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Themost general methodic ofheat transfer calculation for industrial bimetallic
heaters consisting of pipes with spiral aluminium ribs is described. Methodic
is based on distinct accounting of thermal resistances to heat transfer from
heating warming medium to .heated transverse air flow by frequently tested
experimental dependences. Theheat transfer of pipes and its aerodynamical
resistance is suggested to calculate by generalized criterial equations. These
equations embrace wide interval of ribs and pipe parameters, arrangemental
characteristics of bundle regime of air motion.

B nOCJIe,nHee BpeWl n0JIY'IHJIH llIHpoKoe npHMeHeHHe

cTaH,napTH3HpoBaHHble nOBepXHocTHble peKynepaTHBHble

B03,l(yX0HarpeBaTeJIH - KaJIOpH<pepbIH3 6HMeTaJIJIHtIeCKHX

pe6pHCTbIX Tpy6 (EPT). OHH npHMeHRIOTCJI B yCTaHoB-

Kax BeHTHJIj{QHHH KOH,nHQHoHHpOBaHHJIB03,nyxa, B OTonH-

TeJIbHO-BeHTHJIJlQHOHHbIXCHCTeMax 3,naHHH,,nJIj{ B03,ny1lI-

Horo OTOnJIeHHJInpoH3Bo,ncTBeHHbIx nOMeIQeHHH, B cy-

IlIHJIbHbIX yCTaHoBKax Pa3JIHtIHbIX TeXHOJIOrHtIeCKHX npo-

QeccoB, B CHCTeMax YTHJIH3aQHH TenJIa )'.lJ,aJIJleMOrOB03-

,nyxa npOMbIllIJIeHHbIX QeXOB H 06IQeCTBeHHbIx JAaHHH, B

cHcTeMax npe,nBapHTeJIbHOrO no,norpeBa nepBHtIHOrO B03-

,nyxa :mepreTHtIeCKHX KOTJIOB.

IIpOMbIllIJIeHHbIe cepHHHble KaJIOpH<pepbI KOHKpeTHoro

pR,na COCTOJITH3 c06paHHbIx B llIaXMaTHbIe nytIKH EPT

o,nHoro THnopa3Mepa C nOCTOJlHHbIMH 3HatIeHHJlMH none-

petIHOrO SI H npo,nOJIbHOrO S2 llIarOB pa3MeIQeHHJI Tpy6 B

pellIeTKax npH tIHCJIe nOnepetIHbIX (OTHOCHTeJIbHOHanpaB-

JIeHHJI B03,nyxa) pJl,nOBZ = 2, 3 H 4. Pa3JIHtIHble 3HatIeHHJI

nJIOIQa,nHnOBepxHocTH HarpeBa KaJIOpHlpepa ,nOCTHraIOT-

CJI npHMeHeHHeM B nOnepetIHOM PJl,ny Tpy6 pa3JIHtIHOH

,nJIHHbI 1
0
npH nOCTORHHOMHX KOJIHtIeCTBe. B OT,neJIbHbIX

KOHCTpYKTHBHbIXHCnOJIHeHHJlX(KaJIOpHlpepbI 3HatIHTeJIb-

HOHTenJIOBOH MOIQHOCTH)nJIOIQa,nb nOBepxHocTH Harpe-

Ba H3MeHReTCR nyTeM yBeJIHtIeHHH tIHCJIa Tpy6 B none-

petIHOM pHony npH 10= const. CJIe,noBaTeJIbHO, nepeMeH-

HOH JlBJIHeTCJInJIOIQa,nb nOnepetIHOrO CetIeHHH KaJIOpH-

cPepa 1\·
EPT npe,ncTaBJIHeT C060H HecyIQylO KpymylO Tpy6y

H3 ymepo,nHCTOH, Hep)l(aBelOIQeH CTaJIH, JIaryHH, Me,nH

co CnHpaJIbHbIMH HaKaTHbIMH amOMHHHeBbIMH pe6pa-

MH. IIepcneKTHBHo npHMeHeHHe EPT co CnHpaJIbHbIMH

HaBHTbIMH H3 aJIlOMHHHeBoH JIeHTbI pe6paMH, ,nJIJIKOTO-

pbIX xapaKTepHbI B 1,5 ... 2 pa3a MeHbllIHH pacxo,n aJIlO-

MHHHJI, B 2,5 ... 3 pa3a 60JIee HH3KHe 3aTpaTbI 3JIeKTpO-

3HeprHH Ha ope6peHHe Tpy6bI [7]. KpoMe Toro, B Tex-

HOJIOrHtIeCKOM npoQecce ope6peHHH He Hy)I(Ha CMa30tI-

HO-OXJIa)l(,naIOIQaJl )l(H,nKOCTb, 3arpH3HHIOIQaJl OKpY)l(alO-

IQylO cpe,ny.

B npHMeHHIOIQHXCHMeTo,nHKax paCtIeTa H no,n60pa CTaH-

,naprH3HpOBaHHbIX KaJIOpHcPepOBH3 EPT K03cPcPHQHeHTTen-

JIonepe,natIH k [BT/(M2·K)] npHHHMalOT JIH60 no Ta6JIHtI-

HbIM ,naHHbIM [9] B 3aBHCHMOCTH OT MaccoBoH CKOpOCTH

B03,nyxa wp [Kf/(M2·C)] (w - CKOpOCTb B03,nyxa; P - ero

nJIOTHOcTb), JIH60 no CKOpOCTHrpelOIQeH BO,nbIVI HJIH pac-

CtIHTbIBalOT no 3MnHpHtIeCKHM cP0pMYJIaM cPYHKQHOHaJIb-

Horo BH,na [1, 2, 8], KOTopbIe nOJIytIeHbI no pe3YJIbTaTaM

HCnbITaHHH rOJIOBHbIX06pa3QOB:

k =ICwp, v);

k =ICwp, 10);



k = j(wp,f), (3)

r~e io - ~JIHHa Tpy6hI.

rIoTepH ~aBJIeHHH B03~yxa Ha nyqKe Tpy6 KaJIOpH<pepa

BhIqHCJIHIOTno ypaBHeHHIO

!¥J = j(wp). (4)
<I>OpMyJIhI(1) - (4) HMeIOT qaCTHhIH xapaKTep: 06JIaCTh

HXnpHMeHeHIDI orpaHHqeHa KORKpeTHhIMH3HaqeHIDIMHreo-

MeTpHqeCKHX napaMeTpoB pe6ep H Tpy6hI, HX MaTepHa-

JIOM,KOHCTpyKU:HeHpe6pa, <pOpMOHnOnepeqHoro CeqeHIDI

Tpy6hI, yrJIOM aTaKH B03~llIHoro nOTOKaKOMnOHOBOqHhI-

MH xapaKTepHcTHKaMH Tpy6 B nyqKe (51' 52' z). Pacnpoc-

TpaHeHHe <pOpMyJIHa HHhIe THnopaJMephI EPT, xapaKTe-

pHCTHKH nyqKa H MO~YJIhHhIe PH~hI KaJIOPH<pePOBHeB03-

MOiKHO.

3HaqeHHH K03<P<PHU:HeHTOBTenJIOnepe~aqH, BhIqHCmle-

MhIe no (1) - (3), BKJIIOqaIOTCOCTaBJIHIOru:HeTepMHqeC-

Koro COnpOTHBJIeHHHB npou:ecce TenJIOnepe~aqH B CKphI-

TOH <popMe, n03TOMY HeJIh3H BhIHBHTh BJIIDItme KOHKpeT-

Horo cnoc06a TenJIo06MeHa Ha HHTeHcH<pHKaU:HIOnepe~a-

qH TellJIa OT rpeIOru:ero TenJIOHOCHTeJIHK HarpeBaeMoMY

B03~YXY. rIpe~CTaBJIeHHe TenJIOnepe~aIOru:eH xapaKTepH-

CTHKHKaJIOpH<pepa<popMyJIaMH yKaJaHHoro BH~a KpaHHe

3arpy).llUleT HaytiHO 060CHOBaHHhIHBhI60p HanpaBJIeHIDIHC-

CJIe~OBaHHHno nOBhIllIeHHIO 3HepreTHqeCKOH 3<p<peKTHB-

HOCTHH 0IITHMH3au:HHKOHC'lJ'YKTOPCKO-KOMllOHOBO~IXxa-

paKTepHCTHK nyqKa Tpy6 KaJIOpH<pepaH reoMeTpHqeCKHX

napaMeTpOB EPT.

B HaCTOHru:ee BpeMH npOMhIllIJIeHHOCTh npoH3Bo~HT

MHoro pa3JIHqHhIX THnopa3MepoB EPT. O~HaKo MeTO-

~HKa pacqeTa K03<P<PHU:HeHTaTenJIOnepe~aqH KaJIOpH-

<pepa, COCTOHru:ero H3 Tpy6, napaMeTphI KOTOphIX OT-

JIHqaIOTCH OT napaMeTpoB Tpy6 cepHHHhIX 6HMeTaJI-

JIHqeCKHX KaJIopH<pepOB, oTcyTcTByeT. TeM caMhIM an-

pHOpH HCKJIIOqaeTCHB03MOiKHOCTh npoeKTHpoBaHHH H

H3rOTOBJIeHHHHH~HBH~YaJIhHhIX KaJIopH<pepOB, HaH60-

JIee nOJIHO y~OBJIeTBopHIOru:HX Tpe60BaHHHM KOHKpeT-

Horo nOTpe6HTeJIH. B pH~e CJIyqaeB B03HHKaeT cHTya-

U:HH,npH KOTOpOH~onycTHMaH nOTepH ~aBJIeHHH B03-

~yxa B KaJIOpH<pepe He MOiKeT 6hITh 06eCneqeHa ce-

PHHHhIM annapaTOM H3 MO~YJIhHOrO pH~a. Tor~a He06-

XO~HM KaJIOpH<pep C HHhIMH 3HaqeHHHMH 51 HJIH z, TaK

KaK 52 cJIa60 BJIHHeT [7] Ha a3po~HHaMHqeCKOe conpo-

THBJIeHHe nyqKa.

I.:(eJIh pa60ThI - C03~aHHe yHHBepCaJIhHOH MeTO~HKH

pacqeTa K03<P<PHU:HeHTaTenJIOnepe~aqH H a3po~HHa-

MHqeCKHX xapaKTepHcTHK 6HMeTaJIJIHqeCKHX KaJIOpH-

<pePOB H3 llIaXMaTHhIX nyqKOB EPT C HaKaTHhIMH H

HaBHThIMH aJIIOMHHHeBhIMH pe6paMH. MeTo~HKa HB-

JIHeTCHHaH60JIee 06ru:eH, B HeH yCTpaHeHhI OrpaHHqe-

HHH H He~OCTaTKH Tpa~HU:HoHHO npHMeHHeMoro cno-

c06a pacqeTa CTaH~apTHhIx KaJIopH<pepOB H3 KpyrJIO-

pe6pHcThIX Tpy6.

Cyru:HOCTh MeTO~HKH 3aKJIIOqaeTCHB TOM, qro K03<P<PH-

U:HeHTTenJIOnepe~aqH EPT K [BT/(M2·K)], OTHeceHHhIH K

nOJIHOHHap)'iKHOH llJIoru:a~H nOBepXHOCTHope6peHIDI Tpy-

6hI, BhIqHCJIHeTCHno aHaJIHTHqeCKOH<popMyJIe

K= (RI+R2+R3+R4+R5tl, (5)

1 cpdo
r~e R1 = ---- npHBe~eHHoe TepMHqeCKOe conpOTHB-

u1 d1

JIeHHe npH TenJIOOT~aqe C BHyTpeHHeH CTOpOHhITpy-

6hI, M2·KlBT;

"R <pdQ ~cr
~'2 = --,-- npHBe~eHHoe TepMHqeCKOe conpOTHB-

d1 /l,cr

JIeHHe CTeHKH Hecyru:eH Tpy6hI, M2·KlBT;

cpdQR3 = ~ -- - npHBe~eHHoe TepMHqeCKOe KOHTaKT-
dl

Hoe conpOTHBJIeHHe Tpy6hI, M2•KlBT;

R.- TepMHtleCKOeKOHTaKTHOeconpOTHBJIeHHe,M2·K!BT;

cpdQ ~a
R4 = --1- npHBe~eHHoe TepMHqeCKOeconpOTHB-

d
K

/l,a

JIeHHe CTeHKH aJIIOMHHHeBOH pe6pHcToH 060JIOqKH,

M2·KIBT;

1Rs = - - npHBe~eHHoe TepMHqeCKOe COnpOTHBJIeHHe
U

npH TenJIOOT~aqe OT ope6peHHH K B03~YXY, M2•KlBT;

<p - K03<P<PHU:HeHTope6peHHH Tpy6hI;

<XI' <X - COOTBeTCTBeHHOK03<P<PHU:HeHTTenJIOOT~aqH

OT rpeIOru:ero TenJIOHOCHTeJIHK BHYTPeHHeH nOBepx-

HOCTHTpy6h1 H npHBe~eHHhIH K03<P<PHU:HeHTTenJIOOT-

~aqH OT ope6peHIDI K B03~YXY, BT/(M2'K);

dl, d., do- COOTBeTCTBeHHOBHYTpeHHHH ~HaMeTp Tpy-

6h1; ~HaMeTp KOHTaKTHOH30HhI, paBHhIH HapYiKHoMY

~HaMeTpy Hecyru:eH Tpy6h1; ~HaMeTp Tpy6hI no OCHO-

BaHHIO pe6ep, M;

~ , ~ - TOJIru:HHaCTeHKH Hecyru:eH Tpy6hI H aJIIOMH-CT a

HHeBOH060JIOqKH COOTBeTCTBeHHO,M;

ACT'A. -K03<P<PHU:HeHTTenJIOnpOBO~HOCTHCTeHKHHe-

CYIu:eHTpy6hI H pe6pHCTOH 060JIOqKH COOTBeTCTBeH-

HO, BT/(M·K).

PaCqeT qHCJIeHHhIX 3HaqeHHH RI, R2, R4 He BhI3hIBaeT

3aTpY~HeHHH. K03<P<PHU:HeHTTenJIOOT~aqH OT rpeIOru:eH

BO~hI, ~BHiKyru:eHCH BHyTpH npHMhIX ma~KHX Tpy6 KaJIO-



pU<pepa B TYp6yJIeHTHOH 06JIaCTU, Ha.n;e)l(HOpaCCqUTbIBa-
eTCH no XOpOIIlO U3BeCTHOMY ypaBHeHUlO M.A.MuxeeBa,
MHoroKpaTHo npOBepeHHoMy npaKTUKOH:

a = 0 021 A, Reo,s pr,0.4
1 , d 1 l'

1

r.n;eAl - K03<P<PHl-lUeHTTenJIOnpoBo.n;HOCTHBO.n;bI,BT/(M' K);
Rei = v Id/v I - qUCJIO PeHHOJIb.n;ca;
v I - K03<P<PUIJ;UeHTKUHeMaTUqeCKOH BH3KOCTHBO.n;bI,
MZlc.
Pr

1
- qHCJIO I1paH.n;TJIji .n;JIH BO.n;bI.

3Ha'leHHH \' v I' Pr 1 npUHUMaJOTCH no cpe.n;HeH TeMne-
parype BO.n;bIB KaJIOpH<pepe.

I1pH UCnOJIb30BaHUU B KaJIOpU<pepe KOH.n;eHcHpylOm;ero-
CH BHyTpH npHMbIX rna.n;KHX Tpy6 BOMHoro napa IIlHpOKO
npHMeHHlOT CJIe.n;ylOm;ylO 3aBHCUMOCTb [7]:

r.n;e wn -CKOPOCTb napa npu Bxo.n;e B TPy6y, M/c.
COBepIIleHHo OqeBH.n;HO, qTO aHaJIUTHqeCKaH 3aBHCH-

MOCTb (5) HMeeT ropa3.n;o 60JIee 06m;HH xapaKTep, qeM
(1) - (3), o.n;HaKO.n;ocToBepHbIH paCqeT K03<P<PHIJ;HeHTaTen-
JIonepe.n;aqH B03MO)l(eH JIHIIlb npu Ha.n;e)l(HOMpaCqeTe Tep-
MHqeCKHX conpOTHBJIeHHH Rs H R

K
, TO eCTb npH HaJIHqHH

o606m;eHHoro KpuTepHaJIbHOrO ypaBHeHHH ,lJ;JIjiK03<P<PHIJ;H-
eHTa TenJIOOT.n;aqHB03.n;yxa H 3HaqeHHH TepMHqeCKoro KOH-
TaKTHoro conpOTHBJIeHHH R

K
B .n;Hana30He TeMnepaTyp 3K-

CnJIyaTaIJ;HH EPT - KaJIOPH<pePOBU MaTepHaJIOB KOHTaKT-
HOH30HbI.

AHaJIU3 JIUTepaTypHblx .n;aHHblx nOKa3aJI, qTO MH pac-
qeTa KOHBeKTHBHOrO K03<P<PHIJ;UeHTaTenJIOoT.n;aqH B03.n;y-
xa, oMbIBalOm;ero IIlaXMaTHble nyqKH H3 KpyrnbIx Tpy6 CO
CnHpaJIbHbIMH HaKaTHbIMH H IIlaH60BbIMU pe6paMH UJIH
CnHpaJIbHbIMH HaBHTbIMU pe6paMu H3 JIeHTbI L-06pa3HOrO
nOnepeqHOrO CeqeHHH, Hau60JIee 06ocHoBaHHo npHMeHe-
HHe KpHTepUaJIbHOrO ypaBHeHuH [7], 6a30H .n;JIH KOToporo
HBHJIHCb3KcnepHMeHTaJIbHble UCCJIe.n;OBaHHH[4] 60JIee 100
nyqKOB H3 TPy6 C aJIlOMHHHeBbIMH pe6paMu pa3JIHqHbIX
reOMeTpUqeCKUX U KOMnOHOBOqHbIX napaMeTPoB, BKJIlO-
qalOm;HX BClO pa3MepHYlO raMMy EPT cTaH.n;apTHblx Ka-
JIOPH<pePOB[3]:

A [ 5 d)m (d )-{),S4 ( h )-0,14
aK = O,132-;CzC,+, 5~=d: ; S ReO,73 , (8)

r.n;e A - K03<P<PUIJ;HeHT TenJIOnpOBo.n;HOCTU B03.n;yxa,
BT/(M·K);
h, s -BblCOTa H IIlar pe6pa;
Cz =ftz)-nonpaBOqHbIH K03<p<pHIJ;HeHTHa qUCJIOnone-
peqHbIX pH.n;OBB nyqKe, npuHuMaeMbIH paBHbIM .n;JIH

z = 2,3,4,5,6 U 60JIee - 0,91; 0,98; 0,99; 0,995; 1,0;
C'¥= ft'JI) - nOnpaBOqHbIH K03<p<puIJ;HeHTHa yroJI an-
KH \jf nOTOKOM B03.n;yxa nyqKa EPT, npHHUMaeMbIH
paBHbIM .n;JIH 'JI = 90°,800,70°,60° -1,0; 1,035; 1,037;
1,167.
m = 0,53 - 0,019<p - nOKa3aTeJIb CTeneHU;

S = ~(O,5SI)2 +S; -.n;HarOHaJIbHbIH IIlar TPy6;

Re = ws/v - qUCJIO PeHHOJIb.n;ca .n;JIji B03.n;yxa;
w - CKOpOCTbB03.n;yxa B HaUMeHbIIleM npoxo.n;HOM ce-
qeHUH nyqKa, wc;
V - K03<P<PUIJ;HeHTKUHeMaTUqeCKOH BJl3KOCTHB03.n;y-
xa, MZ/c;

[pa<pHqeCKaJl 3aBHCHMOCTb C'¥ = ft'JI) [6] aTInpOKCUMU-
pOBaHa BbIpa)l(eHUeM

C'¥ = -1664,83 + ·132,41 'JI - 4,36'J1z+ 0,076'J13-
-7,44w4+ 3,86'J1s. (9)

<I>H3UqeCKUe napaMeTpbI B03,D;yxa A,v npHHHMalOT npu
ero cpe.n;HeH TeMnepaType B nyqKe KaJIOpH<pepa.

I1orpeIIlHocTb paCqeTa a
K

no (8) He npeBbIIIlaeT ±15 %.
YpaBHeHHe o606m;aeT OnbITHbIe .n;aHHbIe B .n;UaTIa30Hax:

Re = 150 ... 85000; dr/s = 2,88 ... 16,1; his = 0,4 ... 6,4;
(51- do)/(5z- do) = 0,46 ... 2,61; <p = 5 ... 22.

CBJl3b npHBe.n;eHHoro K03<p<pHIJ;HeHTaTenJIOOT.n;aqUa C
KOHBeKTHBHbIM K03<p<pUIJ;UeHTOMTenJIOOT.n;aqUa

K
yCTaHaB-

JIHBaeTCJl Bblpa)l(eHUeM (10) [11]

a = aJ(F/F)JlE'JIp + Frp/FJ, (10)

r.n;eFp= F6 + F
T

-nJIOm;a.n;b nOBepxHocTH pe6ep Ha 1M .n;JIH-
HbI Tpy6bI;
F6 - nJIOm;a,[J;b60KOBOH nOBepxHocTU pe6ep Ha 1M MU-
HbI Tpy6bI;
F

T
- nJIOm;a.n;bnOBepxHocTH TOpIJ;OBpe6ep Ha 1M .n;JIU-

HbI Tpy6bI;
F - nJIOm;a.n;bnOBepxHocTH TPy6bI .n;JIUHOH1M no oc-

rp

HOBaHHlO pe6ep, He 3aHJlTaJl nOCJIe.n;HUMU;
F = F + F -nOJIHaJl nJIOm;a.n;bnOBepXHOCTU ope6pe-p rp
HUJl 1M .n;JIUHbITpy6bI;
~ - K03<P<PHIJ;HeHT<pOPMbInOnepeqHOrO CeqeHHJl pe6-
pa . .ll:JIJl pe6ep npJlMoyrOJIbHoro H 6JIU3KOro K HeMy
CeqeHUJl ~ = 1,0.
E = ftf3h,dldo) - K03<P<PUIJ;HeHT3<p<peKTHBHOCTHpe6-
pa, npuHuMaeMbIH no rpa<pHKaM, npuBe.n;eHHbIM, Ha-
npuMep, B [7, 11] . .ll:JIJl aJIlOMHHUeBblX pe6ep Tpy6
cTaH.n;apTHbIx KaJIOPH<pePOBE == 0,94 ... 0,98.
d - HapY)l(HbIH .n;uaMeTp ope6peHHJl, M;

f3h = h~2a. JO.../i,) - 6e3pa3MepHbIH KOMnJIeKC;



A - K03epepHI.UiemTeIUIOrrpOBO,JJ;HOCTHMarepHaJIa pe6-
p

pa, BT/(M'K);

t1 - cpe~HIDI TOJImHHa pe6pa, M;

'If - K03<pepHllHem HepaBHOMepHOCTH pacrrpe~eJIeHIDIp .

K03epepHlUIema TenJIOOT~aqH no nOBepXHocrn pe6pa

[11],

'If = 1 - 0,058~h. (11)p

3HaqeHIDI R
K

AJUI 6HMeTaJIJIHqeCKHX CTaJIbHbIX Tpy6 H

aJIlOMHHHeBbIX HaKaTHblX pe6ep B HHTepBaJIe H3MeHeHIDI

Cpe,JJ;HeHTeMneparypbI 30HbI KOmaKTa t
K

= 50 ... 230 °C

C norpeIIlliOCTblO ±10 % BbJqHClliIlOT no [7,4] KaK

R =(j,22'10-3+2,5'1~(t -95). (12)
K K

MO)f(HO rrpmrnMarb (rrpH t
K
< 90 dc) AJUITpy6 H3 yrnepo~-

CThIX CTaJIeHR
K

=1,83·10-4 M2·K!BT, AJUI Hep)l(aBelOmeH CTa-

JIH - (3,2 ... 3,7)'10-4 M2·K!BT, AJUI JIaTyHH JIOMrn-70-1 -
0,7·10-4 M2·K!BT. .

~ EPT C HaBHTbIMH aJIlOMHlilleBbIMH L-06paJHbIMH

pe6paMH 3HaqeHIDI R
K

rrpHBO,LVITCX B pa60Te [5]. TaKHe

Tpy6bI B HaCTOXmee BpeMX no PaJJIIfqHbIM npHqHHaM eme

He HaIIIJIH IIIHpOKOro npHMeHeHIDl.

~ pacqeTa nOTepb ~aBJIeHIDI B03~yxa t1p (Ila) Ha llIax-

MaTHOM nyqKe KaJIOpHepepa peKoMeH~yeTcx [7] npHMeRXTb

0606meHHoe ypaBHeHHe [11], KOTopoe no HCCJIe~OBaHHXM

[4] MO)l(eT 6bITb pacnpocTpaHeHo Ha EPT co CnHpaJIbHbI-

MH HaKaTHbIMH H HaBHTbIMH pe6paMH:

R -0,25
An = 2 7zC C (lid )0,3 e/ pw2 (13)L..¥J , Z\V;) ,

r~e C: = f(z) - nOnpaBOqHbIH K03epepHUHeHT Ha qHCJIO

nOnepeqHbIX PX~OB, npHHHMaeMbIH paBHbIM ~JIX z =
1,2,3,4,5 H 60JIee - 1,23; 1,18; 1,08; 1,02; 1,0; MX
Tpy6 C HaBHTbIMH pe6paMH C = 1,0;z
Clf = .f{'If) - nOnpaBOqHbIH K03epepHUHeHT Ha yrOJI aTa-
KH B03~YXOM Tpy6 nyqKa, npHHHMaeMbIH paBHbIM AJUI
'If = 900

, 800
, 700

, 600 COOTBeTCTBeHHO 1,0; 1,079;
1,188; 1,60.

fpaepHqeCKa'l 3aBHCHMOCTb Clf = .f{'If) [6] HaMH annpoK-
CHMHpoBaHa Bblpa)l(eHHeM

Clf= -143,016 + 11,04'1f - 0,323'1f2+ 0,0046'1f3-

-3,178~+8,629\jfi, (14)

lid, = 0,15 ... 12,5; 'If ~ 90 ... 600
.

JIHHeHHbIH onpe~eJI'IlOmHH paJMep, M

1= (FTp/ F)do + (Fp / F)~O, 785(d2
- d~). (15)

3KBHBaJIeHTHbIH ~HaMeTp HaHMeHbllIero npoxo~Horo

CeqeHH'I nyqKa, eCJIH TaKOBbIM '1BJI'IeTC'I epPOHTaJIbHOe

nOnepeqHOe CeqeHHe (KaK BO Bcex cTaH~apTHblx KaJIOpH-

epepax), paCCqHTbIBalOT no epopMyJIe:

ECJIH HaHMeHbllIHM npOXO~HbIM CeqeHHeM '1BJIXeTC'I

~HarOHaJIbHOe, TO B (16) BMeCTO St nO~CTaBlliIeTC'I S2'
YpaBHeHHe ~eHCTBHTeJIhHO B HHTepBaJIe Rei = wllv =

= (2 ... 180)'103.

<DH3HqeCKlfe CBoHcTBa B03~a p, v npHHHMaIOTC'I no ero

cpe~HeH TeMnepaType B nyqKe.

IlorpellIHocTh BhlqHCJIeHH'I !J.p COCTaBJI'IeT ±20 %.

C ueJIhlO npoBepKH npHMeHHMocrn H3JIO)l(eHHOHMeTO~H-

KIf HaMH BbIllOJIHeHhI cpaBHHTeJIhHhle paCqeThI K03epepHUH-

eHTa TellJIOnepe~aqH H nOTeph ~aBJIeHIDI B03~yxa npH Mac-

COBhIX CKOpOCT'IX Bomyxa BO epPOHTaJIhHOMCeqeHHH wp =

= 3 H 7 Kr/(M2·C) AJUi cepHHHhIX napOBhlX KaJIOpHepepoB N!! 6
H 10 KOCTpoMcKOro 3aBO~a C TpeXp'l,JJ;HhIM H qeThlpeXp'lk

HbIM llIaxMaTHhlM llyqKOM. KOHCTpyKTHBHhle paJMepbI Ka- .

JIOpHepep~>B~aHbI B [3, 8]. Cpe~HIDI TeMneparypa BO,LVIHOrO

napa B llyqKe npHHxTa 50 DC, ~aBJIeHHe cyxoro HaChlmeH-

Horo B03~a 0,12 Mila. IlyqOK Tpy6 COCTOHTH3 EPT C

HaKaTHhIMH aJIIOMHHHeBhlMH pe6paMH pa3MepaMH

d X dox h X s x!J. = 39,0 X 20,0 X 9,5 X 3,4 X 0,825 MM;

<p = 9,5. PaJ6HBKa Tpy6 B pellIeTKaX paBHocTOpOHHX'I C

llIaraMH SI = S2' = 41,5 MM; S2 = 36 MM. Hecyma'l Tpy6a C

HapY)l(HhIM ~HaMeTpoM d
K

= 16 MM H TOJImHHOH CTeHKH

&cr = 1,2 MM BhIllOJIHeHa H3 yrJIepO~HCTOH CTaJIH. CKOpOCTh

napa Ha Bxo~e B Tpy6hI KaJIOpHepepoB w n = 4 M! c. Pe3YJIh-

TaThl paCqeTOB CBe~eHbl B Ta6JIHn:y.

N!6 N! 1O

Xap8lCfe- MaCCOBUi

CKOpOCTb wp. tIHcno nonepelfHLlX PJlJ10B B KanOpHq.epe z
pHCTHKll

Kr/(M"C)
3 4 3 4

k, 3,0 49,3/49,9 45,0/50,4 46,8/49,9 43,8/50,4

BT/(M2'K)
7,0 69,5n9,3 67,4180,1 66,on9,3 65,5180,1

3,0 45,3/68,9 57,7190,2 45,3/68,9 57,7190,2
tt.p,na

7,0 213,0/277,7 244,5/363,6 213,01277,7 244,5/363,6

B Ta6JIHue 3HaqeHH'I K03epepHUHeHTa TenJIOnepe~aqH B

qHCJIHTeJIe BbIqHCJIeHbl no epopMyJIe (3) C HCnOJIh30BaHH-

eM ~aHHhIX HcnhlTaHHH npOMhIllIJIeHHhIX rOJIOBHhIX 06paJ-

UOB [2, 9] (~aJIee 0603HaqaeTC'I kn), a B 3HaMeHaTeJIe -

no 0606meHOMY ypaBHeHHIO (8) (~aJIee k ). 3HaqeHIDI no-p

Tepb ~aBJIeHIDI B03~yxa B qHCJIHTeJIe nOJIyqeHhl no 3aBH-

CHMOCTH (4) H3 [2, 8] (~aJIee !J.Pn)' a B 3HaMeHaTeJIe - no

npeMaraeMoMY ypaBHeHHIO (13) (~aJIee !J.p ).
p

Pacxo~eHHe pe3YJIbTaTOB pacqeTa no PaJHbIM epOPMY-

JIaM BbIqHCJI'lJIH B % CJIe~YIOmHM 06paJOM:



ok = [(kn - kp)lknl100 (17)

HOp = [(~n -llPl~PnllOO. (18)

PaCqeTHhle 3HaqeHIDI K03<P<PHIIHeHTaTeruIOrrepe,n:aqH rro

o606lI(eHHOH <popMYJIe rrpeBbIlllaIOT ,n:aHHhIe Tpa.n:HI.J;HOH-

HOH MeTO,n:HKH,6aJHpyrolI(eHCH Ha HcrrhITaHIDIX rrpOMhIlll-

JIeHHbIX roJIOBHbIX 06paJIIOB, Ha 1,2 ... 22,3 %. Pe3YJIhTaT

HBJIHeTCHrrpHeMJIeMbIM, TaK KaK Haxo,n:HTCHB rrOJIe HaKO-

rrHTeJIhHOH rrorpelliHOCTH HCXO,n:HbIXypaBHeHHH B aHaJIH-

TJiqeCKOH <poPMYJIe (5). 11 XOTH HH B O.n;HOMH3 crrpaBO'l-

HhIX H3,n:aHHHrro KaJIOpH<pepaM H pe3YJIbTaTaM HX 3aBO,n:c-

KHX HCrrbITaHHH He YKaJhIBaeTCH rrorpeIIIHOCTh <poPMYJI

(1) - (4), eCJIH Cy,n:HTbrro HMelOlI(HMCH pe3ynbTaTaM rrpo-

MhIIIIJIeHHhlX HCIIhITaHHH rOJIOBHhlX 06paJIIOB pereHepaTo-

pOB [11] raJ0Typ6HHHhlX yCTaHOBOK,TeM He MeHee rrorpem-

HOCTb HX He HH)I(e ±I5 %. TaK*e XOpOlliO H3BeCTHO, '!TO

.paCqeTHble ypaBHeHIDI H COOTHOllieHIDI, rronyqeHHhle rrpH

3KcrrepHMeHTaJIhHOM HCCJIe,n:OBaHHHMo,n:eJIeH 06paJIIOB

TeIIJIoo6MeHHhIx yCTpOHCTB, H rrocTpoeHHhle Ha HX 6aJe

o606lI(eHHhle KpHTepHaJIbHble ypaBHeHIDI HBJIHIOTCHHaH-

60JIee ,n:ocToBepHhIMH H Ha,n:e)l(HhIMH rro cpaBHeHHIO C rro-

nyqeHHhIMH Ha 6aJe HHhlX OrrbITHhlX ,n:aHHhlx. CKaJaHHoe

He rrpoTHBope'IHT Heo6xo,n:HMoCTH rrpoBe,n:eHIDI HCIIhITaHHH

HaTypHblx 06PaJIIOB arrrrapaToB, TaK KaK rro,n:06Hble HcrrhI-

TaHIDI rr03BOJIHlOTYCTaHOBHTb BJIIDIHHe KOHIIeBhlX 3<p<peK-

TOBrroBepXHoCTH TeIIJIoo6MeHa, HepaBHOMepHoCTH CKOpO-

em Bo:myxa rrepe,n:rry'II<OM, Typ6yneHTHoem Ha6erarolI(ero

rrOTOKaH.n:pymx <paKTOPOB,o6yCJIOBJIeHHhlX MacIIITa6HhIM

<paKTOpOM.

PaCqeTHhle rroTepH ,n:aBJIeHIDIB03,n:yxa Ha rryqKe rrpeBbI-

IIIaIOT rrOJIyqeHHhIe rro qaCTHoMY ypaBHeHHIO (4) Ha 48,7 -

52 %. Pe3YJIbTaT y,n:OBJIeTBOpHTeJIhHbIH C yqeTOM TOro,

'!TO H qaCTHhIe, H o606lI(eHHhle 3aBHCHMOCTH.D:JIHrroTeph

,n:aBJIeHIDIHMelOT 66JIblllyIO rrorpelliHocTb, qeM TerrJIOBble

xapaKTepHcTHKH.

TaKHM 06paJOM, HaH60JIee IIeJIecoo6paJHbIMH ,n:JIHpac-

qeTa TerrJIOa3pO,l(HHaMHqeCKHX xapaKTepHCTHK 6HMeTaJI-

JIHqeCKHX KaJIOPH<pePOBH3 EPT HBJIHIOTCHaHaJIHTHqeC-

KaH 3aBHCHMOCTb (5) H ypaBHeHHe (13). BMecTe C 3THM

OCTaeTCH aKTYaJIbHOH 3a,l(aqa ,l(aJIbHeHlllero o606lI(eHHH

orrblTOB rro a3pO,l(HHaMHqeCKoMy COrrpOTHBJIeHHIOMO,l(eJIeH

rryqKOB EPT H rrocTpoeHHIO KpHTepHaJIbHOrO ypaBHeHHH

60JIbllleH TOqHOCTH.

CUHeOK JIHTepaTypLi

1. E020CJl06CKUUB.H, fl03 M.JI. TerrJI0<pH3HKa arrrrapa-

TOBYTHJIH3aIIHH TerrJIa CHCTeMOTOrrJIeHHH,BeHTHJIHIIHH

H KOH.D:HIIHOHHpoBaHIDIB03,l(yxa. - M.: CTpoHH4D:aT,I988.

2. EpUM06 A.fl., KOCeH.K06B.H., JlK06Jle6 H.B. CHcTe-

MbI KOH,l(HIIHOHHpoBaHHH B03,n:yxa. - M.: 113,l(-BOM311,

2002.

3. KamaJl02 BbIIlycKaeMoH rrpO,l(yKIIHH. KOCTpOMCKOH Ka-

JIOPH<pePHbIH3aBO,l(,2003.

4. KyH.mblUl B.E., KY3H.et/o6HM. TerrJIOBOH H a3p0,l(HHa-

MHqeCKHH paCqeTbI ope6peHHblX TeIIJIo06MeHHHKoB B03-

,l(YlliHoro OXJIa:>K,l(eHHH. - Cll6.: 3HeproaToMH3-

,l(aT,I992.

5. KyH.mblUl B.E., fluup A.3. KOHTaKTHbIH TerrJIo06MeH

B 6HMeTaJIJIHqeCKHX Tpy6ax co CrrHpaJIbHO-HaBHTbI-

MH aJIIOMHHHeBbIMH pe6paMH L-06pa3Horo rrorrepeq-

Horo CeqeHHH II XIII IllKoJIa-ceMHHap MOJIO,l(bIX yqe-

HbIX H CrreIIHaJIHCTOB rro,l( pyK. aKa,l(. PAH A.I1.JIeoH-

TbeBa "<1>H3. OCHOBbI 3KcrrepHMeHT. H MaT. MO,l(eJIHpO-

BaHHH rrpoIIeccoB raJO,l(HHaMHKH H TerrJIOMaCCo06Me-

Ha B 3HepreTHqeCKHX YCTaHoBKax", 20 - 25 MaH

200Ir., CaHKT-lleTep6ypr. T. 2. - M.: 113,l(-BO M311,

2001.

6. KyH.mblUl B.E., (/)eoomo6a fl.M. BJIHHHHe yma aTaKH

B03,l(ylliHoro rrOTOKa Ha TerrJIo06MeH H corrpOTHBJIeHHe

lllaxMaTHoro rry'lKa ope6peHHblx Tpy6 II 113BecTHH BY-

30B.3HepreTHKa. 1983. N!! 4.
7. OCH.06blpaCqeTa H rrpOeKTHpOBaHHH TerrJIo06MeHHHKoB

B03,l(ylliHoro OXJIa)l(,[(eHHH.CnpaBOqHHK I A.H.EeccoH-

HbIH, r.A.,ZJ;peHIIep, B.E.KyHTbIlli H ,l(p.; llo,l( o6lI(. pe,l(.

B.E.KYHTbIllla, A.H.EeccoHHoro. - Cll6.: He,l(pa,I996.

8. Pac'lem, npOeKTHpOBaHHe H peKoHcTpyKIIHH JIecocy-

IIIHJIbHbIX KaMep I E.C.Eor,l(aHOB, B.11.MeJIexoB,

B.E.KYHTbIlli H ,l(p. - M.: 3KOJIorHH,I993.

9. PblMKe6U'l A.A., XallaMeU3ep M.E. YnpaBJIeHHe CHC-

TeMaMH KOH,l(HIIHOHHpOBaHHHB04D:yxa. - M.: MalllHHo-

CTpoeHHe, 1977.

10. TenJloo6MeH.H.bleannapaTbI H3 npo<pHJIbHbIX JIHCTOB I

B.M.AHTY<pbeB, E.K.ryceB, B.B.I1BaxHeHKo H ,l(p. - JI.:

3HeprIDI, 1972.

11. !OOUH. B. (/). TeIIJIo06MeH norrepe'IHOOpe6peHHhIX Tpy6. -

JI.: MalllHHOCTpOeHHe,1982.


