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HeCTaIJ;HOHapHble JIOKaJIbHble K03<l><l>HIJ;HeHTbI

TeIIJIOOT,n;aqH H TeIIJIOBble IIOTOKH Ha

IIOBepXHOCT5IX pa60qeit KaMepbI IIopmHeBoro
,n;eTaH,I(epa

KaHa. mexH. Hay" A.IO. fPHfOPhEB
CII6rYH u IIT

The technique of calculation of the stage of apositive displacement machine
has been developed and tested, which allows to determine parameters of
non-stationary local heat exchange on the main surfaces of working chamber
at the design stage. Heat exchange between gas and the walls of the working
chamber of the expander stage is ofpurely non-stationary and local character.
The coefficients of heat transfer and heat fluxes reach the largest values
during intake process. The most intensive heat input from the walls to gas
(negative heat fluxes) lakes place on the surface of the piston during exhaust
and ejection. Use of the developed model and of the calculation application
program is most suitable at the final development stage of designs of
prototypes of expansion and compressor positive displacement machines.

)J:JUIrro.rryqeHIDI ra30B C HH3KOH H cBepxHH3KOH TeMrre-

paT}'PoH HCrrOJIh3YlOTCJIPaJJIHqHhIe TeXHOJIOrHqeCKHe yc-

TaHoBKH, B COCTaBeKOTOphIX HaXO,WITrrpHMeHeHHe rropIII-

HeBhIe ,n:eTaH,n:ephI.CHH:lKeHHe 3KCrrJIyaTaQHoHHhIX 3aTPaT

Ha BhIpa60TKy «e,n:HHHQhI XOJIo,n:Horo raJa)) JlBJIJleTCJIo,n:-

HHM H3 OCHOBHhIXTPe60BaHHH K yCTaHoBKaM ,n:aHHoro rrpo-

<pHJIJI. 3<p<peKTHBHoCTh pa60ThI ,n:eTaH,n:epa 3aBHCHT OT

TerrJIo06MeHa Me:lK,n:y ra30M H rroBepXHOCTJlMH pa60qeH

KaMephI, cymecTBeHHo BJIHJllOmerO Ha TeKymHe H HHTer-

paJIhHhIe rrapaMeTphI ra3a Ha BhIxo,n:e H3 MaIIIHHhI.

)J:aBJIeHHe H TeMrrepaTypa ra3a B pa60qeH KaMepe ,n:e-

TaH,n:epHoH cTYrreHH H3MeHJlIOTCJI rro ymy rroBopoTa KO-

JIeHqaToro BaJIa cp, a rrpH <pHKcHpoBaHHhIx 3HaqeHHJlX cp
OHH rrepeMeHHhI H rro 06'heMY QHJIHH,n:pa KaK B oceBoM,

TaK H B pa,n:HaJIhHOM HarrpaBJIeHHJlx. BMecTe C TeM ,n:o

CHX rrop rrpaKTHqeCKH OTcyTCTBylOT Ha,n:e:lKHhIe KOJIHqe-

CTBeHHhIe ,n:aHHhIe 0 JIOKaJIhHhIX, rrepeMeHHhIx BO BpeMe-

HH CKOpOCTJlXraJa, TerrJIOBhIX rrOTOKax H K03<P<PHQHeHTax

TerrJIOOT,n:aqHHa OCHOBHhIX rroBepXHOCTJlX pa60qeH KaMe-

phI ,n:eTaH,n:epHhIX cTyrreHeH, a CBe,n:eHHJI0 pacrrpe,n:eJIe-

HHH ,n:aBJIeHHH H TeMrreparyp ra3a rro 06'heMy QHJIHH,n:pa

HOCJlT 0TPhIBOqHhIH xapaKTep.

3KcrrepHMeHTaJIhHOe H3yqeHHe JIOKaJIhHOrO, HeCTaQHO-

HapHoro TerrJIo06MeHa Ha TOpQeBOH KphIIIIKe, 3epKaJIe QH-

JIHH,n:pa H ,n:HHme rrOpIIIHJI C yqeTOM B03BpaTHo-rrocryrra-

TeJIhHOrO ,n:BH:lKeHHJIrrOCJIe,n:Hero qpe3BhIqaHHO CJIO:lKHOH

Tpy,n:oeMKO. Pe3YJIhTaThI, rrOJIyqeHHhIe OT ,n:aTqHKOB,yCTa-

HOBJIeHHhIX B MepTBOM 06'heMe pa60qeH KaMephI, MO:lKHO

CqHTaTh C ,n:OCTaTOqHOH CTerreHhlO BepHhIMH ,n:JUIBcero

o6'heMa QHJIHH,n:paTOJIhKOrrpH rrOJIO:lKeHHHrrOpIIIHJI B6JIH3H

BepXHeH MepTBOH TOqKH. TIOJIyqeHHhIe TaKHM 06paJOM

rrapaMeTphI TerrJIo06MeHa 6y,n:yT crrpaBe,n:JIHBhI JIHIIIh ,n:JIJI

orpaHHt.IeHHOH qaCTH ,n:eTaH,n:epHoroQHKJIa: OKOHt.IaHHJIrrpo-

Qecca 06paTHoro C:lKaTHJI,rrpoQecca BrrycKa H HaqaJIa rrpo-

Qecca HarrOJIHeHIDI. O,n:HaKO 3THX ,n:aHHhIX He,n:OCTaTOqHO

,n:JUIaHaJIH3a H 060CHOBaHHJI 3aKOHOMepHOCTeH HeCTaQHO-

HapHoro, JIOKaJIhHOrO TerrJIoo6MeHa B OCHOBHhIX rrpoQec-

cax ,n:eTaH,n:epHoro QHKJIa (HarrOJIHeHHe, paCIIIHpeHHe, BhI-

XJIorr H BhITeCHeHHe), rrpOTeKalOmHX rrpH y,n:aJIeHHHrropIII-

HJI OT KphIIIIKH QHJIHH,n:paB HarrpaBJIeHHH HH:lKHeH MepTBOH

TOqKH.

TaKOH rro,n:xo,n:, rro MHeHHIO aBTopa, rrpHBo,n:HT K HeBep-

HOMy rrpe,n:CTaBJIeHHIO 0 cpe,n:He06'heMHOH TeMrrepaType

raJa B pa60qeH KaMepe, 3aBhIIIIeHHIO 3HaqeHHH K03<P<PH-

QHeHTOB TerrJIOoT,n:aqH H y,n:eJIhHhIX TerrJIOBhIX rrOTOKOBHa

ee rroBepXHOCTJlX, qTO He rr03BOJIJleT yCTaHoBHTh KoppeK-

THylO CBJl3h JIOKaJIhHhIX K03<P<PHQHeHTOBTerrJIOOT,n:aqH H

CKopOCTeH raJa Ha TerrJIoo6MeHHhIX rrOBepXHOCTJlX pa6o-

qeH KaMephI.

C pa3BHTHeM BhIqHCJIHTeJIhHOH TeXHHKH H qHCJIeHHhIX

MeTo,n:OB peIIIeHHJI ,n:H<p<pepeHQHaJIhHhIX ypaBHeHHH rrpH

HCCJIe,n:OBaHHHpa60qHX rrpOQeCCOB B cTyrreHJlx MaIIIHH

06'heMHOrO ,n:eHcTBHJI rrpe,n:rrOqTeHHe Bce 'lame OT,n:aeTCJI

rro,Uxo,n:aM, OCHOBaHHhIM Ha <pYH,n:aMeHTaJIhHhIX <pH3HqeC-



KHX 3aKOHaX B COtIeTaHHH C MeTO.n;OM MaTeMaTHtIeCKO-

ro MO.n;eJIHpOBaHHjJ pa60tIHX npOQeCCOB, XapaKTepHhIX

.n;JIjJcTyneHeH KOMnpeCCOpHhIX H paCIIIHpHTeJIhHhIX Ma-

IlIHH.

JIerKo yCTaHoBHTh, tITO H3BeCTHhle H3 JIHTeparyphI pa-

60ThI no MaTeMaTH':leCKoMy Mo.n;eJIHpOBaHHIOTenJIo06Me-

Ha B pa60tIeH KaMepe noplllHeBoro .n;eTaH.n;epa H KOMn-

peccopa BO MHorOM CXO.n;HhIH 6a3HPYIOTCjJ Ha CJIe.n;ylO-

lQHX .n;onyllIeHHjJx.

V Pa60tIHH ra3 Heno.n;BHJKeH H O.n;Hopo.n;eHno BceM na-

paMeTpaM B npe.n;eJIax pa60tIeH KaMephI.

V I1poQecchI B QHJIHH.n;pax H npHMhIKalOlQHX nOJIOCTjJX

KBa3HCTaTHtIHhI.

V TenJIo06MeH MeJK):(y ra30M H CTeHKaMH pa60tIeH Ka-

MephI - KOHBeKTHBHhIH H onHChIBaeTCJI <pOPM)'JIOH HhlO-

TOHa:

dQ = UF F (Tw - nd't,

r.n;e dQ - TenJIOTa, nepe.n;aBaeMaJl tIepe3 HeKoTopylO no-

BepXHOCTh 3a BpeMJI d't;
UF - ocpe.n;HeHHhIH no nOBepXHOCTH pa60tIeH KaMephI

MrHOBeHHhIH K03<P<PHQHeHTTenJIOOT.n;atIH;

F - TeKYlQaJl nJIOlQa.n;h TenJIo06MeHHOH nOBepXHOC-

TH;
Tw H T - COOTBeTCTBeHHOTeKylQHe 3HatIeHHJI TeMne-

paryphI CTeHOK H ra3a.

YKa3aHHhIe .n;onYlQeHHJI 3HatIHTeJIhHO ynpOlQalOT nOCTa-

HOBKy H pellleHHe 3a.n;atIH, a caMH MaTeMaTHtIeCKHe MO-

.n;eJIHCycnexoM HCnOJIh3YlOTCJI):(JIjInonyqeHHJI HHTerpaJIh-

HhIX napaMerpOB TenJIo06MeHa KaK B noplllHeBhIX .n;eTaH-

.n;epax, TaK H B noplllHeBhIX KOMnpeccopax. BMeCTe C TeM

3TH .n;onYlQeHHjJ He n03BOJIJlIOT paCKphITh <pH3HtIeCKYIO

CYlQHOCTh npoQecca TenJIo06MeHa B TetIeHHe QHKJIa, TaK

KaK He ytIHThIBalOT HeCTaQHOHapHoe TetIeHHe ra3a H cy-

llIeCTBeHHYIO Heo.n;Hopo.n;HOCThero napaMerpOB no 06'he-

My QHJIHH.n;pa. 110JIytIeHHhIe C nOMOlQhlO 3THX Mo.n;eJIeH

pe3YJIhTaThI paCtIeTa y.n;OBJIeTBOpHTeJIhHO COBna.n;aIOT C

3KcnepHMeHTOM JIHllIh B TOM CJIyqae, eCJIH npH 060CHOBa-

HHH 3MnHpHtIeCKHX K03<P<PHQHeHTOBB <popMyJIe (1) .n;JIJI

paCtIeTa KpHTepHaJIhHoro tIHCJIa HycCeJIhTa (He06xo.n;H-

MOro .n;JIjJonpe.n;eJIeHHJI K03<P<PHQHeHTaTenJIOOT.n;atIH uF)

HCnOJIh30BaHhI .n;aHHhIe MHOrOnJIaHOBOro HaTypHoro 3KC-

nepHMeHTa B IlIHpOKOM .n;Hana30He reOMeTpHtIeCKHX pa3-

MepoB cryneHeH, peJKHMOB HX pa60ThI, pa3JIHtIHhIX yCJIO-

BHH OXJIaJK.n;eHHJIH T..n;.:

r.n;e Re - tIHCJIO PeHHOJIh.n;ca;

Pr - tIHCJIO I1paH.n;TJIjJ;

A, m, n, B - 3MnHpHtIeCKHe K03<P<PHQHeHThI,TOtIHOCTh

3a.n;aHHjJ KOTOphIX H npe.n;cTaBJIjJeT OCHOBHylO npo-

6JIeMy.

B YKa3aHHhIx MaTeMaTHtIeCKHX Mo.n;eJIjJX npe.n;noJIara-

eTCJI, tITO JIOKaJIhHaJl TeMnepaTypa ra3a B JII060H TOtIKe

pa60tIeH KaMephI, cpe.n;HJIJI no 06'heMy TeMnepaTypa H

TeMneparypa ra3a Ha BbIxo.n;e H3 cryneHH npH <pHKCHPO-

BaHHOM 3HatIeHHH <p o.n;HHaKOBbI, tITO .n;aJIeKOOT .n;eHCTBH-

TeJIbHOCTH. 110 npe.n;BapHTeJIbHbIM OQeHKaM, pa3HHQa TeM-

neparyp ra3a no 06'heMy pa60tIeH KaMepbI MOJKeT COCTaB-

JIJlTb .n;eCjJTKHrpa.n;ycoB, a TeKYllIaJl TeMnepaTypa ra3a Ha

BbIxo.n;e H3 .n;eTaH.n;epHoH cryneHH OTJIHtIaTbCJI OT TeKy-

lQeH cpe.n;He06'heMHOH TeMneparypbI B QHJIHH.n;pe.

Ha OCHOBaHHH H3JIOJKeHHOrO BbIllIe MOJKHOc.n;eJIaTb BbI-

BO.n;,tITO .n;JIjJaHaJIH3a npOQeCCOB TenJIo06MeHa B pa60-

tIHX KaMepax MalllHH 06'heMHOrO .n;eHCTBHJI60JIee nepc-

neKTHBHa pa3pa60TKa MaTeMaTHtIeCKHX Mo.n;eJIeH Ha OC-

HOBe <pYH.n;aMeHTaJIbHbIXypaBHeHHH ra30BOH .n;HHaMHKH C

ytIeTOM HeCTaQHOHapHoro, ryp6yJIeHTHOro TetIeHHJI BJl3-

Koro ra3a B npe.n;eJIax pa60tIeH KaMepbI. 3TO n03BOJIHT Ha

CTa.n;HHnpoeKTHpOBaHHJI paCtIeTHbIM nyTeM onpe.n;eAATb

MrHOBeHHbIe, JIOKaJIbHbIe napaMeTpbI ra3a 6e3 HCnOJIh30-

BaHHjJ 3MnHpHtIeCKHX K03<P<PHQHeHTOB,nOJIytIaTb Ha HX

OCHOBe<pH3HtIeCKH 060CHoBaHHylO KapTHHY nOJIeH TeMne-

paryp, .n;aBJIeHHH, nJIOTHOCTH H CKOpOCTH TetIeHHJI ra3a B

pa60tIeH KaMepe B KaJK.n;hIHMOMeHT BpeMeHH .n;eTaH.n;ep-

Horo QHKJIa, nporH03HpOBaTb OJKH.n;aeMbIeHHTerpaJIbHhIe

nOKa3aTeJIH H peKOMeH.n;OBaTb Te HJIH HHble H3MeHeHHjJ B

KOHCTpyKQHH cryneHH Ha OCHOBe aHaJIH3a nonytIeHHOrO

MaTepHaJIa.

OCHOBy pa3pa6OTaHHOH aBTOpOM MaTeMaTHtIeCKOH MO-

.n;eJIHCOCTaBJIJleTCHCTeMa .n;H<p<pepeHQHaJIbHbIX ypaBHe-

HHH PeHHOJIb.n;ca [2] .n;JIjJ ryp6yJIeHTHOro, HeCTaQHO-

HapHoro TetIeHHJI BjJ3Koro ra3a, 3anHcaHHbIX B y.n;06HbIX

.n;JIJIpellleHHJI 3a.n;atIH QHJIHH.n;pHtIeCKHX Koop.n;HHaTax. Ee

no.n;p06Hoe onHcaHHe npHBe.n;eHo B pa60Te [3]. 110cTaB-

JIeHHajJ 3a.n;atIa perneHa C nOMOlQblO KOHetIHO-pa3HocTHO-

ro MeTo.n;a [1], peaJIH30I~aHHoro Ha 3BM.

I1pH onpe.n;eJIeHHH K03<P<PHQHeHTaTenJIOOT.n;atIHnpe.n;no-

JIaraeTCJI, tITO B 30He .n;eHCTBHJI3aKOHa «CTeHKH» [2] JIa-

MHHapHoe H ryp6yJIeHTHOe tIHCJIa Pr (l1paH.n;TJIjJ) MOJKHO

CtIHTaTb paBHhIMH e.n;HHHQe. 3TO yCJIOBHe cOOTBeTcTByeT

«aHaJIOrHH PeHHOJIb.n;ca», npH KOTOPOHnpo<pHJIH CKOpOCTH

TetIeHHjJ ra3a U H TeMnepaTypbI T B 30He CTeHKH no.n;06-

HbI, H BbmOJIHJleTCJI H3BeCTHoe COOTHOllleHHe:

(T - Tw)/T* = u/v* = 5,751g (yv*/u) + 5,5, (2)

r.n;e v* = ...J'tw /p - «yHHBepCaJIbHbIH:» MacllITa6 CKOpOCTH;

'tw - HanpJlJKeHHe TpeHHjJ Ha CTeHKe ('tw = Il du/dy
npHY = 0);



T* = qj(p cp v*) - «YHlfBepCaJIhHhlih> MaCIIlTa6 TeM-

nepaTyphI;

qw - Y,l(eJIhHhIH TenJIOBOH nOTOK Ha CTeHKe;

Cp - Y,l(eJIhHaji TenJIOeMKOCTh ra3a npH nOCTOjlHHOM

,l(aBJIeHHH;

~ H U - ,l(HHaMHlJeCKajl H KHHeMaTHlJeCKajl Bjl3KOCTH

ra3a;

p - nJIOTHOCTh ra3a;

y - paCCTOjlHHe OT CTeHKH ,l(0 paClJeTHOH TOlJKH.

IlpH pellIeHHH 3a,l(alJH jlBHhIM KOHelJHO-pa3HOCTHhIM

MeTO,l(OM llIar pa3HOCTHOH ceTKH BhI6HpalOT TaKHM 06pa-

30M, lJT06hI 6JIH:lKaHllIHe K nOBepXHOCTjlM pa60lJeH KaMe-

phI paClJeTHhIe TOlJKH nOna,l(aJIH B 30HY ,l(eHCTBHjI 3aKOHa

«CTeHKH». Il03TOMY U (CKOpOCTh TelJeHHjI ra3a B,l(OJIh

cTeHKH) H T (TeMnepaTypa ra3a) B BhIpa)l{eHHH (2) H3Bec-

THhIe napaMeTphI.

PellIajl npH6JIH)I{eHHO, C Hanepe,l( 3a,l(aHHOH TOlJHOCThlO,

ypaBHeHHe

u/v* = 5,751g (yv*/u) + 5,5, (3)

onpe,l(eJIJlJIH 3HalJeHHe napaMeTpa v*, 3aTeM H3 (2) Haxo-

,l(HJIH3HalJeHHe napaMeTpa T*:

Y,l(eJIhHhIH TenJIOBOH nOTOK Ha CTeHKe onpe,l(eJIjlJIcjI

BhIpa)l{eHHeM

q = T* P C v* = (T - T ) P C V*2/U (5)w p w p ,

a K03'l>'l>HQHeHT TenJIOOT,l(alJH- comaCHO 'l>opMyJIe HhlO-

TOHa

a = p C V*2/U. (6)p

Ilpe,l(JIo)l{eHHaji MeTO,l(HKa paClJeTa HecTaQHoHapHhIx,

JIOKaJIhHhIX no nOBepxHocTH pa60lJeH KaMephI K03'l>'l>HQH-

eHTOBTenJIOOT,l(alJHH y,l(eJIhHhIX TenJIOBhIX nOTOKOBanpo-

6HpoBaHa npH paclJeTe ,l(eTaH,l(epHOH cryneHH ,l(eTaH,l(ep-

Puc. I. JIoAe cKopocmeii me'leHUJI za3a, nocmpoeHHoe OAR
Ka:JICOOZOmpembezo Y3Aa cemKU

45 90 150 180 210 270 315 345
a

q, BmlJlf2

10000
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o
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45 90 150 180 210 270 315 345
B <p, ilpao

Puc. 2. PacnpeOeJleHUe cKopocmeii me'leHUJI ZG3a (a),
K03rjxJJUl{UeHm08 menAoomoa'lu (6) UYOeJlbHbIXmenA08bIX

nomOK08 (8) 800Ab 06pa3YIOlU,eii cmeHKU l{UAUHOpa

KOMnpeccopHoro arpenrra ,n:KA20-10/1 C npH CJIe,l(yIOIQHX

HCXO,l(HhIX,l(aHHhIX:

XO,l( nOpllIHJI 45 MM; ,l(HaMeTp nOpllIHjI 50 MM; lJaCTOTa

BpaIQeHHjI BaJIa 1500 06/MHH; OTHOCHTeJIhHhIHPa,l(HYCKpH-

BOllIHna 0,2; OTHOCHTeJIhHOeMepTBoe npocTpaHCTBO 0,19.
CryneHh npjlMOTOlJHajl, yKoMnJIeKTOBaHa BnycKHhIM

HOpMaJIhHO OTKphIThIM KJIanaHOM KOJIhQeBoro THna co

Cpe,l(HHM ,l(HaMeTpOM nJIaCTHHhI KJIanaHa 40 MM:

pa60lJHH ra3 - B03):(yX, ,l(aBJIeHHe Ha BXO,l(e1,0 MIla, ,l(aB-

JIeHHe Ha BhIXO,l(e 0,1 MIla, HalJaJIhHM TeMneparypa ra3a

303 K, TeMneparypa CTeHOKpa60lJeH KaMephI 273 K.
PaClJeTHM pa3HocTHM CeTKa HMeeT I = 20 llIarOB B,l(OJIh

OCH H J = 20 marOB B HanpaBJIeHHH pa,l(Hyca QHJIHH,l(pa.

Pa3Mep pa3HocTHOH ceTKH BhI6HpaJIH no pe3YJIhTaTaM

lJHCJIeHHOrO 3KcnepHMeHTa H3 YCJIOBHjI YCTOHlJHBOCTHH

CXO,l(HMOCTHpa3HocTHOH CXeMhI. IlpH nepeMeIQeHHH nop-

llIHjI MeHjleTCjI H mar ceTKH B,l(OJIhOCH QHJIHH,l(pa.
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Pue. 3. PaenpeOe.JIeHUeeKopoemeu melteHUR Z03a (a),
Ko3<}xjJUI{UeHm08meTUIOOmOaltU(6) Uy0e.JIfJHblXmeTUl08blX

nomOK08 (8) 800llfJ paouyea Ha ZOl108KeI{UIlUHOpa

Ha pHC. 2 CeqeHHe I = 0 COOTBeTCTByeT IIoBepxHocTH

KpbIUlKH UHJIHH.n;pa, a CeqeHHe I = 20 - .n;HHIUY IIOpUlHH.

Ha pHC. 3 H 4 CeqeHHe J= 0 IIPOXO.n;HTqepe3 OCb qHJIHH.n:-

pa, a CeqeHHe J = 20 - IIO CTeHKe UHJIHH.n;pa.

113 BbIp<l)l(eHHH (3) - (6) CJIe.n;yeT,qro CKOpOCTbTeqeHHH

raJa B.n;OJIbIIOBepXHOCTH pa60qeH KaMepbI OKaJbIBaeT cy-

rqecTBeHHoe BJIHHHHe Ha 3HaqeHHe K03<p<PHUHeHTaTeIIJIO-

OT.n;aqH.PaJpa60TaHHaH MaTeMaTHqeCKaH Mo.n;eJIb II03BO-

JIjleT OIIpe.n;eJIHTbIIOJIjl CKopocTeH TeqeHHH raJa B UHJIHH,n:-

pe Ha Ka)l(,lJ;OMUlare pacqeTa, HaIIpHMep ,lJ;JIjIMOMeHTa KOH-

ua IIpouecca HaIIOJIHeHHH (<p = 500
) (CM. pHC. 1). Jh HHX

c.n;eJIaHaBbI60pKa CKopocTeH TeqeHHH ra3a COOTBeTCTBeH-

HO B.n;OJIb06paJyIOIUeH B6JIH3H CTeHKH UHJIHH.n;pa(pHC. 2,a)
H B.n;OJIbero pa.n;HycoB B6JIH3H rOJIOBKHqHJIHH.D:pa(PHC. 3,a)
H IIOPUlHH (pHC. 4,a) .n;JIH pa3JIHqHbIX ymoBIIoBopoTa KO-

JIeHqaTOrO Balla <po
KaK BH.n;HOH3 pHC. 2,a, CKOpOCTb TeqeHHH ra3a B.n;OJIb

U, M/C
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Pue. 4. PaenpeOe.JIeHUeeKopoemeu melteHUR Z03a (a),
Ko3<}xjJUI{UeHm08 meTUloomoaltu (6) Uy0e.JIfJHblXmeTUl08blX

nomOK08 (8) 800llfJ paouyea Ha n08epXHoemu nopUiHfl

CTeHKH UHJIHH.n;pa B IIpOueCCax HaIIOJIHeHHH (<p = 450
) H

HarHeTaHHH (<p = 3450
) B 3 - 4 paJa MeHbUle, qeM B IIpO-

uecce BbIXJIOIIa (<p = 150°). O.n;HaKO K03<P<PHqHeHTbI TeII-

JIOOT.n;aqHB 3THX IIpoueccax IIpH Tex )l(e ymax IIOBopOTa

Balla (pHC. 2,6) HMeIOT 66JIbUlHe 3HaqeHHH. 3ro 06DRCHR-

eTCR TeM, qTO B YKaJaHHbIX IIpoqeccax IIJIOTHOCTb ra3a B

pa60qeH KaMepe 3HaqHTeJIbHO 60JIbUle, qeM BO BpeMH

IIpouecca BbIXJIOIIa. 3THM )l(e 06'bHCHReTcH 3aMeTHbIH

pOCT K03<P<PHUHeHTOBTeIIJIOOT.n;aqHHa CTeHKe qHJIHH.n;pa C

YBeJIHqeHHeM yma IIOBopOTa BaJIa Ha yqaCTKe 06paTHoro

C)l(aTHR (21 0° ~ <p ~ 345°) IIpH IIpHMepHo o.n;HHaKOBOM

ypoBHe CKopocTeH TeqeHHR ra3a.

3HaqeHHR y.n:eJIbHbIX TeIIJIOBbIX IIOTOKOB (pHC. 2,6) 3aBH-

CRT KaK OT K03<P<PHUHeHTaTeIIJIOOT.n;aqH, TaK H OT PaJHO-

CTH Me)l(.n;y TeMIIeparypoH raJa B6JIH3H IIOBepXHOCTH H

TeMIIepaTypoH CTeHKH. 3HaK 3TOH pa3HHUbI OIIpe.n;eJIReT

HaIIpaBJIeHHe TeIIJIOBOrO IIOTOKa. KpaTKOBpeMeHHO HaH-
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Puc. 5. OcpeaHeHHble no n08epXHOCmJIMKo3fjxjJu~ueHmbl

menJIoomaaJtu (a) u menJI08b1enomOKU (6).
B npo~ecce 8nycKa MaKCUMaJlbHble3HaJteHUHqc = 13073 Bm/M2,

q, = 22275 Bm/M2, qn = 24987 Bm/M2

60JIbIIIHe }'tl:eJIbHbIe TerrJIOBbIe rrOTOKH Ha BceH rroBepxHo-

CTH pa60qeH KaMepbI B03HHKaIOT B rrpollecce BrrycKa

(pHC. 5,6), rrOCKOJIbKYB rrpjlMOTOqHOH ,[(eTaH,[(epHoH cry-

rreHH 3TOMy rrpolleccy COOTBeTcTByeT MaKCHMaJIbHaJI:TeM-

rrepaTYPa raJa B IlHJIHH,[(pe, a CJIe,[(OBaTeJIbHO,H HaH60JIb-

IIIaJI: paJHOCTb Me)l(,[(y HeH H TeMrreparypoH CTeHKH. MaK-

CHMaJIbHbIe 3HaqeHHjI rrpHHHMaIOT H K03<P<PHIlHeHTbITerr-

JIOOT,[(aqH(pHC. 5,a), TaK KaK rrJIOTHOCTb raJa B 3TO BpeMJI:

6JIH3Ka K MaKCHMaJIbHOH, a CKOpOCTb HCTeqeHHjI raJa H3

IlHJIHH,[(pa BO BrrycKHyIO rrOJIOCTbqepe3 OTKPbITbIH BrrycK-

HOH KJIarraH HMeeT KOHeqHYIO BeJIHqHHy.

llpH cpaBHeHHH rrpHBe,[(eHHbIX Ha pHC. 2,6; 3,6 H 4,6 ,[(aH-

HbIX BH,[(HO, qTO B rrpollecce HarHeTaHHjI (q> = 345°) Ha

KpbIlliKe IlHJIHH,[(pa B03HHKaIOT 60JIbIIIHe, qeM Ha ,[(pyrHX

rrOBepXHOCTjlX, rrOTOKH TerrJIa OT raJa K rrOBepXHOCTH pa-

60qeH KaMepbI. KaK BH,[(HOH3 pHC. 5,6, rrpH He MeHblIIHX,

qeM Ha CTeHKe H rropIIIHe, ocpe,[(HeHHbIX rrOJIO)l(HTeJIbHbIX

TerrJIOBbIX rrOTOKax Ha KpbIlliKe IlHJIHH,[(pa cymeCTBeHHO

MeHbIIIe ocpe,[(HeHHbIe 0TpHIlaTeJIbHbIe TerrJIOBbIe rrOTO-

KH. BCJIe,[(CTBHe 3Toro 6e3 yqeTa BHyTpeHHHX HCTOqHH-

KOB TerrJIa OT MeXaHHqeCKoro TpeHHjI rrpH pa60Te rrpjlMO-

TOqHOH ,[(eTaH,[(epHOH cTyrreHH CJIe,[(yeT O)l(H,[(aTb 60JIee

BbICOKOHTeMrreparypbI KpbIlliKH IlHJIHH,[(pa rro cpaBHeHHIO

C TeMrrepaTypoH ,[(pymx rrOBepXHOCTeH pa60qeH KaMepbI.

BbI,[(eJIjljl Ha Tex )l(e pHCyHKaX COOTBeTCTBYIOmHe rrpo-

Ileccy BbIXJIOrra (135° :::; q> :::; 180°) yqaCTKH, BH,[(HM, qTO

HaH60JIbIIIHe OTpHIlaTeJIbHbIe }'tl:eJIbHbIe TerrJIOBbIe rrOTOKH

HMeIOT MeCTO Ha rroBepxHocTH rrOplIIHJI: BO BpeMJI:rrpOIlec-

ca BbIXJIOrra. Kor,[(a TeMrreparypa raJa 6JIH3Ka K HaHMeHb-

IIIeH, a CKOpOCTHraJa B6JIH3H rrOBepXHOCTH rrOpIIIHJI: 3HaqH-

TeJIbHbI (CM. pHc.4,a), 0TpHIlaTeJIbHbIe TerrJIOBble rrOTOKH

Ha rropIIIHe 60JIbIIIe, qeM Ha KpbIlliKe HJIH CTeHKe IlHJlHH,[(pa

H B rrpollecce BbITaJIKHBaHHJI:. OHH crroc06cTByIOT yBeJIH-

qeHHIO TeMrrepaTYPbI raJa B pa60qeH KaMepe B rrpOlleccax

BbIXJIOrr - BbITaJIKHBaHHe H cpe,[(HeMaccoBoH TeMrrepary-

pbI raJa Ha BbIxo,[(e H3 IlHJIHH,[(pa, qTO yxy,[(IIIaeT 3<p<peKTHB-

HOCTb pa60TbI ,[(eTaH,[(epHOH cryrreHH B IleJIOM.

l'h cpaBHeHHjI rpa<pHKoB, rrpHBe,[(eHHbIX Ha pHC. 2, 3 H 4,

CJIe,[(yeT, qTO rrpo<pHJIH Bcex paCqeTHbIX KpHBbIX rrpHMep-

HO rro,[(06HbI. CJIe,[(oBaTeJIbHO, HaH60JIbIIIHH BKJIa,[( B Te-

KymHe JIOKaJIbHble 3HaqeHHjI K03<P<PHIlHeHToB TerrJIOOT,[(a-

qH H y,[(eJIbHbIX TerrJIOBbIX rrOTOKOB BHOCHT HMeIOmeeCjI B

<pHKcHpoBaHHbIH MOMeHT BpeMeHH rrOJIe CKopocTeH Teqe-

HHjI raJa B pa60qeH KaMepe. JII06bIe H3MeHeHHJI: reOMeT-

pHqeCKHX paJMepoB pa60qeH KaMepbI, THrra, KOJIHqeCTBa

BrryCKHbIX KJIarraHOB H HX KOMrrOHOBKHB cryrreHH, pe)l(HMa

pa60TbI MaIIIHHbI H ,[(p., MeHjllOmHe KapTHHY TeqeHHJI: raJa

B pa60qeH KaMepe, H3MeHjlIOT JIOKaJIbHbIe K03<P<PHIlHeHTbI

TerrJIOOT,[(aqH H }'tl:eJIbHble TeIIJIOBbIe rrOTOKH.

lh pHc.5,6 BH,[(HO, qTO rrpoIleccbI BrrycKa, HarHeTaHHJI:,

HarrOJIHeHHJI:H 60JIbIIIaJI: qaCTb rrpollecca 06paTHoro c)I(a-

THjI rrpH paCqeTHOH TeMrreparype CTeHOK rrpoHcxoMT C

OTBO,[(OMTeIIJIa OT raJa K CTeHKaM, a rrpoIleccbI BbIXJIOrra,

BbITaJIKHBaHHJI:H 60JIblIIaJI: qaCTb rrpollecca paClIIHpeHHJI: -

C rrO,[(BO,[(OMTerrJIa K raJy OT rroBepxHocTeH pa60qeH KaMe-

pbI. MaKCHMaJIbHbIe ocpe,[(HeHHbIe K03<p<PHIlHeHTbI TerrJIO-

OT,[(aqH H TerrJIOBbIe rrOTOKH, Ha6JIIO,[(aeMbIe B rrpollecce

BrrycKa, He OKaJbIBaIOT cymecTBeHHoro BJIHJl:HHjIHa 06mee

TeIIJIOBOeCOCTOjlHHeeTyIIeHH, rrOCKOJIbKYHX rrpo,[(OJI)l(HTeJIb-

HOCTb He rrpeBbIlliaeT 1 - 2 % OT BpeMeHH IlHKJIa.

Ocpe,[(HeHHbIe K03<p<pHUHeHTbITerrJIOOT,[(aqHB03pacTaIOT

H K KOHIlY rrpollecca HarrOJIHeHHJI:(pHC. 5,6, q> = 60°), Kor,[(a

rrpH BbICOKOHrrJIOTHOCTHraJa, rrOCTerreHHO CHH)I(aIOmeMCjI

CeqeHHH B meJIH BrrycKHoro KJIarraHa H HapacTaIOmeH CKO-

pOCTH rrOpIIIHjI CKOpOCTb TeqeHHJI: raJa Ha Bxo,[(e B pa60-

qylO KaMepy B03paCTaeT. BMecTe C TeM HHTeHCHBHOCTb

TeIIJIOBbIX rrOTOKOBHa 3TOM yqacTKe IlHKJIa HeBeJIHKa H3-3a

MaJIOH paJHOCTH TeMrrepaTYP raJa H CTeHOK B KOHIle rrpo-

Ilecca HarrOJIHeHHjI. HaH60JIbIIIHe rro a6COJIIOTHOHBeJIflqH-

He OTpHIlaTeJIbHble TerrJIOBbIe rrOTOKH, cymecTBeHHO BJIHjI-

IOmHe Ha KOHeqHYIO TeMrreparypy raJa rrpH BbIxo,[(e ero H3

IlHJIHH,[(pa, HMeIOT MeCTO Ha ,[(HHme rrOpIIIHJI:.



C yqeTOM IIOJIyqeHHblX pe3YJIbTaTOB M IIpOBe,lJ.eHHOrO

aHaJIM3a MO)l(HO C,lJ.eJIaTb CJIe,lJ.YIOIIIMe BbIBO,lJ.bI.

\f Pa3pa60TaHa M aIIp06MpOBaHa MeTO,lJ.MKa paCqeTa

cryIIeHM MaIIIMHbl 06'beMHOrO ,lJ.eHCTBMR, II03BOJIRIOIIIM Ha

CTa,lJ.MMIIpOeKTMpOBaHMR OIIpe,lJ.eJIRTb IIapaMerpbl HeCTa-

QMOHapHOrO, JIOKaJIbHOrO TeIIJI006MeHa Ha OCHOBHblX IIO-

BepXHOCTRX pa60qeH KaMepbI.

V TeIIJI006MeH Me)l(,lJ.y ra30M M CTeHKaMM pa60qeH Ka-

Mepbl ,lJ.eTaH,lJ.epHOH cryIIeHM HOCMT cyry60 HeCTaQMOHap-

HblH M JIOKaJIbHblH XapaKTep:

• IIpM JII060M, IIPOM3BOJIbHO 3a,lJ.aHHOM yme IIOBOpOTa KO-

JIeHqaTOrO BaJIa 3HaqeHMR K03<P<PMQMeHTOB TeIIJIOOT,lJ.aqM M

y,lJ.eJIbHblX TeIIJIOBbIX IIOTOKOB B pa3HblX TOqKaX IIOBepXHO-

CTM pa60qeH KaMepbl MOryT OTJIMqaTbCR B ,lJ.eCHTKMpa3;

• ,lJ.JIR IIPOM3BOJIbHO Bbl6paHHOH TOqKM IIOBepXHOCTM pa-

60qeH KaMepbl K03<p<PMQMeHTbl TeIIJIOOT,lJ.aqM M y,lJ.eJIbHble

TeIIJIOBble IIOTOKM B TeqeHMe QMKJIa M3MeHRIOTCR IIpMMep-

HO B TOH )l(e CTeIIeHM.

V K03<P<PMQMeHTbl TeIIJIOOT,lJ.aqM MTeIIJIOBble IIOTOKM ,lJ.0-

CTMraIOT HaM60JIbIIIMX 3HaqeHMH B IIpOQeCCe BIIycKa.

V IIpo<pMJIM rpa<pMKOB CKOpOCTeH TeqeHMR ra3a, K03<P<PM-

QMeHTOB TeIIJIOOT,lJ.aqM My.n.eJIbHblX TeIIJIOBbIX IIOTOKOBB,lJ.OJIb

IIOBepXHOCTeH TeIIJI006MeHa IIO,lJ.06HbI. CJIe,lJ.OBaTeJIbHO,

IIOJIe CKOpOCTeH B pa60qeH KaMepe B OCHOBHOM OIIpe,lJ.eJIR-

eT JIOKaJIbHOe OTJIMqMe IIapaMerpOB TeIIJI006MeHa.

\f HaM60JIee MHTeHCMBHblH IIO,lJ.BO,lJ.TeIIJIa OT CTeHOK K

ra3Y (OTpMQaTeJIbHble TeIIJIOBble IIOTOKM) IIpOMCXO,lJ.MTHa

IIOBepXHOCTM IIOpIIIHR B IIpOQeCCax BblXJIOIIa M BbITaJIKM-

BaHMR.

V IIpMMeHeHMe pa3pa6<murnoH MO,lJ.eJlliMIIpMKJIa,lJ.HOHIIpO-

rpaMMbI paCqern HaM60JIee QeJIecoo6pa3Ho Ha CTa,l(MlI,lJ.OBO,lJ.KM

KOHCTpYKQMMOIIbITHbIX 06pa3QOB paCIIIHpMTeJIbHbIX M KOMII-

peCCOpHbIX MaIIIMH o6'beMHOrO ,lJ.eHCTBMR.
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