEHHBIX TPYO; 6 — IEPOXOBATHIN IIY4OK

B Hmxuel yactu puc. 4 mo pacderaMm aBTOPOB CTaTbU, MCIIOJb3Ys OIIbI-
THl [12], mocTpoeHb! KpHBBIE TEMIOBOW S((EKTHBHOCTU LIaXMATHBIX ILECTHU-
PAOHBIX TYYKOB M3 KPYTJIBIX TPYO HapyXHBIM AmamerpoM 18 MM ¢ oTHOCH-
TenbHBIMU THaramMu o; = 1,32 u o, = 2,00, 00TeKaeMbIX IMOMEPEYHBIM ITOTO-
KoM Bo3ayxa. Ilociie MCHBITaHUH IMIaJIKOTO My4YKa BHELIHSS [IOBEPXHOCTh TPYO
Obula TOKphITa cepudeckuMu styHkamu auametrpoM D = 2,00 mm, riyOu-
moit h = 0,25 mm camarom S = 3,00 MM, ¥ IIy4OK BHOBb ITOJBEPIIIH UCIILITAHUIO.
[TnotHOCTH OOMyHEHWs TpyOBI cocTaBmsia Y = 35,2 %, a MOBEPXHOCTH TPYOBI
C TyHKaMH COTJIaCHO pacdeTaM aBTOpOB yBenmdmiach B ¢ = 1,038 paza B cpaBHe-
HUH C TJafKon TpyOon. MHTeHCcn(puKanys TEIiooTjaqu 0T BUXPEBOTO BO3IEHCT-
BUS JIyHOK Bo3pocia Ha 20 % TMpu CHIKEHHUH CONPOTHUBICHHS ITy4YKa B CPEIHEM
Ha 50 %, 4TO CBHIETENBCTBYET O HAapYyLIEHWHM aHAIOIMU PeliHonbiaca B mojb3y
TETI000MeHa.

BBuny nesnaumtenpHOCTH @ TIpu BhramcieHnn o U No mo dopmymne (5)
n3.[9], Bce 3HaUEHUS OTHECCHBI K TIOBEPXHOCTH TJIanKoi TpyOsl. [Ipn yBenmnue-
HEH 3aTpaT MomHocTH Ny ot 6 Br/M? (Re = 5000) no 100 Br/m* (Re ~ 14000)
K02(QULIMEHT TEIUIOBOH 2 QEKTUBHOCTH OOJYHEHHOI'O ITyYKa \Y; YMEHBIIWICS
or 1,29 no 1,06. B cpengHeM mpu momepeyHOM OOTEKAaHHHM CHUCTEMBI «ITYYOK»
BUXpeBas nHTeHcuukanys npu Ny = idem mopbimaer ko3h(HUIKMEHT TEII0O0T-
naun Ha 17-18 %, HecMoTps Ha 3ameTHoe 3HadeHue y. Ho Gompmiuii BKIaja
B OTCYTCTBHE OIIYTUMOTO IpUpOcTa 3PQPEKTUBHOCTH CHITPaji0 BEChbMa Majoe
snauenne h/D = 0,125. Tlapamerpsl reHepUpYyEeMBIX BHXpEH HEIOCTATOYHBI
Ul CYLIECTBEHHOTO M3MEHEHUS CTPYKTYPhI IIOIPAHUYHOIO CJIO0S Ha IIOBEPXHO-
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CTH KPYIJIOHN TpyOBI, TOATBEPKIACHUEM YETO SBIISETCS HEM3MEHHOCTh ITOKa3aTe-
a5t creriedn M B (1) 1 mapamienbHOCTh KpuBbIX conportuBieHust Eu = f(Re) my4-
Ka ¢ MHTEHCU(UITUPOBAHHBIMU TPyOaMH B CPaBHEHHH C TJIaIKUM ITydkoMm [12].
B monp3y M3NIOKEHHOTO CBHUAETENBCTBYET XapakTep pacloJIOKEHUS KPUBOM
3¢ (})EeKTUBHOCTH IIaXMATHOI'O IMyYKa C Oy = Oz = 2 U3 aJIOMHHHEBBIX TPYO
d = 50 mm [13], Ha BHeIIHEH MOBEPXHOCTH KOTOPHIX HAHECEHA MpeIe/bHAas IIe-
POXOBAaTOCTh B BHJIC HAKaTaHHBIX TPAICICHIATBHBIX BBICTYIIOB C OTHOCHTEIb-
Ho# Beicotoii h/d = 0,0163. KpuBas pacronaraercst Kpyue B CpaBHEHHU C KpH-
BoH A(()EKTUBHOCTH OOIyHEHHOTO ITydka, kKotopas nmpu Re > 14000 npoxoaut
HUKE, a TIpU yBeIW4YeHUH Re 3PeKTUBHOCTH MIEPOXOBATOTO IMydKa OOJIBIIE
Ha 150—200 %. IloBepxHOCTH LIEPOXOBATON TPYOBI OKyTaHA TYpOYIM3HpPOBaH-
HBIM ITOTPAaHUYHBIM CJIOEM, TOYKa OTPHIBA TIOTOKA CMEIAeTCs BHU3 10 TEUEHHIO,
YTO BBI3BAJIO YMEHBIIEHHE COMPOTHBIEHHUS ITydKa, MEpeliefniero B aBTOMO-
JeNbHYI0 00J1acTh, @ TaHreHC yriia Hakiona kpuBoir Nu = f(Re) mpubnusnics
k equanie (M = 1). CnemoBarenbHO, TEMIO(GU3MYSCKUI TTPOIECC BUXPEBOI WH-
TeHCU(UKAIUU TEIUIO0OOMEHa U TIPH MOMEPEYHOM OOTEKaHUHU TPYO MMEET MHOU
XapakTep MO CpaBHEHUIO ¢ MHTeHCHU(HUKAIINEN TPUMEHEHHUS MPeIeTbHON U THC-
KPETHOH IMIEPOXOBATOCTEH Pa3IMYHBIX (OpM. YUET YBEIWUCHHS IIIOMATN T10-
BEPXHOCTH IIEPOXOBATOCTHIO (aBTOpaMH OHAa OIllcHeHa B ¢ = 1,27) He u3Me-
HUJI CPaBHUTEIBHYIO KAPTHHY TEIDIOBOM 3()PEeKTHBHOCTH MIEpPOXOBATOrO Myd-
Ka (puc. 4, MTPUXOBast JTUHUA).

BbIB O I bl

1. [Ipu onieHKE KONMMYECTBEHHOW MEpPHI TEIUIOBOH 3 (EeKTHBHOCTH BUXPEBOI
WHTEHCU(PUKALUN KOHBEKTHBHOIO TEIJIOOOMEHa HEOOXOAMMO Y4YHMTHIBATH YBE-
JYeHUEe TIOBEPXHOCTH BCIIEACTBUE HAaHECEHHsI HA HEH yriTyOJIeHni.

2. DHepreTuyecku Oonee BHITOAHO MPH MPOAOIBHOM TEUEHHH MOTOKA MPH-
MEHSTh JIs1 UHTEHCU(HKALUKN TeNI00TAaud «OOIyHEHHE» HAapyXKHOH MOBEpX-
HocTH TpyOBI. TennoBas 3)(heKTUBHOCTh BUXPEBOI MHTEHCH(PHUKALIUK TETI00T-
Jlaud Ha BHYTPEHHEW MOBEPXHOCTH TPyOBI COMPOBOXKIAETCA OOJiee YeM CKpOM-
HBIM Pe3yJIbTaTOM.

3. TennoBast 3 PEKTUBHOCTH BUXPEBON MHTEHCH(PHUKALIUK TETUIOOTAAYH TIPH
MOMEPEeYHOM OOTEKaHUM TydKa TPyO C «OOJIyHEHHOI» HapyXHOH MOBEPXHO-
CTBIO MEHBLIIE [10 CPABHEHHMIO C MPOAOIBHBIM TEUEHHUEM ITOTOKA.

4. MexaHu3M BUXPEBOH MHTEHCH(HKAIMH TEIUIOOOMEHa Kak KaueCTBEHHO,
TaK M KOJIMYECTBEHHO OTIMYAETCS OT TAKOBOTO B WHTCHCH(PHIMPOBAHHBIX TO-
BEPXHOCTSIX C MPEAETIbHOIN U IUCKPETHON MIEPOXOBATOCTSIMH.
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KH CHCTEMBI IIAPUKOBOM OYHMCTKHM KOHJEHCATOpa Ha MAapOBEIX TypOMHAX 3JIEKTPOCTAHIHUIL.
JlanHas MeToauka, KpoMe a((hekTa OT CHIKEHHUs JaBieHUs. 0TPabOTaBLIEro rnapa B KOHJICH-
carope 3a CYeT BHEIPCHUS CHUCTEMBI IIAPUKOBOM OYHCTKH, YUUTBHIBAE€T Takxke dPQEKT OT
YMEHBIIEHUS THAPABIMIECKOTO COMPOTUBIIEHHS KOHAEHCATOPA.

IIpuBeneHs! MpakTHYECKUE Pe3yIbTaThl BHEPEHUS CHCTEMbI IApUKOBON OYHMCTKU Ha Ia-
poBeIx TypOmHax ['omensckoit TOILI[-2. Kak pesynbrar peryisipHoe NPHUMEHCHHE CHCTEMEI
MIaPUKOBOW OYMCTKHU TTO3BOJIMIIO JOBECTH TEMIIEPATYPHBIE HAMOPBI KOHIEHCATOPOB BCeX O110-
kOB TypbOoarperata T-180/210-130-1 1o HOPMATHUBHBIX BEIHYHUH M KOA(DGHUIMEHT YUCTOTHI
1o 0,85 Ha Bcex Tpex TypOoarperarax. Pe3ynbTaTsl paOOTHI, OIBIT BHEAPEHHUS aBTOMaTHYE-
CKOM CHCTeMBI IIapuKOBOM ouncTkH Ha ['omenbckoit TOII-2 um MeToauka pacuera ee 3 dek-
TUBHOCTH MOTYT OBITh PACIPOCTPAHEHBI PH BHEAPEHUH aHATOTUYHBIX CUCTEM Ha 3JIEKTPO-
cTaHIUsAX benopycckoll 5HEprocucTeMslL.

ITpemtoxeHsl MEPONIPUATHS MO COBEPIICHCTBOBAHUIO aBTOMATUYECKOH CHCTEMBI HIapu-
KOBOM OYMCTKH KOHJEHCATOpa C UCIIOIb30BAHIEM MaTeMaTHIECKOH MOJENIHN TypOUHEI, KOTO-
pble MO3BOJIAT ONTHMU3UPOBATH PEKUMBI OYUCTKH KOHAEHCATOPOB M HOBBICHTbH 3(PEKTHB-
HOCTB pabOTHI CHCTEMBI IIAPHKOBOIM OYHCTKH C yBEIUUCHUEM KOd(QHUIMEHTa YUCTOTHI KOH-
nencaropa o 0,90-0,92.

KiroueBble cioBa: KOHICHCATOp MAapOBOil TYypOMHBI, CHCTEMa LIAPUKOBOW OYHCTKH,
TEMIIepPaTypHBIA HANOp, JaBJICHWE OTPa0OTABIICTO Mapa, BaKyyM, THAPAaBIMYECKOE COMPO-
TUBJICHHE KOHACHCATOPa, IKOHOMHUYECKHI dPPEKT, CPOK OKYIMAeMOCTH, MAaTEMAaTHIECKasi MO-
JieNib TYpOUHBL.
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