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Here are presented the ratios for an estimation of efficiency of the work of industrial cooling towers taken in ac-
cordance with constructive, technological parameters and environmental data. Here is indicated comparison of
results, which were received with the help ofthese ratios with the results, achieved by traditional methods as well
as by full-scale testing of cooling towers SK- 1200. Here is demonstrated, that represented ratios have sufficient
precision for engineering analysis.
Also definite regularities of the e.ffect of these characteristics on the efficiency of the work of cooling towers are
determined, and practical recommendations of it's improvement are presented.
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CTeneHb cOBepweHcTBa rpa,ul1peH 3a'-lacTYIO on-

peLJ,eJ15IeTCHTeMnepaTypHbIM nepena,uoM I::.t = t, - t2, DC,

me t, 11 t2 - TeM nepaTypa mUla)l()J,aeMOH BOLJ,blHa BXO-

LJ,e 11 BbIXOLJ,e 113 rpa,ul1pHI1 COOTBeTCTBeHHO. BeJII1'-lI1-

Ha I::.t xapaKTepl13yeT TeXHOJIOrl1'-leCKOe COCTOHHl1e

rpa,ul1pHI1, ee 3cPcPeKTI1BHOCTb. npl1 HeCOOTBeTCTBl111

BeJII1411Hbi I::.t Tpe60BaHI15IM np0I13BOLJ,CTBa npOBO-

LJ,HTC5I np0cPl1JIaKTl14eCKl1e pa60Tbl, peKOHCTpYKUI151,

MOLJ,epHI13aLl,l151 rpa,ul1pHI1.

B HaCT05lwee BpeM5I cyw,eCTByeT MHoro MeTOLJ,I1K

onpeLJ,eJIeHI151 I::.t. PaC4eTbi rpa,ul1peH, np0113BOLJ,I1Mble

C I1CnOJIb30BaHI1eM I1HLJ,I1BI1LJ,YaJIbHbIX rpacPl1KOB OX-

JIa)I()J,eHI151 [I], KaK npaBI1JIO, npl1MeHI1Mbl JII1Wb K TI1-

nOBblM rpaLJ,l1pH5IM.

OOCTpOeHl1e rpacPl1KOB )J,Jl51HOBblX Tl1nOB 11 pe-

KOHCTpyMpoBaHHblX rpa,ul1peH B03MO)f(]-[0 TOJIbKO

no pe3YJIbTaTaM I1X HaTypHblX I1CnblTaHI1H. MeTO,LJ,bI

paC4eTOB, 6a3I1PYJOWl1eC5I Ha peWeHl111 CI1CTeMLJ,l1cPcPe-

peHl.l,l1aJIbHbIX ypaBHeHI1M TenJIOMaCCo06MeHa [2, 3],
LJ,alOT 60JIee ,LJ,eTaJIbHOe npe,LJ,CTaBJIemle 0 npOLl,eCcax,

np0I1CXOLJ,51UJ,I1X B 06beMe OpOCI1TeJI5I. PaC'-leTbl Ha oc-

HOBe peKOMeHLJ,aLl,I1H [4] 60JIee npl1eMJIeMbl npl1 pa3-

pa60TKe HOBblX KOHCTPYKUI1M rpa,ul1peH. npl1 3TOM

peWalOTC5I B3al1MOCBH3aHHbIe a3p0,LJ,I1HaMI1'-leCKa51

11TenJIOBa5I 3a,ua'-ll1.

AHaJII13 OCHOBHblX nOJIO)((eHI1H Ha3BaHHbiX Me-

TOLJ,OB nOKa3aJI, '-lTO OHI1 LJ,OCTaTO'-lHO TpyLJ,OeMKli,

Tpe6YIOT, KaK npaBI1JIO, npl1MeHeHI15I l1TepaLl,110HHbIX

npOLl,eLJ,yp. AHaJII1TI14eCKOe peWeHl1e ,LJ,l1cPcPepeHLl,I1-

aJIbHblX ypaBHeHI1H CB5I3aHO C BBeLJ,eHl1eM HeKOTopblX

* Pa60Ta BblnOJlHeHa I1pH <pHHaHCOBOH.nOMep)l(J(e
B paMKax <Durr «HaYYHble H HayYHO-l1e)larorVIYeCKHe Ka)l-
pbl HHHOBalJ,HOHHOH.POCCHH» Ha 2009-2013 ro)lbl (roc.
KOHTpaKT NQ14. 837.21.0644)

ynpoweHI1H, KOTopble CHI1)((aIOT T04HOCTb pac4eToB.

B CBeTe BbIWeI13JIO)((eHHOrO npe,LJ,CTaBJIHeT I1H-

Tepec onpe,LJ,eJIeHl1e TeMnepaTypHoro nepena,ua BOLJ,bl

I::.t C nOMOwblO npocToH cPOPMYJIbl, n03BOJI5IlOweH

C LJ,OCTaTO'-lHOH TO'-lHOCTblO 11 6e3 cyw,ecTBeHHblx 3a-

TpaT BpeMeHI1 OnepaTI1BHO OLl,eHI1Tb BeJII1'-lI1Hy I::.t
B rpa,ul1pHe. BMecTe C TeM, Ba)f(]-[a ee npl1rOLJ,HOCTb

)J,Jl51aHaJII13a BJII151HI151MeTeOpOJIOfI14eCKI1X, TeXHOJIO-

rH'-leCKliX 11 KOHCTPYKTI1BHblX napaMeTpoB rpa,ul1pHI1

Ha 3cPcPeKTI1BHOCTb I1Cnapl1TeJIbHOrO OXJla)l()J,eHI15I

BOLJ,bl. B ,LJ,aHHOM HanpaBJIeHl111 CJIe,LJ,yeTOTMeTI1Tb ,LJ,l1a-

rHOCTI1'-lecKYJO MO,LJ,eJIb [5], HO, K CO)((aJIeHI1IO, B HeH

He Y4I1TblBaIOTC5I TaKlie B~Hble napaMeTpbl KaK Tex-

HOJIOrWleCKl1e xapaKTepl1CTI1KJ1 opOCMTeJI5I, OTHowe-

Hl1e MaCCOBbIX paCXO,LJ,OBTenJIOHOCI1TeJIeM.

06paTI1MC5I K 6aJIaHCOBbiM COOTHOWeHI151M, onl1-

CblBalOwl1M npOLl,eCCbI TenJIOMaCCo06MeHa Me)l()J,y BO-

,LJ,OHI1B03,LJ,yxOM BOpOCI1TeJIe rpa,ul1pHI1. CJIe,LJ,y51[1], Y'l11-

TblBa51 COOTHOWeHl1e JIblOl1Ca, KOJII1'-leCTBO TenJIa Q,
K)J.)((/'-l, KOTOpblM 06MeHl1BaIOTC5I OXJla)l()J,aeMa51 BO,LJ,a

11B03,LJ,YXB 3JIeMeHTapHoM 06beMe 0pOCI1TeJI5I dV,on-
pe,LJ,eJI5IeTC5I 3aBI1CI1MOCTbIO BI1LJ,a

v
Q = ~xvJ V - i)dV = ~xvl::.icpV , (1)

o

3,LJ,eCb ~xv = q",A'Am
- 06beMHblH K03cPcPI1l.1,I1eHT Mac-

COOT,LJ,a'-ll1, OTHeceHHbIM K pa3HOCTI1 BJIarOCOLJ,ep)((a-

HI1H, Kf/(M3·'-l·Kf/Kf);

q = G / F - nJIOTHOCTb OpOWeHI15I, Kf/(M2. 4);
)I( )l( op

G", - rI1,LJ,paBJII1'-leCKa51 Harpy3Ka Ha rpa,ul1pHIO,

Kf/'-l;

Fop - nJIOll.l,a,ub OpOWeHl15I rpa,ul1pHI1, M2;

A - 3Mnl1pl14eCKliM K03cPcPl1Ll,l1eHT, oTp~alO-

UJ,I1H BJII15IHl1e KOHCTPYKTI1BHblX oc06eHHocTeH opo-



CI1TeJI5IHa ero OXJl~alOllJ,yJO cnoc06HOCTb, Mol;

'A= Gu / G", - OTHOCI1TeJIbHbIHMaCCOBbIHpacxo)J,

B03)J,yxa,Kr / Kr;

Gu - MaCCOBblHpacxo)J, B03)J,yxa,Kr/lf;

m - IlOKa3aTeJIb CTeIleHI1, xapaKTepYI3YIOllJ,HH3a-
BI1CI1MOCTbTeMIlepaTypHoro Ilepena)J,a BO)J,bIOTOTHO-

WeHI151MaCCOBoro pacxo)J,a B03)J,yxaK pacxo)J,y BO)J,bI;

i" - y)J,eJIbHa513HTaJIbnIDI HaCblweHHoro B03)J,y-
xa, K)J,)I(/Kr;

i - y)J,eJIbHa513HTaJIbIlH5I aTMoc¢epHoro B03)J,yxa,
K)J,)f(/ Kr.

Cpe)J,H5I5Ipa3HocTb y)J,eJIbHbiX3HTaJIbIll1H B03)J,yxa

6.icp' K)J,)I(/Kr, oIlpe)J,eJI5IeTC5IIlO ¢opMyJIe [1]

M
6.i =----

cp 11 ,

f dt/V -i)
"

r)J,edt - TeMIlepaTypHbIH IlepeIla)J, B CJIoe opOCHTeJI5I
BbiCOTOHdh.

BMecTe C TeM, )J,JI5IpaccMaTpHBaeMoro 06beMa
0pOCI1TeJI5I

3)J,eCbc'" - y)J,eJIbHa5ITeIlJIOeMKOCTbBO)J,bI,K,LQl<:j(Kr'°C);

K = 1,0-c,.J2/r - IloIlpaBolfHbIH K03¢¢HUHeHT
Ilpl1 TeIlJIOBbIX pacLleTax rpa)J,HpeH, Ilpe)J,JIO)l(eHHbIH

Jl.):1. nepMaHoM;
r - y)J,eJIbHa5ITeIlJIOTa Ilapo06pmOBaHH5I, K)J,)I(/Kf.

):1aJIee, Ilpl1paBHI1Ba51 ypaBHeHH5I (1), (3) H ocy-
llJ,eCTBJI5I5II1HTerpl1pOBaHl1e B (1) npH yCJIOBHH

dV = F;,pdh; 3aBI1CI1MOCTbTeMnepaTypbI OXJl~aeMOH

BO)J,bIIlO BblCOTeopOCHTeJI5I- JIYlHeHHa5I

h = h (t ) = [ ~ - t2)/ M] hop , r)J,ehop - Bblcara oPOCHTeJI5l,M.
HaH)J,eM

1 "
M = AA"'XI6.icp = AA "'XI M f V - i)dt, (4)

"
3)J,eCbIi = Ahop , XI = K/c", .

IIoCKOJIbr<y, HaH)J,eHHa51TaKHM 06pa30M 6.iep OT-

JIl1lfaeTC5IOT(2), BBO)J,I1TC5IHOBoe 0603HalfeHHe

I "
6.icp= 6.tfV-i)dt. (5)

/,

KOJIl1lfeCTBO TeIlJIa, BOCIlpl1HI1MaeMOe B03)J,y-

XOMMO)I(HOTaK)l(e npe)J,CTaBHTbQ = G
R
(h - il) , r)J,e ii'

i2 - y)J,eJIbHble3HTaJIbIlHH Bxo)J,5Iwero H yxoMwero
113rpa)J,l1pHH B03)J,yxa.OTCIO)J,a,YlfHTbIBa5I (3), y)J,eJIb-

Ha513HTaJIbIlI151B03)J,yxa i 3aBHCHTOTTeKYWeH TeMne-

paTypbI BO)J,bIt CJIe)J,ylOllJ,HM06pa30M

i=il +c",~-t2)/(KA), (6)

r)J,eil =c.vI +x(r+c"v1);

CB'cn - y)J,eJIbHbieTeIlJIOeMKOCTI1cyxoro B03)J,yxa
H BOMHoro Ilapa, I<,lJ,)K/(Kf'°C);

x - BJIarOCO)J,ep)l(aHHeB03)J,yxa,Kf/Kf;

VI - TeMIleparypa aTMoc¢epHoro B03)J,yxano cyxo-

My TepMOMeTpy, T.
Y)J,eJIbHa513HTaJIbIlH5I HaCbIweHHoro B03)J,yxa i"

KaK ¢YHKUH5I TeMIlepaTypbI BO)J,bIt onpe)J,eJI5IeTC5ICO-

OTHOWeHl1eM

i" = c,t+x"(r+cnt), (7)

r)J,e x" = ~"y"R. (t + 273,2)/ (P6 - ~"p,,) - BJIarOCO)J,ep-

)I(aHHe HaCbIllJ,eHHOrO B03)J,yxa, Kf /Kf;

~1/ - OTHOCHTeJIbHa5IBJIa)l(HOCTbHaCbIWeHHoro B03-

)J,yxa;

y" - IlJIOTHOCTbHacbIWeHHoro BOMHoro napa, Kf/M3;

R
B

- rmOBa5I nOCT05IHHa5I)J,JI5IB03)J,yxa,I<,lJ,)K/(Kf' K);

P6 - 6apoMeTpHlfecKoe )J,aBJIeHHe,KIIa;

p" - )J,aBJIeHHeHaCblweHHoro BO)J,5IHOrOIlapa, KIla.

C ueJIblO nOJIYLfeHH5I aHaJIHTHLfeCKOH oueHKH
6.icp BJIarOCO)J,ep)l(aHHeHaCbIllJ,eHHOrOB03)J,yxax" 3a-

nHllIeM CJIe)J,yJOWHM06pa30M

x" (t)"" cr~"y" ~). (8)

3)J,eCbcr=273,2RlJ/p6, M3/Kf;
0= 1,0 + tcp/273,2 +~" p"(tcp) / P6;
tep = 0,5~1 + t2) - cpe)J,H5I5ITeMnepaTypa BO)J,bI.
H3BecTHo, LfTO He6JIarOnpH5ITHbIMI1 )J,JI5Ipa60-

Tbi rpa)J,HpeH aTMoc¢epHbIMI1 YCJIOBI15IMH51BJI5IIOTC5I

JIeTHHe MeC5IUbI rO)J,a (HIOHb, HIOJIb, aBrycT), Kor)J,a

TeMnepaTypa VI"" (20,0+25,0) °c, OTHOCI1TeJIhHa51

BJIa)I(HOCTbcrl "" (0,50+0,70), )J,aBJIeHl1eP6 "" 99,32 KIIa.
KaK CJIe)J,yeT 113 npaKTHKI1 3KCnJIyaTaUl1H npo-
MbIllIJIeHHbIX rpa)J,l1peH )J,JI5IYKa3aHHbIX napaMeT-

pOB B03)J,yXanpH tl"" (30,0+40,0) °C; 6.t"" 10,0 °C;
tep "" (tl - 5,0) 0c. KpoMe Toro, 06WIHO, B 6aweHHbiX

rpa)J,HpH5IX A"" 0,5, BeHTHJI5ITOPHblX- (1,0+1;5).
YLfI1TbIBa51)J,aHHoe 06CT05lTeJIbCTBO,HaH)J,eMan-

npOKCHMaUHOHHble 3aBHCHMOCTH )J,JI5I nJIOTHOCTH

y" ~) 11 )J,aBJIeHH5I p" ~) HaCbIweHHoro BO)J,51Horo
napa. ):1JI5Iy)J,06cTBa I1HTerpl1pOBaHI15I 6.i

cp
npe)J,CTa-

BHM HX B BH)J,eJIHHeHHbIX COOTHoweHHH:

y"(t)""YO+Ylt, Yo =-0,025Kr/M3,

Y1 = 0,0019Kr/(M3• T);

p"~)""Po+N, Po =-3,04KIIa,
PI = 0,24 KITa/T.

CTaTHCTHLfeCKHH aHaJIH3 )J,aHHbiX ¢OPMYJI no-

Ka3aJI y)J,OBJIeTBOpHTeJIbHble annpOKCI1MaTHBHble

CBOHCTBa[6]. 3HaLfeHH5IK03¢¢HUHeHToB )J,eTepMHHa-

UHI1 paBHbI 0,99. BeJIHLfHHacpe)J,HeHKBa)J,paTl1lfeCKOH

HeB5I3KH He npeBblwaeT 5,5%. MeKBaTHocTb I1Xno)J,-
TBep)l(,Ll,eHa TaK)l(e Kpl1TepHeM CVl1wepa (He 60JIee

3,5' 10-3 npH ypoBHe 3HaLfHMOCTH0,05).

BOCnOJIb30BaBllIHCb 3aBHCHMOCT5IMH (6)-(10)
)J,JI5I3HTaJIbnHH napo06pa30BaHH5I Hai1)J,eM:

i"-i""oo+o/+o/, (11)

3)J,eCb°0 = cr~"Yor +CJ2 -il ;

cle = c",/AK ;°1 = cr~" (Yocn + Ylr) +C. -CIe;°2 = cr~"YICn .
Hcxo)J,51 113 npl1Be)J,eHHhlX )J,aHHbIX, npl1

K = 0,95, ~" = 1,0 3HaLfeHH5I ° 1,152;

cr = 0,9IOM3/Kr; °0 = 8,443'103 ,L1)I(/Kr; °1 = 0,859'103

,L1)I(/(Kr . 0C); °2 = 3,403 ):1)1(/(Kf . °C2). YlfHTbIBa5I

cpaBHHTeJIbHbIH BKJIa)J,COCTaBJI5IIOWHX3TI1X CJIara-



eMbIX, nOCJle nO,ll,CTaHOBKM (1lLB (5), WHTerpwpOBa-

HWH, ,ll,Jl51oueHKH BeJlI1'II1HbI /',.i
cp

MO)f(HO BOCrrOJlb30-

BaTbCH COOTHOWeHl1eM

. " "() 0 5 ,,1' 0,5c",/',.1
L1lcp = acp y II r - , O"'t' "II' t:J ---'A-K- -cu i}[ .

OTHOCI1TeJlbHa51 01lIH6Ka OTbICKaHW51 Cpe,ll,Heti
Pa3HOCTW y,ll,eJlbHbIX 3HTaJlbnl1ti B03,IJ,yXa orrpe,ll,eJl51-

eTCH npl1 pa3JlH'IHbIX BapwaHTax j TeXHOJlOrH'IeCKHX

11MeTeOpOJlOfl1'IeCKHX YCJlOBl1ti. TIPH corrOCTaBJleHWH
BeJlI1'IHH /',.i 11/',.i OTHOCWTeJlbHa51 HeB513Ka

cp cp

eM'Pi = (/',.icPJ - /',.icp J )//',.icpi'

t:i 11/',.i - ELi =(/',.icp 0 - /',.icp .)I//',.(p .
cp cp CPJ ) J Y J '

/',.i l1/',.i _8M" ={/',.iCPJ-Mcpo),I/',.iCPJ.
cp 'cp J ~ } Vj

)J,wana30H W3MeHeHHM II = (30,0; 31,0 ... ,40,0) T,
12 = (25,0; 26,0 ... , 30,0) °C, /',.I ~ 10,0 °C

npw 'A = (0,7+1,5), 1}, = (22,0+25,0) °C,

<PI = 0,60, P6 = 99,32 KTIa BbI611paeTC51 TaKHM,

'IT06bI OXBaTI1Tb Haw60JlbIIIYJO 06JlaCTb xapaKTepHbIX

pe)((J1MOB pa60TbI rpa,IJ,l1peH. B WTore WMeeM 1800 Ba-

pl1aHTOB.
B 06U.\eM CJlytlae, Cpe,ll,H5151 KBa,IJ,paTH'IeCKa51

oww6Ka [7]:

( )

005

c6 = i 8~i In ·100%
'cp j=I,O CPj ,

me n - KOJlI1'IeCTBO BapHaHTOB.

113 pe3YJlbTaTOB paC'IeTOB CJIe,ll,yeT, 'ITO cYU.\ec-

TBeHHoro pa3JlH'IH51 Me)l()l.y BeJlH'IHHaMI1 /',.icp 11 /',.icp
He Ha6JlIO,ll,aeTCH, MaKCWMaJlbHOe 3Ha'IeHWe Cpe,ll,Heti.

KBa,ll,paTW'IeCKoti HeB513KH EM" = 2,3%. OTMeTHM TaK-
)I(e, 'ITO Hati,ll,eHHble no <popMyJle (5) 3Ha'IeHW51 /',.icp

nOJlY'IaIOTCH B CTOpOHY 3aBbIWeHH5l. ConOCTaBJleHMe

KBa,IJ,paTW'IeCKHe HeB513KH C6i", W CM" He npeBblilialOT

12,5% 11 12,3% COOTBeTCTBeHHO.

PaCCMaTpI1Ba51 ,ll,aJlee (4) KaK ypaBHeHHe OTHOCW-

TeJlbHO /',.I, r,ll,e /',.(p == /',.icp(/',.I) onpe,ll,eJl51eTCH comac-

HO (12), pewa5I ero, ,ll,Jl5loueHKH /',.I nOJlytUIM COOT-

HoweHHe

/',.1= A'AfIIXI[X2'Y"~I)-CBl}IJ

[1,0+0,5A'Am(XIX2'Y1 + 'A-I)]'

r,ll,e X2 = a<p" r .
B rpa,IJ,11pH51XopOCHTeJlb MO)l(eT 3KCnJIYaTHpOBaTb-

C51npH BbICOTax hop, OTJlI1'IHbIX OT Tex, ,ll,Jl51KOTOpbIX

B [1, 2, 4] npI1BO,ll,I1TC5I3Ha'IeHHe K03<p<pI1UWeHTa A.
B 3TOM cJIYlIae peKOMeH,ll,yeTcH BOCrrOJlb30BaTbC51 <pop-

MyJlOti: A = AoIIQ-k), r,ll,e Ao = Aoha, ha - HeKOTOpa51

6a30Ba51 BblCOTa 0pOCI1TeJI51; Ao - cooTBeTcTBYIOU.\Hti.

eti K03<P<PI1UWeHT, II =hop/hQ"
B paC'IeTaX 6aweHHblx rpa,IJ,HpeH rrpe,ll,rrO'ITHTeJIb-

Hee WCrrOJlb30BaTbrrOKa3aTeJlbCTerreHW k. = 0,25 [4,7],

BeHTHJl5lTOpHbIX - k. = 0,52 [1,2].

)J,Jl5l oueHKW 3<p<peKTHBHoCTW rpa,IJ,l1peH, I1XcpaB-

HWTeJlbHOrO aHaJlW3a WCnOJlb3YJOTC5I CrreUHaJlbHble

KpWTepl1l1, B 'IaCTHOCTH, TeMnepaTypHblti, TeXHOJlO-

rW'IecKHti, 3HTaJlbrrHti.Hblti., BeJlWIHHa KOTOpblX 3aBW-

CWTOT 'IWCJla MepKeJl5I

Me = /',.Ic",/ K/',.icp = Ahop;,.;n. (15)

CJIe,IJ,y5I ,ll,aHHoMy YCJlOBWIOCXO,ll,HMOCTWKpWTepW5I

MepKeJl5l, npH cpaBHeHHH neperr3,IJ,a TeMIleparyp /',.Ip
11 /',.1 , nOJTY'!eHHbIXCnOMOliIbIO CWCTeMbIypaBHeHHti. ( 1)-
(3), (6), (7), onpe,ll,eJl5leMble no KOTOpOti. /',.Ip , KaK npaBw-

JlO, COOTBeTCTBYIOTnpoeKTHoti. pa60Te rpa,II,HpHH, 11 co-

OTHoweHH5l (14) paCCMaTpHBaeTC5I 396 XapaKTepHbIX

pe)l(J1MOB: II = (30,0; 31,0 ... ,40,0) T npw 'A = (0,7+1,5),

1}1 = (22,0+25,0) °C, <PI = 0,60, P6 = 99,32 KTIa.
KaK BI1,ll,HOW3 pe3YJIbTaTOB paC'IeTOB, npe,ll,CTaB-

JleHHbIX B Ta6JI. 1 W 2, OTKJIOHeHWe 861 = /',./p - /',.I Ha-

XO,ll,WTCHB npe,ll,eJIax (-0,3+0,6) °C, ero Cpe,ll,Hee KB3,IJ,-

paTW'IeCKOe 3Ha'IeHWe He npeBblwaeT c61 = 0,7 0c.
)J,JI51 oueHKH 3<p<peKTHBHOCTI1 ,ll,eticTByIOliIl1x rp3,IJ,W-

peH TaKa51 TO'IHOCTb onpe,ll,eJIeHH5l /',.I 5lBJI51eTC51BnOJl-

He npl1eMJIeMoti.. B HJ1)f(Heti. CTpOKe Ta6Jl. 1 H 2 yKa3a-

HbI ycpe,ll,HeHHble 3Ha'IeHH51 861 11 c61•

TIpow3Be,ll,eM COnOCTaBJleHHe pe3YJlbTaTOB pac'-Ie-

TOB,nOJIy4eHHbIXCWCnOJIb30BaHl1eMCOOTHoweHW5I (14),
C ,ll,aHHbIMH HaTypHbIX wcnbITaHwti BeHTWJlHTOp-

HbIX rp3,IJ,wpeH CK-1200, 060pY,ll,OBaHHbIX OPOCW-

TeJl5lMH, c06paHHblMw H3 nJIaHOK W U.\WTOB (l Tl1n),

hop = 4,5M, A = 0,324M-1, m = 0,73; rO<ppoTpy6 044

(I[ THrr), hop = 1,4M, A = 0,614M-', m = 0,62. HaTYP-
Hble HCrrbITaHH5I npH Bceti. wx CJlO)f(HOCTI1 ,ll,aIOT 60Jlee

,ll,OCTOBepHYIO HH<popMaUHIO 0 pa60Te rpa,IJ,wpeH, Me-

TO,ll,HKa wcnbITaHHti. B np0I13BO,ll,CTBeHHblX YCJlOBW5IX

nO,ll,p06HO 113JlaraeTC51 B CnpaBO'IHOM noc06wI1 [1].
113 nOJIy'-leHHblX pe3yJIbTaTOB, npe,ll,CTaBJleHHbIX

BTa6JI. hme M,. - 3aMepeHHbIti. nepen3,IJ, TeMnepaTyp
BO,ll,bI, /',.1 = kM . /',.1 - TeMnepaTypHbIti. nepen3,IJ, BO,ll,bI

'A

1}" °C 0,7 0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5
8

61
,oC

22,0 0,6 0,6 0,6 0,6 0,6 0,6 0,5 0,5 0,4
23,0 0,4 0,5 0,4 0,4 . 0,4 0,3 0,3 0,3 0,2
24,0 0,3 0,3 0,2 0,2 0,2 0,1 0,1 0 -0,1
25,0 0,1 0,1 0 0 -0,1 -0,1 -0,1 -0,2 -0,3

0,4 0,4 0,3 0,3 0,3 0,2 0,2 0,2 0,1

'A

1}1'oC 0,7 0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5

cM,oC
22,0 0,7 0,7 0,7 0,7 0,7 0,6 0,6 0,5 0,5
23,0 0,6 0,6 0,6 0,6 0,5 0,5 0,4 0,4 0,3
24,0 0,5 0,5 0,4 0,4 0,3 0,3 0,3 0,3 0,3
25,0 0,4 0,4 0,4 0,4 0,4 0,4 0,3 0,4 0,4

0,6 0,6 0,5 0,5 0,5 0,5 0,4 0,4 0,4



II ' /";.1,., - 8i1t,
/";.I,

8;\1' q", A t'}j, <PI P6,/";.1, p
p

°C °C °C °C °C °C M3/(M2'4) °C ilia

CK-1200 C opOCHTeJIeMITHna

31,0 7,0 6,5 0,5 9,1 -2,1 8,17 1,46 21,0 0,71 97,99

33,0 6,3 6,5 -0,2 8,5 -2,2 8,33 1,18 22,5 0,76 99,72

33,6 7,0 6,8 0,2 9,8 -2,8 8,33 1,27 25,0 0,54 99,79

34,2 7.0 7,6 -0,6 10,6 -3,6 8,33 1,63 28,5 0,45 99,59

CK-1200 C opOCHTeJIeMIITHna

36,3 12,3 13,1 -0,8 13,6 -1,3 4,83 2,78 20,0 0,74 97,99

37,3 13,3 13,3 0 14,0 -0,7 4,83 2,55 20,0 0,74 97,99

37,9 13,4 13,9 -0,5 14,0 -0,6 4,58 3,15 26,0 0,55 99,70

38,2 13,1 12,3 0,8 13,3 -0,2 4,58 2,15 23,5 0,59 99,86

C Y'!eToM BBO,ll,I1MOi1,I1pl1 He06xo,ll,I1MOCTH, 110l1paBKM

kt1" OTp<OKalOw.ei1 oc06eHHocTI1 yCTpot'IcTBa H pa60-
TbI rpa,ll,HpeH, 8i1t=/";.I'K-/";.I, 8;\1=/";.I,,-/";./p, CJTe,ll,yeT,

4TO Cpe,ll,HHe 3HalleHI151 8i1t ro151 ,ll,aHHbIX rpa,ll,l1peH

CK -1200 C 0pOCI1TeJT5IMI1I11IITl1nOB I1pl1MepHO paB-

HbI 0,011 -0, L °C cooTBeTcTBeHJ:Io. rIPI1 3TOM B CJT)"lae
rpa,ll,l1pHI1 CK- L200 COpOCI1TeJTeMITHl1a Hai1,ll,eH nOI1-

paBoLIHbli1 K03q)(lm1.J,HeHT kt1, = 0,69, C opOCHTeJTeM

IITHna - kt1, = 0,93, npI1KOTOpbIX3Ha'-leHI151 92..e,ll,HerO
KBa,ll,paTl1l1eCKOrOOTKJTOHeHI15I(Me)((,U)' /";.I" 11/";.1) tilt =
6,0% (0,4 0g H4,8 % (0,6 0c) MI1HI1MaJTbHble. B Ta6JT.3

3Ha'-leH1151/";.1 YKa3aHbI C Y'!eTOM 3TI1X nonpaBOK.
Ycpe,ll,HeHHOe OTKJTOHeHl1e Ha6JlIO,ll,eHHbIX 3Ha-

'-IeHI1i1 nepena,ll,a TeMnepaTyp /";.I,. H paCC'-II1TaHHbIX

C I1CnOJlb30BaHI1eM (15) 3Ha'-leHI1M /";./p npHI1CXO,ll,HbIX

,ll,aHHbIX HaTYpHblX I1CnblTaHI1t'I M51 rpa)J,HpHI1 CK-

1200 C OpOCI1TeJTeMI Tl1na COCTaBJT5IeT8t1/
p

= -2,7 °C,
'-ITOCBI1,ll,eTeJlbCTByeTo Hey,ll,OBJIeTBOpHTeJIbHOMCOCTO-

51HI111rpa,ll,HpHI1, KOTopoeTpe6yeTee peMOHTa.LLJur rpa-

,ll,HPHI1 CK- L200 C OpOCI1TeJIeM ITl1na 8;\1 = -0,7 OC,
rpa,ll,HpH51 pa60TaeT B npoeKTHOM pe)j(J.1Me.

TeMnepaTypHbli1 K03¢qml.J,l1eHT 3¢¢eKTI1BHOCTI1
(TenJTOBoi1 K. n. ,ll,.) rpa,ll,l1peH onpe,ll,eJT5IeTC513aBI1CH-
MOCTblO BH,ll,a[3]:

115=/";.I/(t1-'t1), (16)

r,ll,e 'tl - TeMnepaTypa aTMoc¢epHoro B03,ll,yxa no CMO-

'-IeHHoMy TepMoMeTpy.
TenJlOBot'I K. n. ,ll,.11551BJT5IeTC51Hal160JTee pacnpo-

cTpaHeHHbIM nOKa3aTeJTeM 3¢¢eKTI1BHOCTI1 pa60Tbi
rpa,ll,l1peH, npe,ll,CTaBJI5IIOllI,HM c060i1 OTHOWeHl1e pe-
aJTbHOt'Imy611Hhi OXJTmK.D.eHH5IK TeOpenf'-leCKH ,ll,OCTH-

)j(J.1MOt'I,nOCKOJTbKyTeMneparypa 'tl 5lBJT51eTC51npe,ll,e-
JTOMOXJTmK.D.eHI151BO,ll,bInpH HcnapHTeJTbHOM oXJTmK.D.e-

HHH. Y'-IHTblBa51, '-ITO npl1 113MeHeHHH 6apOMeTpl1'-leC-

Koro ):(aBJleHI151B npe):(eJTax (99,32±2,0) KITa BJII15IHHe

ero Ha 115 rpa,ll,l1peH He3Ha'-lHTeJTbHO [1-3], Hat'I):(eM

'tl =t'}1-0,3L(1,0-<Plf
4

(t'}1 +23,95) (17)

rIocJle nO,ll,CTaHOBKH B (16) COOTHoweHHM (14),

(17) ):(JT5IOl.J,eHKH115 nOlT)"laeTC51 3aBHCHMOCTb, C ):(0-
CTaTO'-lHot'I nOJTHOTot'I y<-II1TbIBaIOllI,a51BJlH51Hl1e MeTe-

opOJlOrl1'-1eCKHX,TeXHOJlOrl1'-1eCKMX,KOHCTPYKTI1BHMX
H ,ll,PYfl1X ¢aKTopOB

AAm
XI[X2Y"(t,)-C.t'}I] (18)

11
5
=(1,0 +0,5AAlll (XIX2YI + A -I))(i~ +0,31q;1,14J)'

r):(e ~ = II -t'}1 ; <P =1,0-<P1 ; J= t'}1+ 23,95.
113 aHaJTI13aCOOTHOWeHI15I(18) CJTe,ll,yeT,'-ITOTen-

JTOBOt'IK. n.):(. 115npOnOpl.J,HOHaJTeH Ii'. C YBeJll1'leHl1eM

BbICOThl 0pOCI1TeJT5I115 B03paCTaeT npOnOpl.J,110HaJTbHO
11Q-k) npH yCJTOBHH,'-ITOA = const. O):(HaKo Ha,ll,OI1MeTb

B BI1):(y, '-ITO npl1 ):(OCTIDKeHI1H HeKOToporo npe,ll,eJTh-

Horo 3Ha'-leHI15I 11 BeJTHL-IHHa115 6Y,ll,eT YMeHbWaTbC51

H3-3a pOCTa a3pO):(I1HaMI1L-IeCKOrOCOnpOTI1BJTeHI15lOpO-

CHTeJT5I,COOTBeTCTBeHHO,YMeHbWI1TC51napaMeTp A .
L!:aJTeepaCCMOTpHM clT)"lat'I, KOr,ll,a npO):(BJ1)f(eHl1e

B03):(yXaBrpa,ll,HpHe06ycJTOBJTeHOBeHTHJT5ITOpOMCnepe-

na,ll,OM,ll,aBJleHI15lHa KpblJTb'-laTKe/";.P = 0,5So6",y.cpw2, rIa,

S06W - 06ll1,Ht'I K03¢¢HUl1eHT a3pO,ll,HHaMH'-IeCKO-

ro COnpOTHBJleHI15I rpa,ll,HpHI1; Y.c = 0,5(y.1 + Y.2) -
Cpe,ll,WI5l nJTOTHOCThB03):(yXa, Kf/M~; Y.I H Y,2 - nJlOT-
HOCTI1aTMoc¢epHoro H HarpeTOrO B03):(yXa; w - cpe,ll,-

WI5l CKOpOCThB03,ll,yxa B nOnepe'-lHOM Ce'-leHI1I1 rpa,ll,l1p-

HH, M/C. Y'-II1TbIBa51, '-ITOA = Y,cpw/q", nOJly<-II1M

Am = (2,Oy .cp/";.P /Poq; 1,5m (1,0+ Sop/Po fSm, (19)

r):(e Po - K03¢¢HUHeHT a3pO):(l1HaMI1'-1eCKOrOconpo-
TI1BJTeHI151,06yCJTOBJTeHHbIM COnpOTI1BJleHl1eM «):(0)1(-

):(51)>B npOCTpaHCTBe no,ll, OpOCI1TeJTeM,B Bo):(opacnpe-

):(eJTHTeJTbHOMyCTpot'IcTBe; COnpOTl1BJTeHHeM CHCTe-

MbI Bo):(opaCnpe,ll,eJleHI151, Kal1JTeyJTOBHTeJT5I,BXO):(HbIX

H BhIXO):(HbIX YLIaCTKOB rpa,ll,l1pHI1, ,ll,PYfl1X MeCTHblX

COnpOTI1BJleHI1t'I; Sop - K03¢¢HI.J,HeHT a3pO,ll,HHaMH-

'-IeCKOrO COnpOTl1BJTeHI151CMO'-leHHOrO opOCHTeJl51[1].

K rrOBbIWeHI1IO 115, I1pl1 rrpO'-lHX paBHhlX YC-
JTOBH5IX, Be,ll,eT YBeJTl1'-1eHHerrOKa3aTeJT51CTeneHI1 m
npH A >1,0I1YMeHbweHHe In rrpH A <1,0.CJle,ll,Y5l(l9),

YBeJTI1L-IeHl1eSop npH HeH3MeHHhiX OCTaJTbHbIX napa-
MeTpax rrpI1BO):(I1TKYMeHbweHHI0115, O,ll,HaKOHe3Ha'-ll1-

TeJTbHOMY.OTMeTI1M TaK)l(e, '-ITOC YBemt'-leHl1eM q" 115

CHIDKaeTC51.AHaJTI13 pe3YJIbTaTOB pa60Tbl [7], comac-

HO KOTOpOt'I K nJTeHO'-lHO-KarreJTbHbIM OTHOC5ITC5Iopo-

CHTeJTI1C m> 0,5, K KarreJIbHO-rrJIeHO'-lHbIM - m :::;0,5,
n03BOJT5IeT C,ll,eJIaTb BhIBO,ll" '-ITO npl1 3KcnnyaTal.J,l1H

rpa,ll,l1peH C BblCOKHMH fH,ll,paBJIH'-IeCKHMI1 HarpY3Ka-

MH 3¢¢eKTI1BHee OKa3hIBaIOTC5I rpa,ll,HpHH, 060py,ll,0-

BaHHbIe KaneJIbHO-nJIeHO'-lHbIMI1 0pOCI1TeJI51MI1.

B pa60Te [8] C nOMOlll,bIO MeTo):(a aHaJTI13a pa3-

MepHocTet'I KOHCTpyl1pyeTC5I TeXHOJIOfl1'-1eCKI1t'I Kpl1-

Tepl1M Mr ' 3aBHC51w.I1MOT OTHOCI1TeJTbHOrOneperra-
,ll,a TeMnepaTyp BO):(hI M1 = /";.1/1, , OTHOWeHI151 Macco-



BbIX paCXO,ll,OBTenJIOHOCWTeJIei1 M2 = A -I, OTHOCW-

TeJIbHoi1 pa3HI1u.bI KOHu.eHTpau.l1i1 BO,ll,5IHOrO napa

M3 =y"(tI)/lr"(t,)-<J\Y"(l'tI)J :
MT = Fe (M, )F;v (MJFe (M3),

r,ll,e Fe, F;v, Fe - 6e3pa3MepHble B03paCTaIOIl.\We

cPYHKU.I1I1,06paIl.\alOIl.\WeC5I B HOJIb npw HYJIeBOM 3Ha-
y.eHI1I1aprYMeHTa.

TeXHOJIOrl1y.eCKI1H Kpl1Tepl1i1 MT JII1WeH He,ll,O-

CTaTKOBTeMnepaTypHoro K03<PcPl1u.weHTa3<p<peKTwB-
HOCTI1. OH MO)l(eT ,ll,OnOJIH5ITbC5I,1l,Jl51KOMnJIeKCHOro

aHaJII13a 3cP<peKTwBHoCTW rpa,ll,wpeH 3KOHOMWy.ec-

KMM Kpl1Tepl1eM, npe,ll,CTaBJI5IIOIl.\WMC060H OTHowe-
Hl1e y.aCTW CTOI1MOCTWnpO,IJ,yKlJ,l1w, npwxo,ll,5IIl.\ei1c5I

Ha rpa,ll,l1pHIO KaK O,ll,HOW33BeHbeB TeXHOJIOfl1y.eCKoH

u.enOy'KI1, K npl1Be,ll,eHHbIM 3aTpaTaM.

3HTaJIbnl1 HHblH K03cPcPl1u.l1eHT 3cPcPeKTwBHoCTW

onpe)J,eJl5leTC5ICOOTHoweHweM

E = ~t'-i;')/~t'-i1),

3,ll,eCb it', i;' - y)J,eJIbHble 3HTaJIbnWW HaCbIIl.\eHHO-

ro B03)J,yxa y nOBepxHocTW BO,ll,bI, COOTBeTCTBeHHO,
Ha BXO)J,e11BbIXO)J,e113rpa,ll,MpHJ.1.

Oy.eBI1,ll,HO, Y.TO 3TOT K03cP<Pl1u.weHT yy'HTbIBaeT

TOJIbKO napaMeTpbI B03)J,yxa H, KaK CJIe,ll,CTBHe,JIHWb

KOCBeHHOxapaKTepl13yeT pa60Ty rpa,ll,WpeH.
(13 n0JIYY.eHHbIX pe3YJIbTaTOB CJIe,IJ,yeT,Y.TO 3cP-

<peKTHBHOCTbrpa,ll,HpeH 3aBHCHTOTMHOmX cPaKTopOB.
IIpl1 npOeKTHpOBaHHH, peKOHCTpyKJ..I,WW,MO,ll,epHW3a-

U.HH rpa,ll,WpeH CJIe)J,yeTOT,ll,aBaTbnpe,ll,nOy.TeHl1e OpO-

CHTeJl5lMCOCpaBHHTeJIbHO60JIbWWMW3Hay.eHI15IMW A ,
m 11MaJIbIMW Sop . B rpa,ll,MpH5lX C MaJIbIM paCXO,ll,OM

B03)J,yxa, BbICOKOi1nJIOTHOCTblOOpOWeHM5I Bblwe ox-

JI~alOIl.\a51 cnoc06HOCTb KaneJIbHO-nJIeHOy.HbIX OpO-

CHTeJIei1. BMeCTe C TeM, B YCJIOBH5IXorpaHHy.eHH5I ,ll,e-
He)I(HbIX Cpe,ll,CTB11CpOKOBHa npOBe,ll,eHwe peMOHTHbIX

pa60T B03MO)I(H0 npl1MeHeHWe nJIeHOy.HO-KaneJIbHbIX
OpOCI1TeJIeH, npl1 3TOM He06xo,ll,HMO WCnOJIb30BaTb

60JIee COBepweHHble CHCTeMbI BO,ll,OpaCnpe,ll,eJIeHW5I.

OOCKOJIbKY BO MHomx cJIyy.a5lx B Kay.eCTBe oc-

HOBHoro napaMeTpa, onpe,ll,eJI5IIOIl.\erO 3cP<peKTHB-

HOCTb pa60TbI rpa,ll,wpeH, BbI611paeTC5I OTHoweHwe

MaCCOBbIXpaCXO,ll,OBTenJIOHOCHTeJIeH, npe)J,CTaBJI5IeT-

C5Iu.eJIeC006pa3HoH pa3pa60TKa rpa,ll,HpeH, B KOTOpbIX

COy.eTaJIWCb6bI KaK 0pOCWTeJIbHbIi1 cnoc06 OXJl~e-
HW5IBO,ll,bI,TaK H 3)1(eKlJ,WOHHbIH(6pbI3raJIbHbIH) [9].
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