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TeIIJIoo6MeH Me)l(,lIy CTeHKOH BepTHKanhHOH TPy6hI
u

M ra30)l(lI)l;KOCTHOM CMeChIO B ycnoBIffiX

rrepeMellIHBaHIDI Cpe,IJ;hI)I(II)l;KMMMCTPY5IMM
H.A. nETPOB, IWHO. mexH. HayK A.B.,llYJKHii, O-p mexH. HaYK, nporjJ., aKaOeMUK MAX B.B. TMillMH

CaHKm-IJemep6ypzcKUU zocyiJapcm8eHHblu yHu8epcumem HU3KOmeMnepamypHblx U nU/J.4e8bIXmeXHOAOZUU

Results of experimental investigations and calculations are presented which
show, that the use of adopted hydrodynamic model of movement of gas-
liquid mixture under the conditions of spray turbulization of medium is quite
jus tined.

TerulOo6MeH B Tpy6ax KO)I()'XoTpy6Horo CTpyHHo-MIDKeK-

LJ;MOHHOroa6cop6epa (KCMA), npMMeHeMoro AJIH HaCbI-

ll.{eHMH HanMTKOB AMOKCMAOM ymepoAa, 113p06HOro KYJIb-

TIlBMpOBaHMH MMKpoopraHM3MoB, OKMCJIMTeJIbHOHnOJIMMe-

pM3al.\MM paCTMTeJIbHbIX ~faceJI [5, 6], npOTeKaeT B CJIO)K-

HbIX rMApOAMHaMM'IeCKMX yCJIOBMHX. Ha pMC. 1 nOKaJaHa

cxeMa OAHOXOAOBoro KCMA, B KOTOpOM o6paJoBaHMe HMC-

XOAHll.{ero raJO)KMAKOCTHOrO nOTOKa npoMcxoAMT B Tpy6ax

1B pe3YJIbTaTe MIDKeKLJ;MMra3a cBo6oAHOH )KMAKOH cTpyeH

2 B raJO)KMAKOCTHYIO CMeCb.

PeweHMe 3aAa'IM TenJIoo6MeHa Me)l(Ay TenJIOnepeAaIO-

ll.{eH nOBepXHOCTbIO M raJO)I(MAKOCTHbIM nOTOKOMB yCJIOBM-

HX, KorAa MCTO'IHMKOMTYp6YJIM3al.\HM CJIY)I(aT CTeHKM M OT-

HOCMTeJIbHOeABM)I(eHMe <paJ, MO)KHO HaHTH B pa60Te [4].
K03<P<PMLJ;MeHTTenJIOOTAa'IMa HaXOAMJIMM3 ypaBHeHMH

PlKgc pU.
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BXOAHll~YIO B ypaBHeHMe (l) cpeAHIOIO 6e3pa3MepHYIO

paJHOCTb Me*AY TeMnepaTYpaMM nOBepXHOCTH CTeHKM M

raJO)KMAKOCTHOH CMeCM\Ii onpeAemwM Ha OCHOBe nOJIy-

3MnMpM'IeCKOH TeopMM TYp6yJIeHTHOCTM M aHaJIOrMM Me)K-t )/(uBKocmb

t
Puc. 1. CxeMa OOHOX00080Z0KCHA

AY nepeHOCOM MMnyJIbCa M TenJIOTbI [4].
B paCCMaTpMBaeMOM HaMM cJIY'Iae K AByM YKaJaHHbIM

BbIwe MCTO'IHMKaM TYp6YJIM3al.\MM Ao6aBJIHeTCH TpeTMH -

B3aMMOAeHcTBMe CTpyM C raJO)KJmKOCTHOH CMeCbIO. Oc-

HOBHaH CJIO)KHOCTb3aKJIIP'IaeTCH B onpeAeJIeHMM AMHaMM-

'IeCKOH CKOpOCTM u•.
H3BeCTHO [4], 'ITO AMHaMM'IeCKaHCKDPOCThnponOpl.\HOHaJIb-

Ha cpeAHeH no o6'beMY cpeAbI AMCCMnal.\MM3HeprMM, T.e.
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- llJIOTHOCTb )KMAKOCTM.

B nOMCKaX 3aKoHoMepHocTM nepeHoca TenJIOTbI B yCJIO-

BIDIX cTpyHHoro nepeMeWMBaHMH raJO)KMAKOCTHOH CMeCM

6YAeM MCXOAMTb M3 TOro, 'ITO MMeIOTCH TpM MCTO'IHMKa

TYP6YJIM3al.\MM: CTeHKa Tpy6bI, OTHOCMTeJIbHOe ABM)KeHMe

<paJ M B03MYl.QaIOl.Qee AeHcTBMe CTpyM. TIoCJIeAHMH <paK-

TOp CBH3aH C TOpMO)KeHMeM CTpyM M, KaK CJIeACTBMe 3TO-

ro, C ee paCWMpeHMeM (pMC. 2). C y'IeTOM Tpex MCTO'IHM-

KOBTYP6yJIM3aLJ;MM3HaqeHMe E B npOnOpl.\MOHaJIbHOCTM (2)
do

Puc. 2. CXeMa 08U:>ICeHUJIcmpyu Ha pa3J1U'IHblXy'lacmKax
mpy6b1



npeACTaBI1M B BI1Ae CYMMhI

E = EI' + E2 + E3• (3)

CyMMa nepBhIx ABYX CJIaraeMhIX comaCHO [4] paBHa

2
'trJl( 4 (1)2EI +Ez =-+XIP)«g'UOTCPr -CPr . (4)
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B ypaBHeHl111(4) KaCaTeJIhHhIe HanpIDKeHIDI Ha CTeHKe npl1

ABIDKeHl111ra30)l(HAKOCTHOH CMeCI1COmaCHO AaHHhIM [4]

rAe t)« - KaCaTeJIhHhIe HanpIDKeHlfjl Ha CTeHKe npl1 Teqe-

HI1I1OAH0<pa3HOrOnOTOKa pacCql1ThlBaIOTC~ no H3BeCTHhIM

B rl1ApaBJIHKe <popMyJIaM no npHBeAeHHoH CKOpOCTI1)l(HA-

KOCTI1 'U)«.

TaK KaK HaMI1 paCCMaTpI1BaeTC~ HI1CXOA~IIIee TeqeHHe,

TO comaCHO HMeIOIIII1MC~ B JII1TepaTYpe AaHHhIM CPrpaB-

HO paCxoAHoMy ra30COAep)l(aHl1IO I3r' HO B 3TOM cnyqae

OTHOCI1TeJIhHa~CKOpOCTh <pa3'UOT= 0 [3] H BTOpoe CJIara-

eMoe B ypaBHeHI1H (3) I1Cqe3aeT. TaKI1M 06pa30M, B KO-

HeqHOM I1TOre 3aAaqa CBOAI1TC~K onpeAeJIeHI1IO BeJIl1ql1-

HhI E3 . .ll:aHHYIO 3aAaqy 6YAeM pemaTh TaK )l(e, KaK I1 npl1

onpeAeJIeHI1H E2 B ypaBHeHI1H (4), I1CXOA~113paBeHCTBa

4 Np
E3 =XZ-'V)«
OnpeAeJII1M 3Heprl1IO, pacxoAyeMyIO B eAI1HHQY BpeMe-

HI1 Ha paCIIIHpeHl1e CTpyl1 OT AHaMeTpa de AO dT nOCJIe

BXOAa ee B ra30)l(HAKOCTHYIO CMeCh (pHC.2):

Np = !1PpQ)«,
a TaK)l(e 06'heM )l(HAKOCrn B Tpy6e, B03MYIIIeHHhIH cTpyeH:

V)« = VT /(1 - CPr)'

IToAcTaBI1B 3HaqeHI1~ Np I1 V)« B paBeHCTBO (6) I1 yql1-

ThIBa~ nonpaBKY Ha (1 - CPr)2 [4], nOJIyql1M

4 L\ppUlKT
(l-CPr)z
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rAe 'UlKT- np"BeAeHHa~ CKOpOCTh)l(I1AKOCTH B Tpy6e;

L- AJIHHaB03MYIIIeHHOHqaCrn ra3O:>KH,l~KOCTHOronOTOKa.

IToCJIe nOACTaHOBKI13HaqeHI1~ E3113 paBeHCTBa (7) I1 trlK

113(4)BnponOpUI10HaJIhHOCTh(2)noJIyqI1M

_('t~)« 4 V)«L\ppUlKT(l-CPr)z J
U. - -Z +XZ .

p)« p)«L
Bl13yaJIhHO yCTaHOBJIeHO, qTO B03MYIIIeHHe CTpyl1

pacnpOCTpa~eTC~ no TeqeHHIO ra30)l(HAKOCTHoro nOTOKa

Ha paCCTO~HHeL = (1 ... 1,5)hK, rAe hK - rny6HHa npOHI1KHO-

BeHI1~ cTpyl1 B cpeAY, paCCql1ThlBaeTc~ no ypaBHeHI1IO [5]:

B ypaBHeHHI1 (8) OCTaJIaCh OAHa HeI13BeCTHa~ BeJIl1qHHa

!1pp - nOTepH AaBJIeHI1~ Ha yqacTKax Tpy6hI 1 - 1 I1 2 - 2
(CM. Pl1c. 2). ITonhITKa pemeHI1H 3TOH 3aAaql1 6hIJIa CAe-

JIaHa B pa60Te [7]. OAHaKo npH BhlBOAe paCqeTHOrO ypaB-

HeHI1H 6hIJIO np"H~TO yCJIOBHe de = do, qTO npOTI1BOpe-

qHT nOCJIeAHI1M I1CCJIeAOBaHIDIMA.D • .ll:y*ero, BhITIOJIHI1B-

mero 30HAHpOBaHl1e CTpyl1 3JIeKTpOMeTpl1qeCKl1M MeTO-

AOM B nOnepeqHOM I1npOAOJIhHOM HanpaBJIeHI1~X [1]. DhIJIO

yCTaHOBJIeHO, qTO CTpyKTYpa CTpyl1 HeOAHopOAHa. OHa

COCTOHTH3 CnJIOmHOH UeHTpaJIhHOH qaCTI1 A"aMeTpOM du.'

YMeHhmaIOIIIeHC~ no AJII1He; ra30)l(I1AKOCTHOro CJIOHAl1a-

MeTpOM de' YBeJIl1ql1BaIOIIIeroc~ no AJIHHe CTpyl1, I1 no-

rpaHHqHOrO ra30BOrO CJIO~.

OnpeAeJII1M !1pp no TOH )l(e MeTOAHKe, qTO I1 rHA-

paBJIHqeCKl1e nOTepl1 npl1 BHe3anHOM paCml1peHl111 nOTOKa.

C 3TOHueJIhlO COCTaBl1M6aJIaHC 3Heprl1H ra30)I(HAKOCTHOro

nOTOKa AM CeQeHI1H 1- 1 I1 2 - 2 C yqeTOM HeoAHopoAHO-

crn CTpYKTYphI CTpyH

+ p", U~ + P)«U;, + Pru;l =
PI 2 2 2

rAe 'U11- cpeA~H CKOpOCTh)l(I1AKOCTHB ueHTpaJIhHOH 30He

cTpyl1;

U)«I I1 url - I1CTI1HHhIe CKOpOCTI1)l(I1AKOCTH I1 ra3a B

ra30)l(I1AKOCTHOM CJIoe CTpyl1;

u)« I1 ur -I1CrnHHhIe cKopocrn <pa3 B Tpy6e.
T T

TaK KaK p)«» Pr> TO KHHernQeCKOH 3Heprl1eH ra3a npe-

He6peraeM. C YQeTOM Toro, QTO U = 'U/(1 - CPr)' B ypaBHe-

HI1I1(10) I1CTI1HHhIeCKOpOCTl13aMeHl1M Ha np"BeAeHHhIe I1

Ha~eM 3HaQeHl1e /1pp:

P UZ z
L\ =~+ P)«U"'I

Pp 2 1(1-CPr)z
z

P)«UlKT ( )

2(1- )z + PI ~ PZ .
CPr,

Pa3HOCTh AaBJIeHHH PI - P2 OnpeAeJII1M, BOCnOJIh30BaB-

ml1Ch TeopeMOH 06 113MeHeHl1l1KOJII1QeCTBaABl1)1(eHHH!if(
MaCChI )l(I1AKOCTH, HaxOAHIIIeHCH Me~y CeQeHI1HMI11- 1
I1 2 - 2, comaCHO KOTOpOH

M_L\myu
lKT

L\mu ull

L\t M L\t

L\m"'l u)«
L\t = (PI - pz)Sy,

rAe !1mI, !1my, !1mll -113MeHeHHe MaCChI )l(I1AKOCTI13a Bpe-

(9) MH !1t B COOTBeTcTBylOIIII1X 30Hax. PaBeHCTBO (12) npe06-



pa3yeM C yqeTOM TOro, 1.JTO!:iml/)J eCTh MaCCOBhIH paCXOjl;.

2 S 2 S_ _ P", U)f(T _ U2 U P", U"'I I

PI P2 - (1- ) P", U S (1- ) S (13)<Pr 2 <Pr 2
TIocne nOjl;CTaHOBKH ypaBHeHHjf (13) B (11) nonyqHM

An - p", { u~ (1-2 )+
L->f'p - 2 (l-<Pr)2 <Pr

u:1 [ SI] 2( Su J} (14)+- 1-2(1-<p )- +u1-2- ,
(1- m )2 rl S U S

't'r\ T T

fjl;e Sl ~ Se - Su - nnOIl(ajl;b CeqeHHjf fa.30)l(HjI;KOCTHOro

cno$l;

Sc = 0,785d;, Su = 0,785d;;

u'" = Q'" I SI - npHBejl;eHHa$l CKOpOCTh)l(HjI;KOCTH B
I 1

fa.30)l(HjI;KOCTHOM cnoe.

B ypaBHeHHH (14) HCTHHHhIe fa;30COjl;ep)l(aHHe B TPy6e

CPr H fa.30)l(HJ);KOCTHOMcnoe CTPyH <Pr
l

paCCqHTbIBaIOT no

<popMYnaM

CPr= Qr I(Qr + Q)I(); <Prl = Qr/( Qrl + Q",),
fjl;e Qrl = Qr- Q.s; Q"'I = Q)I(- Qu; Qr = Qu + QrJK+ Qo - Q)I('

<l>opMynhI jl;njf paCqeTa Qu' QrJK H Qo MO)l(HO HaHTH B

pa60Te [2].

3HaqeHHjf du H de paCCqHTbIBaeM no cne.n;yIOIl(HM ypaB-

HeHHjIM:

du = do - 3,12'1 Q"-4/eWeD,5 (1- 1,42 ·1 0-2WeO,5); (15)

de = do + 2,14'1 o--2/e (3,02·1 o--2WeO,5 -1). (16)

YpaBHeHHjf (15) H (16) OfpaHHqeHbI 3HaqeHHeM qHC-

na Be6epa

We = p",dou~ :::;1100,
cr

fjl;e (J - K03<P<PHI..(HeHT nOBepXHOCTHoro HaT$I)I(eHHjf;

u° - CKOpOCTh HCTeqeHHjf )I(HjI;KOCTH H3 HaCajl;KH.

TIPH We < 1100 3HaqeHHe de MO)l(HO HaHTH H3 ypaBHeHH$I

de = du+ 0,54.1Q"-4/eWeD,8. (17)

K03<P<PH~HeHT X2 , BXOjl;jfIl(HH B ypaBHeHHe (8), onpejl;e-

n$lnH 3KcnepHMeHTanhHO. I1.ccnejl;OBaHH$I npOBOjl;HnH Ha

TPeXTPy6HoH MOjl;enH KCI1A [6], H3fOTOBneHHOH H3 He-

p)l(aBeIOIl(eH CTanH. 3HaqeHHjf X2 H3MeHjfnHCb B npejl;e-

nax OT 1,2 jl;0 2. TaKoH 3HaqHTenhHbIH pa.36poc MO)l(HO

06'b$lCHHTh HeBhIcoKOH TOqHOCThIO 3KcnepHMeHTa, TaK KaK

K03<p<PH~HeHTTennOOTjI;aqH a B ypaBHeHHH (1) onpejl;enjf-

nH no K03<P<PH~HeHTYTennOnepejl;aqH OT napa K BOjl;e. Ojl;-

HaKO B nepBoM npH6nH)l(eHHH X2 MO)l(HO npHHjfTh paBHhIM

1,5, qTO 6nH3Ko K 3HaqeHHIO Xl = 1,9 ... 2 B jl;PYfHX anna-

paTax.

Pe3ynhTaThI 3KcnepHMeHTanbHhlx HCCnejl;OBaHHH H pac-

qeThI, BhInOnHeHHbIe no ypaBHeHHjfM (1), (8) H (14), nOKa-

3hIBaIOT, qTO Hcnonb30BaHHe npHHjfTOH fHjI;p0jl;HHaMHqeC-

KOH MOjl;enH jl;BH)I(eHHjf ra.30)l(HjI;KOCTHOH CMeCH B ycnoBH-

jfX CTpyHHOH TYp6ynH3a~HH Cpejl;bI BnonHe OnpaBjI;aHo.

Donee roqHOe HaXO)l(J);eHHe X2 Tpe6yeT H 60nee roqHOH

MeTOjI;HKH npOBejl;eHHjf 3KcnepHMeHTa no onpejl;eneHHIO KO-

3<p<pH~eHTa TennOOTjI;aqH.
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