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OBOBLUEHUE OMbITHLIX AAHHbBIX MO UCCIEQOBAHUIO MANOPAOHBLIX MAKETOB TPYB

C HAKINNOHHbIMU PEBPAMU

B nacmosuyeii pabome paccmompenvi paziuunvle KOMROHOBOUHbIE peuleHusi mpyo 6 naKemax.
Oyenenvl meniosvle U AIPOOUHAMUYECKUE XAPAKMEPUCMUKU MATOPIOHBIX NAKEMO8 mpyo ¢
nonepeuHbiMU HAKIOHHbIMU pebpamu. [lonyuenvl 060OwWaowue KpumepuaibHvie 3a6UCUMO-
cmu no MenyiogbiM U AdPOOUHAMULECKUM XAPAKMEPUCMUKAM NAKeMO8 mpyo.

Knrouesvte cnosa: Manopsionvie nakemol mpy6 — Opebpenuvie mpyovr — Aspoounamura —

Tennoobmen — IxcnepumeHnm

Y3ArAJlIbHEHHA EKCMNEPUMEHTANbHUX OAHUX 3 AOOCNIMXEHHA MAJNOPAOHUX MA-

KETIB TPYB 3 NOXUITUMU PEBPAMU

YV oaniii pobomi pozenanymi pizui komnonyeanvhi piwenns mpy6 6 nakemax. Oyineni meniosi
ma aepoOuHAMIYHI XaAPAKMEPUCTNUKY MALOPAOHUX NaKkemie mpyd 3 noOnepeuHuMu NnOXUiuMu
pebpamu. Ompumano y3a2anibHiOOYl KPUMEPIaIbHl 3AIe)HCHOCMI NO0 Meniosux [ aepoou-

HAMIYHUX XAPAKMEPUCMUK NaKemie mpyo.

Knrouosi cnosa: Manopsionue nakemu mpyb — Opebpeni mpyou — Aepoounamixa — Tennooo-

Min — Excnepumenm

EXPERIMENTAL DATA SUMMARY FOR THE RESEARCH OF PIPES IN THE FEW ROWS OF

BUNDLES WITH SLOPE FINS

In this paper different layout decisions for tubes in bundles are examined. Thermal and
aerodynamic characteristics of the few rows of bundles with cross slope ribs are assessed. The
generalizing criterion dependencies according to thermal and aerodynamic characteristics of

finned tubes in bundles are obtained.

Keywords: Few rows bundles tubes — Finned tubes — Aerodynamics — Heat exchange —

Experiment

I. BBEJAEHUE

B mocnenHee BpeMsi IpakTHKa CO3JaHUS BO3-
JOYIIHBIX TEIUIOOOMEHHUKOB BCE OOJIBIIE ONMUPACTCS
Ha WCIOJb30BaHNE MaJIOPSJHBIX IAKeTOB OpeOpeH-
HBIX TPYO.

OKCIIepUMEHTAJbHbIE HCCIICAOBAaHHS, IIPOBE-
neHHble B Opecckod rocymapcTBEHHOH akKaaeMHH
X0JI0/1a, MOKAa3ajld, YTO CO3JaHHe KOPHIOPHBIX MaKe-
TOB M3 TPEXTPYOHBIX 3JIEMEHTOB C IOINEPEYHBIMU
HaKJIOHHBIMH peOpaMu MPHUBOJAUT K YJIYYLICHHUIO Tell-
JOTUAPABIMYECKAX XapPAKTEPUCTUK BO3IYIIHBIX TEII-
noobmeHHbIx ammapatoB /1-3/. Opnako Ha 0ase
TPEeXTPYOHBIX 3JIEMEHTOB BecbMa HPOOJIEMATHIHO
CO3/JaHUE MAJIOPSIHBIX M IIAXMaTHBIX IakeToB. Jlis
OLICHKH XapaKTEPUCTHUK pPa3IM4YHbIX MOAM(PUKAINI
MaJIOPSAIHBIX MAKeTOB OBUIM CO3IAaHBI OpeOpeHHBIE
MOBEPXHOCTH C YTJIOBOH HOCaAKOI pebep B 30HE TPY-
938

Ilenbro AaHHOW CTaThbU SBIISIOCH 0000IIECHUE
OMNBITHBIX JI@HHBIX M MOJyYeHHEe 3aBHCHUMOCTEH TI0
pacueTy morepb Hamopa ¥ KOHBEKTHBHBIX KO3 (HHUITH-
€HTOB TEIUIOOTIAYH C YUYETOM MAJIOPSAHOCTH ITaKETOB
TpyO ¢ HaKJIIOHHBIMH pedpamu.

© B. U. Knsstok, A. E. Jlaeymun, B. B. Pequukut, 2013

Il. OCHOBHAS YACTb

O1eHKa TEMJIOBBIX M a3pOAMHAMUYECKHX IOKa-
3areneil 4eThIPEXPAAHBIX KOPUAOPHBIX M MIAXMATHBIX
MIAKETOB TPYO C OTHEJIBHO MOCaKCHHBIMH Ha TpyOy
HAKJIOHHBIMU pebpamu mpeacTaBieHa B paborax /4, 5/
B (Qopme paboumx 3aBUCUMOCTEH KOIDDHUIHCHTOB
TEIUIOOT/IaYM U TOTeph HAopa OT CKOPOCTH BO3AyXa
B «OKUBOM)» CeUCHHUHM TTakeToB TpyO o = f (Wyc) u AP
= f (Wikc).

[Tpu onpenenennn k03(hGUINEHTOB TEIIOOTAA-
YH UCIIOJIH30BAINCH METOJIBI TIOJIHOTO TEINIOBOTO MO-
JISTTMPOBAHMS TIPH CTAI[HIOHAPHOM TEIUIOBOM IOTOKE.

AbdpoJHaMHYecKUe HCIIBITAHUSI OBUIM TPOBe-
JICHbl B U30TEPMUYECKHUX YCIOBUsX. [IpuHATHIE B HC-
CJICIOBAHUSIX 3HAYEHUs MOINEPEYHOro S; M MpoJoIIb-
HOTO S, MmaroB TpyO B IMy4KaxX BBIOpaHBI, HCXOAS U3
YCIOBHH CO3JaHMS IUIOTHOW KOMITIOHOBKH TIO TIOTIE-
peuromy psany Tpyo (S;=0,05 M.) mpm pazTHIHBIX
3HAaYCHUAX MpoaosibHOro Irara S;= 0,05 - 0,065 m.

UccrenoBanuble Mydkn TPyO OTIMYAINCH pas-
JIUYHBIM PACIIONIOKEHHEM HAUOOJBIICH MPHUBEICHHON
JUIMHBI pe0ep, OTHOCUTENHFHO HaOeraromero IoToKa
Bo3nyxa. [lns BapuanTtoB oOTexanus Tpyd A u B
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(rabnuua 1) mpuBeneHHbIE UIMHBI pedep, COOTBET-
crBeHHo, coctaBuan: L = 0,051 m. u L = 0,046 m.

BapmaHTBI paccMOTpEHHBIX KOMOWHAITMA pac-
HOJIOXKEHHS TPYO B UETHIPEXPSIHBIX IaKeTaX MpUBE-
IeHbl B Tabmmre 1.

[Takets! TpyO Nel-4 ¢ OTHOCHTEIHHBIMH IIATaMU
pacrionoskenust Tpy6 Si/d = S,/d = 2,78 myrem mo-
CIIeZIOBATENFHOTO yaaneHus 4, 3 u 2 psaoB ObUIH TIpe-

Tadanua 1 — XapakTepucTUKy MakeToB Tpyo

00pa3oBaHbl B TPEXPSAHBIN, ABYXPAIHBIA M OZHOPSIA-
HBII nakeTsl. C OTMEYCHHBIMH TaKeTaMu OBUTH TPO-
BEJICHBI OIBITHI 110 ONPEICICHHUIO adPOJHHAMUYECKO-
IO CONPOTHBIICHUS NPU NEPEMEHHBIX 3HAYCHHUSIX CKO-
pocTu Bo3myxa. PesynbTaThl MCCIEOBaHUS IAaKETOB
TpyO AJS KOPUIOPHBIX IIAKETOB IPEICTaBICHBI Ha
pucynkax 1, 2. AHamormyHBIE 3aBHCHMOCTH IONTyde-
HBI ¥ TSI IIAXMATHBIX TaKeTOB TpyO Ne3, 4.
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XapakTepuCTHKHU MYyYKOB

Bapuanr paszmenienus Tpy0o oTHOCH-
TEJIHHO HAa0eTraloIero NoToKa BO3y- A B A B A B A B
xa
[puBeneHHas anuHa pedpa BIOIb 51 6 51 6 51 16 51 46
MOTOKa BO3yXa, - L, MM
[Monepeunslii war Tpyo - Sy, MM 50 50 50 50 50 50 50 50
[pononbHEIA mar Tpyo — Sy, MM 50 50 50 50 55 55 60 60
OTHOCI/ITe_nLHLH‘/'I MONEePEeYHBIN LIar 278 278 278 278 278 278 278 278
pr6 — 01— Slld
OTHOCHTEILHELT MPOZIOILHEIA mar 278 | 278 | 278 | 2,78 | 3,06 | 306 | 349 | 349
Tpyd — 6= S,/d
KoaddummeHT kKoMmakTHOCTH

2, 3 391 391 391 391 356 356 326 326
—1II, m“/™m
Pacnonoxenne Tpy6 B makere: 111- K K 1 I 1 1 I I
maxMatHoe; K- kopunopHoe
OTHOIIECHNE )KUBOI'O CEUYCHHUS MaKeTa
TpyO K cBOOOTHOMY CEUEHHIO KaHaa, 059

M3 pucyHkoB ciepyer, 4yTO IpU YBEIMYECHUU
Yyhcla PAOOB TPYO BAONB MOTOKAa BO3AyXa IOTEPH
Hanopa AP nakeToB pacTyT HEIpPONOPLUOHAIBHO, a
OTHOLIECHH IIOTEPh HAIOpa, NPUXOAAIIKXCS Ha OJUH
psin nmaketoB AP/z, 3aBUCHT OT NPHHATOrO BapHaHTa
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oOTekaHHs Makera HAaOEraroIIuM MMOTOKOM BO3/AyXa U
KOMITOHOBOYHOTO pelieHusi. [Ipy OpUeHTanuu Mo-
BEPXHOCTH [IAXMATHBIX U KOPUIOPHBIX AKETOB IO
BapuanTy (B) 3adukcupoBaHbl HaMMEHbBIINE TTOTEPU
Haropa.
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Pucynox 1 — 3asucumocmv AP = f (w;xc) 015 00HOPAOHBIX, 08YXPAOHBIX, MPEXPAOHBIX
U uemvipexpsAOHbIX KOPUOOPHBIX NaKemos mpyo (sapuanm oomexanus A)
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Pucynok 2 — 3asucumocmo AP = f (w;xc) 07151 00HOPAOHBIX, 08YXPAOHBIX, MPEXPIOHBIX
U YemblpexpaOHbIX KOPUOOPHBIX NaKemos mpyo6 (sapuanm obmekanus B)

OtHomenust moTeps Hamopa (APi/zi), mpuxo-
JUIIUXCST Ha OJHMH Ps MAJIOPSAHOTO KOPUIOPHOTO
naketa (zi = 1...4), K OTHOIICHHIO TIOTEPh HATIOPA, HA
OJIMH PSAJ LICCTUPSIHOrO Takera (Zs = 6), npeacras-
JIeHBI Ha pucC 3, B BUJE QYHKIUH:

Cz =f(z) = (APi/zi) / (APg/zs).

[omydennsie BenmumuuHbl nonpaBok Cz k more-
PsIM Hartopa MaJIOpsITHBIX TTAKETOB TPYO

CIIPaBCAJIMBBI TOJIBKO I paCCMOTPCHHBIX ITOBEPX-
Hocreit. Xapakrep 3aBucumoctu Cz = f(z) nmst Bapu-
anTta (B) xopuaopHOro makeTa MO XapakTepy 3aBH-
CHMOCTH COTJIaCYeTCsl C JAHHBIMH Ul MaJIOpPSIHBIX
MAaKeTOB U3 OPeOPEHHBIX TPYO TPAAMLMOHHBIX THIIOB
/6-8/, 1 UMeeT COBEPIICHHO MPOTUBOIOJIOXHBIA Xa-
paKTep BIUSHUA MPU PACIOJIOKECHUH TPYO B HaKeTe
Mo BapuaHTy (A).
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Pucynok 3 — 3asucumocmv Cz = f () 0152 kopudopHwix naxemog mpy6 npu pasHviX 3HAYEHUSX CKOPOCHU 8030~
xa:

O. Wxc =5 m/c. M- Wyc = TM/C; <O Wy = 8 M/c;
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[Tpn xopuagopHOH KOMIIOHOBKE TPYO IUIsl Ba-
puaHTa B, B mnamazone ckopocteii BO3oyxa Myc = 5 —
8 Mm/c, 3naueHne mompaBku CZ Ha PAOHOCTH IaKeTa
Bcerga Oomplne equHUIBL. J[1s BapwaHTa A, B IUarma-
30HE CKOPOCTEH BO3AyXa My = 5 — 7 M/c, BennInHa
morrpaBku Cz < 1, a Ipu CKOPOCTH BO3IyXa Myc > 7
m/c Benmunna monpasku Cz >1, (pucynok 3).

Jnst ManopsiTHBIX [IaXMAaTHBIX MAaKeTOB TPYO
3Ha4YEHHE MONPaBKU Ha PSIJHOCTh MaKeTa, B Mpeaeaax

TOYHOCTH OIIBITOB a3pOJMHAMHMYECKUX HCCIIEJOBAaHNUI
10%, moxHO npuHATE CZ =1.

OTHOmIeHNE 3HAYCHUH KOX(P(HUIMEHTOB TETI-
JIOOTAYX psiia o K CPEOHUM 3HA4eHUSIM K03 duiu-
SHTOB TEIUIOOTIAYH Ogy COOTBETCTBYIOIHMX YETHIPEX-
pSmHBIX TakeToB TpyO (maketst Ne 1-4) mpu pasnuy-
HBIX 3HAQUCHHUSIX CKOPOCTH BO3AyXa B KHBOM CEUCHHHU
HaKeTOB, IPEICTABIICHBI B BUIE 3aBUCUMOCTEH 0 gy =
f (z) Ha pucynke 4.
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Pucynok 4 — 3asucumocms ail oy = f(2) onsa nakemos mpy6:
a) — waxmamnozo naxkema Ne3(sapuanm A); 6) — waxmamnozo naxema Ne4 (sapuanm B);
8) — kopuoopnozo nakema Nel (sapuanm A) ;2) — kopudoprozo naxema Ne2 (sapuanm B);

Jnst Bcex MCCleIOBaHHBIX IAKETOB TPYO Io-
psAHOE M3MEHEHHE OTHOIIEHHH KOHBEKTHBHBIX KO-
s>} dunuenToB TemnooTnAYN o / 0y B MpeAeTax mo-
rpemHocTH +10 % MOXHO IPUHATH paBHBIM 1.

Jlnist makeToB TpyO XapaKTepHCTHKH, KOTOPBIX

IpUBeIeHbl B Tabnuie 1, pe3ynpTaThl TEIUIOBBIX U
a9POJVHAMHUYECKUX  HUCIBITAHUM NPEACTABICHBI Ha
puc. 5, 6 KpuTEepHaTHHBIMHU 3aBUCHMOCTSIMU BHIA:

NUK = C]_Re m, Eu= CzRe 7n.

Eu
10

0

1000

so00 Re

Pucynox 5 — 3asucumocms Eu = f (Re): @ —naxer Ne 1; ® — maker Ne 2; O — naker Ne 3;
B naker N 4; © —naker Ne 5; # —naker No 6; & — naker Ne 7; #& — maxer Ne 8.
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Pucynox 6 — 3asucumocms Nug = f (Re): @ — maxer N 1; ® — maxer Ne 2; O — maker Ne 3;
W naker Ne 4; & —naker No 7; & — maxer Ne 8.

3nauenus kodp¢uurenros Cy, C, U moxa-
3areiiel CTeMEHU m, N, MONTYYCHHBIX 3aBHCHMOCTEH
Eu = f (Re) u Nug = f (Re) cBenens! B Tabmumy 2. B
Ka4eCTBE OMPEICIIONINX MapaMeTPOB ObLTH BBIOpa-
HBI CKOPOCTh BO3/[yXa B OKHMBOM)» CCUCHHH IAKeTa U

THApaBIMYeCKUid nuameTp cedeHus. OOnacTe uc-
MOJIb30BAHUS TIOJyYCHHBIX ypaBHEHHH MOXKHO IPH-
HATh 10 rpadyKaM, NpeICTaBICHHBIM Ha puc. 5, 6 u
XapaKTepUCTUKAM IIaKEeTOB, IPUBEICHHBIM B Ta0nuie
1.

Tabauna 2 — 3HaueHns ko3 Punuentor Cy, C, U MmokazaTenei cTermeHn m, N.

Homep C, m R C, n R

Hakera
1 0,26 0,66 0,99 52,68 0,43 1
2 0,05 0,79 0,99 23,21 0,39 1
3 0,27 0,64 0,97 39,68 0,40 1
4 0,12 0,71 0,99 37,61 0,43 1
5 - - - 13,37 0,28 1
6 - - - 2,76 0,12 1
7 0,22 0,64 0,99 43,86 0,41 1
8 0,20 0,64 0,99 139,69 0,58 1

[Ipu ompeneneHnn a’poIUHAMUYECKOTO CO-
IPOTUBJICHUS] MAJIOPAJHBIX KOPHUIOPHBIX IAKETOB
TpyO € y4eToMm IONpPaBKU Ha PSAHOCTH HEOOXOAUMO
HCIO0JIb30BaTh 3aBUCUMOCTb!

Eu=Cz (C,/14)Re "z

Jnst ManopsHBIX NIaXMaTHBIX I[TAKETOB TPYO
3HaUCHHME TIONPAaBKH Ha PSAJAHOCTh IMAKETOB MOXKHO
NPUHATH PAaBHBIM €JUHUIE. B NpUBEICHHBIX KpUTe-
pusax monodust Nug ¢usmueckue napamerpsl BO3ayXxa
NPUHAMAJIICE 110 €r0 CPeJHEH TemMIepaType.

I11. BBIBO/IbI

Jlis Bcex WcCiIeOBaHHBIX ITAKeTOB TPYO BapH-
ant obrexanus (B) Oosee mpeamoyTHTENEH C TOYKH
3peHHsl MOTEPh HAMopa. YBEIHYCHHE MPOIOJHLHOIO
mrara S, B mpenenax 0,05 - 0,06 M. uia BapuaHTa A
(maxetsr Ne3, Ne7) u Bapuanta B (maketbr Ned, Neg),

MPAKTHIECKH HE OKa3bIBACT BIMSHUS HA adPOJIUHAMHU-
YeCcKOoe COINPOTUBIICHHE, HO IIpU JIIOOOM BapHaHTe
oOTekaHus TpyO NpU yBEIUYEHUH MPOJOIBHOTO I1ara
HaOJIOIaIOCh CHIDKEHHE KO3()(HUIIMEHTOB TEIIOO0T-
nauu Ha 17%.

Pe3ynbTaThl TEIUIOBBIX MCCIIEIOBAHUI TTOKA3aIH,
YTO TPH PaBHBIX OTHOCHTENBHBIX MIarax TpyO
(0,=idem o,=idem) nHamboiblllee BIMSIHHEC HA 3HAYE-
HUSI KOHBEKTHBHBIX KOA(D(HUIMEHTOB TEIUIOOTIAuN
OKa3bIBAaET BapUaHT OOTEKaHMUs ITaKETOB
Tpy0O MOTOKOM BO3/yXa.

Ocobenno omytumoe cHmkenne NUy Habmroma-
JIOCh TPU TIEPEOpHUEHTAMU TPYO Ul TECHOTo KOpH-
JOPHOTO Takera TpyO. 34ech BapHWaHT MepeopueHTa-
uuu pebep ¢ BapuaHTa A Ha BapuaHT B mpuBen k
CHMKEHHIO KOHBEKTHUBHBIX KO3((HUIIMEHTOB TEMI00T-
naun Ha 50-75%. J{1s maxMaTHBIX TakeToB TpyO mpu
nepeoprueHTalru pedep ¢ Bapuanta A Ha BapuaHT B
CHI)KEHHE KO3((QHUIMEHTOB TEIUIOOTAaYH TaKkKe MPH-
CYTCTBYET, HO OHO MeHee BhIpaxkeHO. [Ipm pacuere
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K03((UIMEHTOB TEMJIOOTAAYN MAJOPSAHBIX MAKETOB
(z< 4) MOXHO HCTIONB30BATH MONYYCHHBIC YPABHEHUSI
Nug = C;Re ™ 115 YeThIpexpsaHbIX TaKeToB TPYO.

Jns KOpUIOPHBIX MAaJIOPSAAHBIX IAKETOB TPYO
(z<4) pu ompesieNeHUH MOTEPh HAMIOPA HEOOXOIUMO
YUYHUTHIBATH NONPABKY HA €T0 PSAIXHOCTb.
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