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IIOny3MIIMpWIeCKa5I MO,ll;eJThpaCqeTa IIo1pe6lliIeMOM

MOIUHOCTMB pe3epByapax IIpM IIepeMelIIMBaHIDI

IIpO,IIyKTOBB TYP6YJIeHTHOM pe)KJIMe
KaHiJ. meXH. HayK Ii.JI. HIIKOJIAEB

CIl6FYHuIlT

On the basis of experimental data and semi-empirical theory of turbulent
transfer, the author suggests a mathematical model, allowing to calculate
the power consumed for agitating in reservoirs with agitating devices.

B npo~ecce npOH3BO,Z:(CTBaKe<pHp, pJDKeHKa, npOCTO-

KBaIlla, cMeTaHa, )f(HBOTHbIe )f(HpbI, MaHOHe3 H ,Z:(pyrHe BJl3-

KHe nHlQeBbIe npO):(yKTbI nO,Z:(BepraIOTCJIOXJIa)f(,UeHHIOnpH

nepeMeIllHBaHHH. B CBJl3H C nHM aKTyaJIbHbIM BOnpO-

COM JlBJIJleTCJI3aTpaTa 3HeprHH Ha ilepeMeIllHBaHHe npo-

,Z:(yKTa. .

B03MO)f(HbI pa3JIHqHbIe pe)f(HMbI ,Z:(BH)f(eHHJIBJl3KHX nH-

lQeBbIX npO,Z:(yKTOBB pe3epByapax npH OXJIa)f(,UeHHH,B TOM

qHCJIe H TYP6yJIeHTHbIH pe)f(HM. IlonoMy MaTeMaTHqeC-

KaJl MO,Z:(eJIb,n03BOJIJllOlQaJl paCCqHTaTb 3aTPaThI MOI.QHO-

CTH npH TYP6yJIeHTHOM pe)f(HMe, HMeeT 3HaqHTeJIbHYIO

npaKTHqecKyIO ~eHHOCTb.

pJI,Z:(aBTOpOB nOJIyqHJIH TeOpeTHqeCKHe <pOpMyJIbI ,Z:(JIJI

paCqeTa MOlQHOCTH npH JIaMHHapHOM pe)f(HMe [1 - 3, 6 -
9). O,Z:(HaKoBBH,Z:(yCJIO)f(HOrO xapaKTepa ,Z:(BH)f(eHHJInpH

TYP6yJIeHTHOM pe)f(HMe TeOpeTHqeCKH BbIBeCTH <pOpMyJIy

MOlllHOCTH ,Z:(JIJIHero HeB03MO)f(HO.

113BecTHa nOJIY3MnHpHqeCKaJl <popMyJIa ,Z:(JIJITYp6yJIeHT-

Horo pe)f(HMa, npe,Z:(JIO)f(eHHaJlB [1). He,Z:(ocTaTKoM ,Z:(aHHoH

<pOpMyJIbI JlBJIJleTCJITO, qTO npH paCqeTe rH,Z:(paBJIHqeCKO-

ro conpOTHBJIeHHJI YCTaHOBJIeHHbIX no,Z:(ymoM K pa,Z:(Hycy

cKpe6KOB npe,Z:(JIaraeTCJIpaCCMaTpHBaTb HX KaK nJIOCKHe

nJIaCTHHbI, pa3MepbI KOTOPblXpaBHbI npoeK~HH <paKTHqeC-

KHX pa3MepOB Ha MepH,Z:(HOHaJIbHyIOnJIOCKOCTb.TaKoe ,Z:(O-

nYllleHHe TPy,Z:(HOCqHTaTb KOppeKTHhIM: OqeBH,Z:(HO,qro 60-

JIee Y3KaJl JIOnaCTb, yCTaHOBJIeHHaJl K pa,Z:(Hycy no,Z:(MeHb-

llIHM ymoM, 6y,Z:(eTHMeTb 60JIbIllHH K03<P<PH~HeHTJI060BO-

ro conpOTHBJIeHHJI, qeM 60JIee IllHpOKaJl JIOnaCTb, yCTa-

HOBJIeHHaJl no,Z:(60JIbllIHM ymoM, npH yCJIOBHH paBeHCTBa

npoeK~HH HX nJIOlQa,Z:(eHHa pa,Z:(HYc.

B ,Z:(aHHoHpa60Te YKa3aHHbIH BbIIlle He,Z:(OCTaTOKYCTpa-

HeH. Ilpe,Z:(JIaraeMaJl aBTopOM nOJIY3MnHpHqeCKaJl Mo,Z:(eJIb

,Z:(JIJIpaCqeTa MOlQHOCTH OCHOBaHa Ha K03<P<PH~HeHTe JIO-

60Boro conpOTHBJIeHHJI cKpe6Ka.

IlpHMeM B nepBoM npH6JIH)f(eHHH, q:ro JIHHeHHaJICKOpOCTb

cKpe6Ka OTHOCHTeJIbHO CTeHOK pe3epByapa MHoro 60JIb-

llIe JIHHeHHOH CKOpOCTH,Z:(BH)f(eHHJInpo,Z:(yKTa OTHOCHTeJIb-

HO CTeHOK pe3epByapa. Tor,Z:(a cpe,Z:(HJIJICKOpOCTb 06TeKa-

HI1J1cKpe6Ka npo,Z:(yKToM paBHa JII1HeHHOH CKOpOCTH,Z:(BH-

)f(eHI1J1cKpe6Ka:

u = 2nnD/2 = nnD, (1)

r,Z:(eu - cpe,Z:(HJIJICKOpOCTb06TeKaHHJI cKpe6Ka )f(H,Z:(KOCTbIO,

M/c;
n - qaCTOTa BpaI.QeHHJI JIOnaCTH MeIllaJIKH, c-1;

D - ,Z:(HaMeTppe3epByapa, M.

IlpoeK~HJI nJIOlQa,Z:(HcKpe6Ka Ha pa,Z:(Hyc

SR = Lbcos(~), (2)
r,Z:(eSR - npOeK~HJI nJIOlQa,Z:(HcKpe6Ka Ha pa,Z:(Hyc, M2;

L - ,Z:(JIHHacKpe6Ka, M;

b - IllHpHHa cKpe6Ka, M;

~ - yrOJI Me)f(,Z:(ycKpe6KoM H pa,Z:(HycoM, rpa,Z:(.

IlpoeKllHIO ,Z:(aBJIeHHJIHa HOpMaJIb K pa,Z:(Hycy BbIqHCJIHM

no <popMyJIe

p = ~JIpu2/2, (3)
r,Z:(ep - npOeK~HJI ,Z:(aBJIeHHJIHa HOpMaJIb K pa,Z:(Hycy, Ila;

~JI - K03<P<PH~HeHTJI060BOro COnpOTHBJIeHHJI,OTHeceH-

HbIH K npoeK~HH cKpe6Ka Ha pa,Z:(Hyc;

p - nJIOTHOCTb nepeMeIllHBaeMoro npO,Z:(yKTa, Kr/M3.

B <popMyJIe (3) HaH60JIbIllyIO CJIO)f(HOCTbnpe,Z:(CTaBJIJleT

onpe,Z:(eJIeHHeK03<P<PH~HeHTaJI060BOro COnpOTHBJIeHHJI ~JI"

PaHee npH H3yqeHHH nOH np06JIeMbI [1, 3, 9] He y,Z:(eJIJI-

JIOCb,Z:(OJI)f(HOrOBHHMaHHJI BbIJlBJIeHI1IO 3aBHCHMOCTH ~JI OT

reOMeTpHqeCKHX H rH,Z:(pOMeXaHHqeCKHX napaMeTpOB. B

,Z:(aHHOH)f(e pa60Te 6bIJIa npe,Z:(npHHJlTa nOnbITKa yCTaHO-

BHTb 3TY 3aBHCHMOCTb.

AnpHOpHO MO)f(HOnpe,Z:(nOJIO)f(HTb,qTO ~JI 3aBHCHT OTTPex

BeJIHqHH: KHHeMaTHqeCKOH BJl3KOCTH v, IllHpHHbI cKpe6-

Ka b H yma Me)f(,Z:(y cKpe6KOM H pa,Z:(l1ycoM ~. ABTOpOM

6bIJIH npOBe,Z:(eHbICOTHH OnbITOB Ha Mo,Z:(eJIbHbIXcpe,Z:(ax H

peaJIbHbIX npO,Z:(yKTax, 11B pe3YJIbTaTe o6pa60TKH OnbIT-
HbIX ,Z:(aHHbIX6bIJIa nOJIyqeHa CJIe,Z:(YIOlQaJl3aBHCHMOCTb:

~JI = 21145 V 0.957 [(2,457 b + 0,378)/( 1, 138b1,15 +
+ 0,125)]'{[0,457(90 - ~)0,356 + 0,561]/16,34 +
+ 0,31 cos(~) + 0,137 (90 - ~)O,208}, (4)

r,Z:(ev- KHHeMaTHqeCKaJl BJl3KOCTb npo,Z:(yKTa, M2/c.
IlorpeIllHocTb <pOpMyJIbI (4) He npeBbIllIaeT ±5 %.
IlO,Z:(CTaBHB(4) B (3), onpe,Z:(eJIJleMp, nOCJIe qero MO)f(HO

paCCqHTaTb CHJIy ,Z:(aBJIeHHJInpO,Z:(yKTa Ha JIonaCTb B npo-

eK~HH Ha HOpMaJIb K pa,Z:(Hycy:

F= PSR = ~JIP(u2/2)Lbcos(~), (5)
r,Z:(eF - CHJIa, H.



MOMeHT OT CI1JIbI FpaBeH:

M = FD/2 = ~np(u2/4)Lbcos(f3) D, (6)
r.n;e M - MOMeHT, H·M.

L{aJIee paCClfl1TbIBaeM MOrn:HOCTb, 3aTpalfl1BaeMylO Ha

npeo.n;OJIeHl1eCOnpOTI1BJIeHIDIrpeHIDI npo,D;yKTa 0 cKpe60K:

N1 = 2nnMz = nnz ~np(v212)Lbcos(f3) D, (7)
r.n;e N} - MOIUHOCTb, 3aTpalfl1BaeMaji Ha npeo.n;OJIeHl1e rpe-

Hl1ji 0 npo.n;YKT, BT;

Z - lfl1CJIO cKpe6KoB.

BXO,ll;jjIUaji B 3aBI1CI1MOCTb(4) KHHeMaTl1lfeCKaji Bji3KOCTb

v pacclfHTbIBaeTCji no 06rn:eH3BecTHoH <popMyJIe

v = ~/p, (8)
r.n;e 1..1. - .n;I1HaMl1lfeCKaji Bji3KOCTb, Ila·c.

nOJIbllIl1HCTBO Bji3KHX nHrn:eBblX npo.n;yKTOB npe.n;CTaB-

JIjilOT C060H HeHblOTOHOBCKHe:>KH.n;KOCTH.Ilo:noMy I1X .n;H-

HaMHlfeCKaji Bji3KOCTb ~ 3aBI1CHT OT rpa.n;HeHTa CKOpOCTH

H onpe.n;eJIjieTCji no <popMyJIe

~=k(y)m-}, (9)
r.n;e k - K03<p<pHIJ.HeHTOCTBaJIb.n;a;

y - rpa.n;l1eHT CKOpOCTH,c};
m - nOKa3aTeJIb HeHblOTOHoBCKOro nOBe.n;eHHji.

L{JIji onpe.n;eJIeHl1ji rpa.n;HeHTa CKOpOCTH y HCnOJIb3yeM

MeTo.n;HKy, pa3pa6OTaHHylO aBTOpOM Ha OCHOBaHHH nOJIy-

3MnHpHlfecKoH TeopHH TYP6yJIeHTHOro nepeHoca [5].
B pa60Te [10] Ha OCHOBaHHH rHnOTe3bI 0 Bji3KOM 3ary-

xaHHH TYP6yJIeHTHblx II)'JIbCaIJ.HHy TBep.n;oHCTeHKH npHBo-

.n;HTCjiCJIe.n;ylOIUeeypaBHeHHe:

'6/v = {l + [1 + 0,64112[1 - exp(-11/26)]2]0,S}/2 + 1,
(10)
r.n;e '6 - K03<P<PHIJ.HeHTTYP6yJIeHTHOro 06MeHa, M2/C;

11 - 6e3pa3MepHOe paCCTOjiHHe OT CTeHKH.

ne3pa3MepHOe paCCTOjiHl1e OT CTeHKH 11 BbIlfHCJIjieTCji

no <popMyJIe

11 =u.y/v, (11)
r.n;e u.- .n;I1HaMl1lfeCKaji CKOpOCTb, M/C;

Y - paCCTOjiHHe OT CTeHKH B HanpaBJIeHHH pa.n;Hyca

KpHBH3HblnoBepxHocTH,M.

MaKCHMaJIbHOe 6e3pa3MepHOe paCCTOjiHHe OT CTeHKH

onpe.n;eJIjieTCji no <popMyJIe

11M = U'YM/VM' (12)
r.n;e 11

M
- MaKCI1MaJIbHOe 6e3pa3MepHoe paCCTOjiHHe OT

CTeHKI1;

YM - paCCTOjiHHe OT CTeHKH .n;oTOlfKH C HaHMeHbllieH

HJlH Hal160JIbilieH (B 3aBHCHMOCTHOTHanpaBJIeHIDI ren-

JIOBOro nOTOKa) TeMneparypOH :>KH.n;KOCTH,M.

RB. L{oMaHcKHH 11B.H. COKOJIOB, pa3pa6OTaB nOJIy3M-

nl1pHlfecKYlO TeopHIO Typ6yJIeHTHOro nepeHoca, B pa60Te

[4] npI1BO,ll;jjT CJIe.n;ylOrn:He<pOpMyJIhI:

A vN·4 W (13)X4---
pnD2H

r.n;e a - K03<p<PHIJ.l1eHTTenJIOoT.n;alfH, BT/(M2'K);

A - K03<P<PI1UHeHTTenJIOnpOBo.n;HOCTH nepeMellIl1Bae-

Moro npo.n;YKTa, BT/(M'K);

H - BbICOTa pe3epByapa, M;

Pr = C'~/A - KpHTepHH IlpaH.n;TJIji;

c - y.n;eJIbHaji TenJIOeMKOCTb npo.n;YKTa, L{:>K!(Kr'K);

x- K03<P<PHIJ.HeHT;

\ji - 6e3pa3MepHaji pa3HOCTb TeMnepaTYp.

ne3pa3MepHaji Pa3HOCTb TeMnepaTyp \ji BbIlfHCJIjieTCji

no <popMyJIe

JJ I
d11

8° ° -+-Pr v.
11.

IlpH YBeJIHlfeHHH 11 no.n;bIHTerpaJIbHaji <PYHKIJ.l1jiB <pop-

MyJIe (14) CTpeMHTCji K HyJIIO. PaclfeTbI, npoBe.n;eHHbIe

aBTOpOM npH nOMorn:H KOMnblOTepa, nOKa3aJIH, lfTO BbIlfHC-

JIjieMOe no <popMyJIe (14) 3HalfeHHe \ji .n;OBOJIbHOcJIa60 3a-

BHCHT OT 11M, Il03ToMy MO:>KHO.n;onYCTHTb, lfTO \ji jiBJIjieT-

Cji <pyHKIJ.HeHTOJIbKOo.n;Horo apryMeHTa - KpHTepHji IlpaH-

.n;TJlji. 06pa60TKa pe3YJIbTaTOB paClfeTOB npHBeJIa K CJIe-

.n;ylOrn:eH3aBHCHMOCTH:

\ji = 11 PrO,73. (15)
B .n;Hana30He 100 c:; Pr c:; 106 MaKCHMaJIbHaji OTHOCHTeJIb-

Haji norpelliHocTb <pOpMyJIbI (15) He npeBbIllIaeT 5 %. Ta-

KHM 06pa30M, HaH60JIee CJIO:>KHajiH rpy.n;oeMKaji pa60Ta -

BbIlfHCJIeHHe .n;BoHHoro HHTerpaJIa - CBeJIaCbK O.n;HOH<pop-

MyJIe.

H.B. L{oMaHcKHH 1'1B.H. COKOJIOB B pa60Te [4] npHBo-

.n;jiT ypaBHeHHe

Eo = ~y2, (16)
r.n;e Eo - .n;HCCHnaIJ.Hji3HeprHH y TBep.n;oH CTeHKH, BT/M3.

B :nOH :>Kepa60Te npHBo.n;HTCji <popMyJIa

Eo = x4£, (17)
r.n;eE - cpe.n;Hjiji no om.eMy .n;HCCHnaIJ.Hji3HeprHH, BT/M3•

H3 pa60TbI [4] H3BeCTHO, lfTO

E= 4N/(nIfll!). (18)

IlpHpaBHjiB npaBble lfaCTH ypaBHeHHH (16) H (17), nOJIy-

lfl1M

~y2= x4£. (19)
Ilo.n;cTaBHB B (19) ypaBHeHHji (9) H (18), HMeeM

k·(y)rn -} y2 = X4 (4N)/(nIfll!) . (20)
PelliaeM ypaBHeHHe -(20) OTHOCHTeJIbHOy:
y = [4Nx4/(nDHk)]I/(m+ I). (21)
H3 <pOpMyJIbI (21)
X = [(nIfl Hkym+I)/(4N)]0,2S. (22)
Ilo.n;cTaBHM B ypaBHeHHe (13) ypaBHeHHji (22), (8) H (9),

B pe3YJIbTaTe cepHH nOCJIe.n;OBaTeJIbHbIXnpe06pa30BaHHH

nonylfl1M

ak°'sy(O.5m-l) Pr (23)
ApO.5 \jf

C YlfeTOM ypaBHeHHji (15) nOJIylfHM

akO.5y(o.5m-l) Pr (24)
ApO.5 = IIPrO.7J •



nO~CTaBHM B <pOpMyJIy (24) 3HaqeHHe KpHTepwl np.aH-

~TJIHH pewHM nOJIyqeHHOe ypaBHeHHe OTHOCHTeJIbHOy:
I

Y
. = (CO.27/,. 0.73p0.5)0.23"'-0.73

llako.2J' (25)

06I.QeH3BeCTHa TeOpeTHqeCKaH <popMyJIa ~JIH onpe~e-

JIeHHjJ:K03<P<PHQHeHTaTellJIOOT~aqH a pe3epByapa co cKpe6-

KOBbIMnepeMeWHBalOI.QHM yCTpOHCTBOM:

a = (2/'.in)(cpAnz)O,s. (26)
Tor~a H3 (25) nOJIyqHM

I

. ( /,.0.23 )0.23',.,-0.73
y= 12,4c°·2Jno.5z°.5ko.23 •

Tenepb, 3HaH y, HMeeM Bce He06xo~HMble ~aHHble ~JIH

paCqeTa ~n no <popMyJIe (4) H, CJIe~OBaTeJIbHO,~JIH pacqe-

Ta N1 no <popMyJIe (7).
~aJIee He06xo~HMO onpe~eJIHTb MOmHOCTb, pacxo~ye-

MylO Ha TpeHHe cKpe6Ka 0 cTeHKy QHJIHH~pa pe3epByapa.

C ~OBOJIbHO60JIbWOH CTeneHblO TOqHOCTHMO)l(HO~onyc-

THTb, qTO CHJIa F npHJIO)l(eHa B QeHTpe cKpe6Ka. Tor~a

ypaBHeHHe paBeHcTBa MOMeHTOB OTHOCHTeJIbHOOCHBpa-

I.QeHHHcKpe6Ka 3anHweTCH CJIe~YlOmHM 06pa30M:

Fb/2 = Fon b sin(~),
r~e Fon - peaKQIDI CTeHKH UHJIH~pa pe3epByapa, H.

06meH3BecTHo, qTO

F;p = k,.p Fon,

r~e F;p - CHJIaTpeHIDI, H;
k;p - K03<P<PHUHeHTTpeHIDI.

Tor~a H3 (28), cOKpaTHB b, HMeeM

F/2 = F;p/k,.psin(~),

OTKy~a

F;p = (F/2)[k;p!sin(~)]. (31)

nO~cTaBHB (5) B (31), nOJIyqHM

F;p = ~np(u2/4)Lbcos(~) [~sin(~)]. (32)
MOMeHT OT CHJIbI F;p paBeH:

M2 = F;p D/2 = ~np(u2/8)Lbcos(~) [k;p!sin(~)] D. (33)

Tor~a MOI.QHOCTb,pacxo~yeMaH Ha npeO~OJIeHHe Tpe-

HHHcKpe6Ka 0 nOBepXHOCTb QHJIHH~pa pe3epByapa, 6y~eT

paBHa:

N2 = 2nnzM2 = nnZ~np(u2/4)Lbcos(~) [k;p!sin(~)] D, (34)
r~e N2 - MOI.QHOCTb,pacxo~yeMaH Ha TpeHHe cKpe6Ka 0

CTeHKY,BT.

CyMMapHaH MOI.QHOCTb(BT), pacxo~yeMaH Ha nepeMe-

WHBaHHe, npe~CTaBJIHeT H3 C060H CyMMy N1 H N2:

N= N1 + N2, (35)
nO~cTaBHM B <pOpMyJIy (35) ypaBHeHHH (7) H (34) H BbI-

HeceM 3a cK06KH 06I.QHe MHO)l(HTeJIH:

N2 = nnZ~nP(u212)Lbcos(~) D + nnZ~nP( u2/4)Lbcos(B)x
x[k;p!sin(B)] D = nnZ~np(u212)Lbcos(~) Dx
x[ I + 0,5k,.p/sin(~)]. (36)
nO~CTaBHB B (36) <pOpMyJIy (1), nOJIyqHM

N= nnZ~np[(nnD)2/2]Lbcos(~)D [1 + 0,5 k;p/sin(~)] =
= 0,5n3n3Z~npLbcos(~)1)3 [I + 0,5k;p/sin(~)]. (37)

rpa~HeHT CKOpOCTHy paCCqHTaH no <popMyJIe (27) MH

TeOpeTHqeCKOrO pe3epByapa co cKpe6KoBbIMH nepeMewH-

BalOmHMH yCTpoHcTBaMH. B peaJIbHOM pe3epByape K03<p-

<pHQHeHTTenJIOOT~aqH MO)l(eT OTJIHqaTbCH OT paCCqHTbI-

BaeMoro no <popMyJIe (26), CJIe~OBaTeJIbHO, H 3HaqeHHe

rpa~HeHTa CKOpOCTHMO)l(eT 6bITb HeCKOJIbKOHHbIM. ~JIH

onpe~eJIeHHH HCTHHHoro 3HaqeHHH rpa~HeHTa CKOpOCTH

o61,e~HHHM nOJIY3MnHpHqecKYlO TeopHlO TYp6yJIeHTHOro

nepeHoca CnOJIyqeHHOH aBTOpOMnOJIy3MnHpHqeCKOH <pop-

MyJIOH (4).
PacnHIlleM <pOpMyJIy (37) C yqeTOM <pOpMyJI (4) H (9). B

pe3YJIbTaTe OKOHqaTeJIbHOnOJIyqHM

N =0,5n3n3z pLbcos(~)1)3 [1 + 0,5k,.p/sin(~)]x
x 21145'[k (y)m - 1/p]O,9S7[(2,457b + 0,378)/
(1,138b1,lS + 0,125)]' {[0,457 (90 - ~)O,3S6+ 0,561]/
[16,34 + 0,31 cos(~) + 0,137 (90 - ~)O,208]). (38)
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