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ranoe H.H., EenywKHH B.A., 3enbAOBH4 A.r. 8-80-81 

TepMOAHHaMH4eCK~H aHanH3 CHCTeM KpHOCTaTHPOBaHH.A 
CBepxnpOBOA.RIJIHX YCTPOHCTB C L!HPKyn.RI.IHeH lKHAKOrO 
renHR 

Ha OCHOBe TepMOAHHaMH4eCKOrO aHanH3a c¢opMynHpOBaH~ o6-
Tpe6oeaHH.R K rHAPaBnH4eCKHM xapaKTepHCTHKaM 06DeKTOB, 
CTaTHpyeMbiX nocpeACTBOM 411PKYn.AI.IHH lKHAKOrO renH.R. 'COOT
TBHe 3THM Tpe6oeaHH.RMOnpeAen.ReT napaMeTp, xapaKTepH3y~
COOTHOWeHHe MelKAY KOnH4eCTBOM OTBOAHMOrO Tenna H KOH~H: 
I.IHeH KaHanoe An.R npOTOKa KPHOareHTa. 

npoaHanH3HpOBaHbL..YAenbHble 3Hepr03aTpaT~ Ha nony4eHHe 
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BBE,QEH~E 

KaK ~seecTHO, Kp~oreHHble c~cTeMbl c np~Hy,q~TeJlbHOH. LI~PKYJl.RL!~
eii ren~R a KaHanax Kp~OcTaT~pyeMoro o6aeKTa no cpaeHeH~~ c Tpa
.Q~LI~OHHbiM~ C~CTeMaM~, 8 KOTOpbiX o6oeKT norpy>KaeTC.R B K~n.Rlii~H . 
ren~ii, o6na,qa~T p.R.QOM npe~MYllleCTe: .QJl.R pean~3al.IH~ npo1.1ecca Tpe-
6yeTC.R CYllleCTBeHHO MeHbWee KOJl~YeCTBO reJl~.R, pe3KO ynpOllla~TC.R 
KOHCTPYKL!~~ KP~OCTaTOB, YJlYYWa~TC.R YCJlOB~.R Tennonepe,qay~ ~ 

3JleKTp0~30Jl.RL!~~. no Mepe cos,qaH~.R see 6onee cno>KHbiX ~ npoT.R>KeH
HbiX ceepxnpOBO.Q.Alii~X MarH~THbiX C~CTeM L!~PKYJl.AL!~OHHbiH cnoco6 CTa
HOB~TC.R He TOJlbKO 6onee BblrO,QHbiM, HO ~ npaKT~YeCK~ e,q~HCTBeHHO 
np~ ro,qHbiM. 

np~MeHeH~e LI~PKYJl.RL!~OHHOro cnoco6a CB.R3aHO C peweH~eM p.R,qa 
npo6neM. O,qHa ~3 H~x 3aKJ1~YaeTc.R a cos,qaH~~ npocTbiX ~ Ha,qe>KHbiX 
ycTpoiicTe ,qnR LI~PKYJl.RL!~~ Kp~oareHTa. B ony6n~KoeaHH~x paHee pa-
6oTax 11·31 a KaYecTee TaK~x ycTpoiicTe paccMOTpeHbl pasn~YHbJe T~nbl 
MexaH~YecK~x Hacocoe ,qnR >K~,qKoro ren~.R. B nocne,qHee epeM.R npe,q
no>KeHo ~cnonbsoeaTb .QJl.R LI~PKYJl.AL!~~ ren~R CTPYHHble annapaTbJ 141• 
nepcneKT~BHOCTb np~MeHeH~.R TaK~X YCTpOHCTB o6yCJlOBJleHa ~X BbiCO
KOH Ha,qe>KHOCTb~, 4TO KpaiiHe Ba>KHO ,QJl.R KpynHbiX Kp~oreHHbiX C~CTeM, 
~ ~CKJ1~4HTeJlbHOH npOCTOTOH, n0380Jl.R~lllei1, B OTJ1~4~e OT ,qpyr~X 
T~nOB L!~PKYJl.RTOpOB, 6bJCTpO ~ C M~H~MaJlbHbiM~ 3aTpaTaM~ OCBO~Tb 
~X ~3rOTOBJleH~e. 

0,qHaKO OTCYTCTB~e cpaBH~TeJlbHOrO TepMO,Q~HaM~YeCKOro aHaJ1~3a 
LI~PKYJl.RL!~OHHblX c~cTeM c MexaH~YecK~M~ HacocaM~ ~ CTPYHHbiM~ an
napaTaM~ He noseon.ReT paspa6oTY~KaM o6ocHoBaHHO e~6paT~ cxeMy ~. 
B YaCTHOCT~, TOT ~Jl~ ~HOH T~n ycTpOHCTBa ,QJl.R 4~PKYJl.RL!~~ reJl~.R. 
3TOMY nOCB.RllleHa Hawa pa6oTa. 

METO,Q~KA TEPMO,Q~HAM~4ECKOrO AHAn~3A 

nonO>K~TeJlbHbiH 3¢l¢leKT, npo~3BO,Q~MbiH Kp~oreHHOH C~CTeMOH np~ 
nOCTO.RHHOH TeMnepaType Kp~OCTaT~pyeMOrO 06oeKTa, np~H.RTO xapaK
Tep~30BaTb/S,S/ BeJ1~4~HOH 3KcepreT~4eCKOH XOJlO,qonpOI13BO,Q~TeJlb
HOCT~ 
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rs:~e Q{) - I<OI1H4eCTBO Tenna, OTBOs:!HMOe OT l<pHOCTaTHpyeMOrO 06'b
et<Ta a es:~HHHQY epeMeHH; T0 - TeMnepaTypa t<pHocTaTHpyeMoro o6'b
et<Ta; T0 e - TeMnepaTypa ot<pyma~~e~ cpes:~~. 

Kat< H3BeCTHO, npoqecc OTBOAa Tenna OT 06'bet<Ta I< KPHOareHTy 
npOHCXOs:!HT C noTepRMH 3t<CeprHH, H ri03TOMy 6bii10 6bl HenpaBHilbHO 
C4HTaTb IlOI1e3HbiM 3¢1¢eKTOM pa3HOCTb 3KCeprHH nOTOKa KpHoareHTa 
Ha exos:~e H BbiXOAe H3 o6'beKTa /pHc. 1 I. 

E 1 - E 2 = G(e 1-e 2 ) . 
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PHc. 1. AHarpaMMbl Q, T H Q, r e 
npoqeccoe TennonepeAa4H OT o6'b
eKTa K LIHPKYilHpy~~eMy KpHoareH-

. Q. 0. Ty. 

B npHHLIHne AI1R KpHOCTaTHpoeaH~R Heo6xos:~HMa IlHWb 4aCTb 3TOH ee
I1H4HHbl, paeHaR· Eg' a OCTaewaRCR 4aCTb TepReTCR. noTepH 3Kcep
rHH npH nepeAa4e XOilOAa K 06'beKTY paBHbl 

D =E1 -E 2 -EQ. /3/ 

B CI1y4ae LIHPKYilRQIIIOHHbiX Cl-1CTeM HMeiOTCR s:!Ba HCT04HHt<a TaKHX no
Tepb. 0AHa 4aCTb nOTepb 803HHKaeT H3-3a He06paTHMOCTH Tennoo6-
MeHa npH KOHe4HO~ pa3HOCTH TeMnepaTyp Mems:~y 06'beKTOM l-1 KpHO
areHTOM H-onpeAeilReTCR COOTHOWeHHeM 

2 2 
D ' = J dD ' = J (r 

0 
- r ) dQ , 

1 1 e e /4/ 

rAe reo =1-T0e/T 0 H r 8 = 1 -T0e/T - 3KcepreTH4eCKHe Te~mepaTypHble 
<IJYHKQHH. 

2 

Ha PHC. 1 yKa3aHHOH Bei1H4HHe COOTBeTceyeT 3aWTPHXOBaHHaR 
nno~as:~b. ApyraR cocTaenR~~aR noTepb 3KceprHH o6ycnoeneHa rHs:~
paenH4eCKHM conpOTHBileHHeM 06'beKTa 

2 2 Toe 
D" = J dD = G J - vdp, 

1 1 T 
/51 

rAe T , V , P - COOTBeTCTBeHHO TeMnepaTypa, Ys:leilbHbl~ 06'beM H 
AaeneHHe t<pHoareHTa. 

0TMeTHM, 4TO eCilH B norpymeHHbiX CHCTeMaX Bei1H4HHa D' onpe
s:~enReTCR IlHWb 3¢1¢leKTHBHOCTb~ Teni1006MeHa MemAY 06'beKTOM H KpHO
areHTOM H B npHHQHne MOmeT 6b1Tb CBeAeHa K HYil~, a D" - BOBCe 
OTCYTCTByeT, TO B CI1y4ae QHPI<YilRI..IHOHHOH CHCTeMbl cy~eCTBY~T Tat<. 
Ha3biBaeMble C06CTBeHHble /111111 HeH36emHble/ noTepH, npHCY~He caMOMy 
cnoco6y KPHOCTaTHPOBaHHR. Ae~cTBHTeilbHO cees:~eHa K Hynro MomeT 
6b1Tb IlHWb eenH4HHa D ". AnR 3Toro Heo6xos:~HMO paeeHCTBO HYil~ 
rHApaenH4ect<oro conpoTHBileHHR o6'bet<Ta. ApyraR me 4aCTb noTepb 
He pasHa Hynro s:~ame a npeAeilbHOM cny4ae paeeHcTea TeMnepaTyp 
T 2 = T 0 /pHc. 16/. 3To o6ycnoeneHo TeM, 4TO npo1..1ecc OTeos:~a 
Tenna OT 06'beKTa npOHCXOAHT npH nepeMeHHO~ TeMnepaType KPHO
areHTa. 

3t<cepreTH4eCKHH K.n.s:~. LIHPKYilRI..IHOHHO~ CHCTeMbl KPHOCTaTHpo

eaHHR onpeAeilReTCR COOTHOWeHHeM 

EQ 
1J= ---, 

E+ 
!6! 

+ 
.rAe E - 3KCeprHR, 3aTpa4eHHaR Ha BXOAe B ycTaHOBKy. 

npH aHai1H3e LIHPKYilRI..IHOHHbiX CHCTeM CXeMy KPHOreHHO~ ycTaHoe
KH YA06Ho paa6HTb Ha ABe 4aCTH. B not<aaaHHOM Ha pHc. 2 npHMepe 
QHPI<YilRI..IHOHHOH CHCTeMbl KPHOCTaTHpOBaHHR rpaHHQa pass:~ena o6oa
Ha4eHa WTpHXOBO~ IlHHHeH A-A. B AailbHe~WeM COBOt<ynHOCTb 3Ile
MeHTOB ycTaHOBKH, pacnonomeHHbiX BbiWe IlHHHH A- A, 6ys:~eM Ha3bJ
eaTb cTyneHbro npeABapHTeilbHoro oXIlams:~eHHR /cno;, a pacnonomeH
HbiX HHme I BI<IliD4aR caM o6'beKT I - cTyneHb~ OKOH4aTenbHoro oxnam
s:~eHHR /COO/. 

3KcepreTH4eCKOe K.n.A. COOTBeTCTBeHHO CnO H COO MOmHO 3anH-
CaTb B BHs:le 

Ea- E 4 
77 cno = 

E+ 
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rAe E 3 11 E 4 - 3Kceprl111 noToKoe Ha sxoAe 11 BbiXOAe cTyneHI1 
OKOH4aTenbHoro oxnamAeHI1R /p11c. 2/. 

P11c. 2. CTyneHI1 Kp11oreHHoi1 ycTaHOBKI1: 

~~ 
CnO - npeABapi1Tei1bHOe oxnamAeHI1e, COO 
OKOH4aTenbHoe oxnax<AeHI1e, I - KPI10CTa
TI1pyeMbli1 06DeKT, n - Hacoc mi1AKOrO re
ni1R, Ill - Kp11oreHHbli1 Ha rHeTaTenb, IV -
AeTaHAePbl, V - BaHHa m11AKoro a3oTa, 
VI - KoMnpeccop. 

c' Y4eTOM /3/ 11 /4/ BblpameHI1e /2/ AnR 3KCepreTI14ecKoro K. n.A. 
YCTaHOB·K.11 npeo6pa3yeTCR K B11AY 

TJ = TJ crro TJ coo ' . 19/ 

B Hawei1 pa6oTe paccMaTpi1BaiOTCR n11wb eapl1aHTbl HI13KOTeMnepa
TYPHOi1 4aC.TI1 YCTaHOBK11 - COO, a He06XOA11Mble AaHHble 0 Byni14HHe 
TJ cno 3aHMCTBOBaHbl 113 pa3nH4HbiX ny6n11Ka1..111i1 I? ,S/ , 

.llnR o6ocHoeaHHoro cpasHeHI1R pa3ni14HbiX cxeM paccMaTpi1BaeMble 
BapHaHTbl cneAYeT npi1BeCTI1 K COnOcTaBneHHOMy BI1AY, 0TMeTHM, 4TO 
ycnOBI1R conocTaBHMOCTI1 sapHaHTOB He scerAa co6nJOAaJOTCR. B oco-
6eHHOCTI1 3TO KacaeTCR rHApaBnl14eCKI1X XapaKTepHCTI1K 06DeKTa, 
HanpHMep, a pa6oTax 

19
• 
101 

rHAPaBnl14ecKoe conpOTHBneHHe npHH11-' 
MaeTCR nOCTORHHbiM, He 3aBI1CRUI11M OT KOn114eCTBa 11 napaMeTpOB 1..111P
KYnl1pyJOUiero reni1R. npl1 3TOM He Y411Tb1BaeTCR, 4TO ri1APaBI1114eCKOe 
conpoTHsneHHe n106oro o6DeKTa onpeAenReTCR rnaBHbiM o6pa3oM sen11-

4 

)1.~ 

411HOi1 paCXOAa 1..111PKYni1PYIO!IIero ren11R, 11, cneAOBaTenbHO, C4~1TaR 
r11Apasnl14eCKOe conpOTJ.1BneHI1e Hei13MeHHbiM, HeB03MOmHp nony411Tb 

conocTaBI1Mble pe3ynbTaTbl AnR pa3HbiX cxeM: np11 pa3ni14HbiX pacxoAax 
LI11PKYnl1pyJOUiero reni1R 3TI1 pe3ynbTaTbl 6YAYT COOTBeTCTBOBaTb CO
BepweHHO pa3Hb1M B OTHOWeHI111 ri1APaBnl14eCKI1X xapaKTepi1CTI1K 06DeK
TaM. 

B CBR311 c 3TI1M HaMI1 npi1HRTO xapaKTepl13osaTb o6DeKT npi1BeAeH
HbiM r11APaBnl14eCKI1M conpOTI1BneH11eM ~p • noA 3TOi1 Beni1411HOi1 nOA
pa3yMesaeTCR r11APaBnl14eCKOe conpOTI1BneHI1e nOTOKy 3aKp11TI14eCKOro 
reni1R, HarpeBaiOllleMycR B o6DeKTe c 3aAaHHOi1 Tennoeoi1 Harpy3Koi1 
Ha 1 K 11 11MeJOUI'eMy Ha BbiXOAe T 20 = 5 K 11 P2o= 5. 1 0 5 H/ M 2• Bbl-
6paHHble napaMeTpbl HOCRT AOBOnbHO npOI13BOnbHbli1 XapaKTep. 0HI1, B 
OCHOBHOM, OXBaTbiBaJOT peanbHO 11CnOnb3yeMble TeMnepaTypl:l AaBneHI1R 
11 no3 eonRJOT ssecTI1 cpaBHI1Mble ycnOBI1R pa6oTbl. Beni1411Ha ~p 

0 
ner

Ko MOmeT 6b1Tb onpeAeneHa no 113BeCTHbiM reoMeTpl14eCK11M 'pa3MepaM 
1Ani1He, nnol!laA11 ce4eHI1R 11 KOnl14eCTBY napannenbHbiX KaHanoe/ 11 
Tennosoi1 Harpy3Ke Q0 : pacxoA 1..111PKYni1PYIO!IIero ren11R Bbi411CnReTCR 
113 ypaBHeHI1R 3KCepreTI14eCKOrO 6anaHca 

Q 0 
Go= . . , /10/ 

120- 1 1o 

rAe i 2o - 3HTanbni1R np11 napaMeTpax Ha BbiXOAe T 20 = 5 K 11 
P2o = 5. 10 5 

H/M 2; i 10 - 3HTanbni1R npl1 napaMeTpax Ha BXOAC 
T 10 = 4 K 11 P10 = P 20 + ~P 0 • .Qanee o6bi4HbiMI1 MeTOAaMI1 onpeAenR
JOTCR cKopocTb noToKa, KPI1Tepl1i1 Pei1HonbACa, K03¢$111..111eHTbl conpo
TI1BneHI1i1 11 Beni1411Ha ~p O * . f11APaBI1114eCKOe conpOTI1BneHI1e ~p B 
APYri1X ycnOBI1RX I T 2 f. T 2o , P 2 f. P 20 , ~T F: 1 K/ onpeAenReT
CR nepec4eToM. 

B nocneAYIOlii11X pa3Aenax npoaHai111311poeaHbl seni1411Hbl K. n. A. 11 
CTPYKTypa noTepb 3Kceprl111 e pa3ni14Hblx cxeMax COO •. np11 3TOM oc
HOBHbiMI1 11CXOAHbiMI1 AaHHbiMr.t RBilRIOTCR TeMnepaTypa Kp110CTaTI1pyeMOrO 
o6DeKTa T 0 11 ero npi1BeAeHHoe r11ApaBI1114ecKoe conpOTI1BneHI1e ~Po· 

AHAnH3 nPOUECCOB B TEnn006MEHHHKE COO 

KaK 113BeCTHO, Cyl!leCTBYeT BeCbMa Cl1nbHaR, C MaKCI1MYMOM s6nl1311 
KPI1TI14eCKOi1 T04K11, TeMnepaTypHaR 3aBI1C11MOCTb TennoeMKOCTI1 Cp 
cmaToro ra3a a npRMOM noToKe Tennoo6MeHH11Ka COO. no 3Toi1 npi1411-
He Tennoo6MeH MomeT 6b1Tb peani130BaH n11wb np11 pa3HOCTI1 TeMnepa
TYP TH = T 3 - T 4 ':fa TennOM KOHI..Ie Tennoo6MeHH11Ka /HeAOpeKyne-

*H3-aa Taro, 4TO OT ~Po aas11c11T AasneHI1e P1o• pac4eT npl1xo
A11TCR npOI13BOAI1Tb MeTOAOM nOCileAOBaTenbHbiX np116n11meH11i1. 

5 



pa~~~/, 6onbweH HeKoTopoH een~4~Hbl TijO' onpeAenReMoH napaMeT
paM~ Tennoo6MeH~BaiOIII~XCR tpeA /p~c. 3/. npeAenbHbiH cny4aH, 

a) 

6) 

~~~~~ 
~OOpnotro~r 

.o~J,;·..s~+.o~T_, 

0 
.____ __ ~a 

llr 
j 

..sT.t, 

'----~a 
(}., 

P~c. 3. Q , T - A~arpaMMbl npo~ec
coe OKOH4aTenbHoro oxnamAeH~R e 
Tennoo6MeHH~Ke. 

KOrAa npo~ecc Tennoo6MeHa e111e eoaMomeH, ~MeeT MecTo np~ paeeH
CTBe HyniO M~H~ManbHOH pa3HOCT~ TeMnepayyp ~Tmin /p~c. 36/. Be
nH4~Hy TH, COOTBeTCTBYIOIIIYIO 3TOMY npeAenbHOMy cny4al0 Tennoo6Me
Ha, 0603Ha4~M ~THO • 

Ben~4~Ha ~THo aae~c~T OT TeMnepaTYPbl T 3 cmaToro raaa Ha 
BXOAe B Tennoo6MeHH~K ~ AaBneH~H B npRMOM ~ 06paTHOM noTOKaX. 
Ha p~c. 4 npeACTaeneHbl peaynbTaTbl pac4eTOB ~THO. r~Apaen~4ec
KOe conpoT~BneH~e Tennoo6MeHH~Koe He y4~Tbleanocb. ,QaeneH~e e 
o6paTHOM noToKe npl-iH~Manocb paBHbiM p 6 = 1 ,3.10 5 H/M2. TeMnepa
Typa T 6 = 4, 49 K o6paTHoro noToKa Ha BXOAe e Tennoo6MeHH~K 
COOTBeTCTByeT TeMnepaType K~neH~R m~AKOrO ren~R np~ yKa3aHHOM 
AaeneH~~H. 

,llnR ~H~meH~R TeMnepaTypbl Kp~OCTaT~pOBaH~R HHme TeMnepaTypbl 
KHneH~R ren~R np~ AaBneH~~ B 06paTHOM nOTOKe pe$p~mepaTopa MO
meT 6b1Tb ~cnonb30BaH Kp~oreHHbiH HarHeTaTenb /S/, B KOTOPOM npo
~CXOAHT aAHa6aTHOe cmaT~e ~cnapRIOI!IerocR ren~R /pHc. 2/. np~ 
3TOM TeMnepaTypa 06paTHOrO nOTOKa T6 CTaHOBHTCR BbiWe, 4eM TeM-

. . 
nepaTypa K~neH~R ren~R np~ AaeneHH~ p6 • 3ae~c~MOCT~, nony4eH-
Hble AnR TaKoro cny4aR, npeACTaeneHbl Ha PHC. 5. ,QaeneH~e e npR
MOM noToKe np~HI-iManocb .paBHbiM 25.10 5 H/M2, e o6paTHOM -
1,3.10 5 H/M 2• 

CoepeMeHHaR 3$$eKT~BHaR Tennoo6MeHHaR annapaTypa no3eonReT 
CH~3~Tb MHH~ManbHYIO pa3HOCTb TeMnepaTyp ~T min .MemAy Tennoo6Me
Hi-IBaiOIII~M~CR cpeAaM~ e Tennoo6MeHH~Ke COO AO 0, 1 7 0, 3 K. 0AHaKo, 
KaK BHAHO ~3 p~c. 4 ~ 5, Aame np~ 6eCKOHe4HOH noeepXHOCT~ Ten
noo6MeHa, KOrAa &Tmin-= 0, pa3HOCTb TeMnepaTyp HeAOPeKynepa~~~ 

6 

(I 

I' 

•. 

P~c. 4. M~H~ManbHaR paaHOCTb TeM
nepayyp Ha TennoM KOH~e Tennoo6-
HeHH~Ka COO D aaD~C~MOCTH OT AaB
neH~R ~ TeMnepaTypw Ha BXOAe B 
annapaT. 

P~c. 5. M~H~ManbHaR pa3HOCTb TeM
nepaTyp Ha TennoM KOH~e Tennoo6-
MeHH~Ka COO D 3aB~C~MOCT~ OT TeM
nepayyp npRMoro ~ o6paTHoro noTo
KOB Ha BXOAe B annapaT. 

u 

MomeT AOCT~raTb 3Ha4HTenbHbiX een~4~H. CneAOBaTenbHO, ~TH onpe
AenReTCR He CTOnbKO Den~4~HO~ noeepXHOCT~ Tennoo6MeHa, CKOnbKO 
Tenn0$~3~4eCKHM~ CBOMCTBaM~ ren~R B npRMOM ~ o6paTHOM nOTOKaX. 
np~4eM, 4eM Mel-lbWe Ben~411Ha ~Tmin , TeM OTHOC~TenbHO 6onbWee 
Bn~RH~e 3TH CBOHCTBa OKa3biBaiOT Ha ~T H. npH ManbiX BenH4~HaX 
~T min , XapaKTepHbiX AnR Tenno06MeHHI1Ka COO, MOmHO np~H~MaTb 
/p~c. 3/ 

~TH= ~THO + ~ T min 171 

B AanbHeHWeM, np~ aHan~ae paan~4HbiX cxeM COO 3$$eKTHBHOCTb 
Tennoo6MeHa 3aAaeTCR een~4~HOH ~T min , a ~TH onpeAenReTCR 
~3 /7/. 

H,QEAnH3HPOBAHHAH COO C MHOrOKPATHO~ UHPKYnRUHE~ 

KaK yme OTMe4anocb, np11 nepeAa4e xonoAa OT ~~pKyn~py10111ero 
ren~R K Kp~OCTaT~pyeMOMy 06DeKTy B03HHKaiOT nOTep~ 3KCepr~H, 
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HeycTpaHHMwe Aame e TOM npeAenbHOM cny4ae, KOrAa e peaynbTaTe . 
Tennoo6MeHa TeMnepaTypa KpHoareHTa cpaBHHeaeTc~ c TeMnepaTypoH 
o6beKTa. Co6cTBeHHbre noTepH, ce~aaHHwe c HeOAHHaKoBoH pa3HOCTb~ 
TeMnepaTyp MemAY Tennoo6MeHHBa~~HMHC~ cpeAaMH, HMe~TC~ H B APY
rHX 3neMeHTax COO. 

npeABapHTeflbHWe OL!eHKH noKaaanH, 4TO BenH4HHa CODCTBeHHbiX 
noTepb e COO MomeT DbiTb eecbMa 3Ha4HTenbHOH, ecneACTBHe 4ero 
1.1enecoo6paaHo BbiAenHTb 3TH noTe pH, onpeAen~~~He npeAen noebrwe
HH~ 3KCepreTH4eCKOro K.n.A. COO npH TeXHH4eCKOM COBepweHCTBOBa
HHH ee 3neMeHTOB, an~ 3TOrO pacCMOTPHM CXeMy, B KOTOPOH TeXHH-
4eC.KHe noTepH o6ycnoeneHbl nHwb rHApaenH4eCKHM conpoTHBneHHeM 
o6beKTa. npeAenbHO BbiCOKHH K. n.A. AOCTHraeTc~ e cxeMe IS/, noKa
aaHHOH Ha pHc. 6. 0Ha npeACTaen~eT co6oH KOMDHHaL!H~ L!HKna KapHo 
H pereHepaTHBHoro Tennoo6MeHa e Tennoo6MeHHHKe 1. B AanbHeHweM 
COO, noKa3aHHy~ Ha PHC. 6, DYAeM Ha3biBaTb HAeanH3HPOBaHHOH. 0Ha 
xapaKTepH3yeTC~ TeM, 4TO MHHHMaflbHble pa3HOCTH TeMnepaTyp npH 
Tennoo6MeHe eo ecex 3neMeHTax cTyneHH paeHbl Hyn~, H npol!eCCbl eo 
ecex MaWHHax H303HTponHw. 

PHc. 6~ HAeanH3HpoeaHHa~ cTyneHb oKoH-
4aTenbHoro oxnamAeHH~. I - Tennoo6MeH
HHK, n - KPHOreHHbiH HarHeTaTenb, llJ -
oxnaAHTenb, IV - KpHOCTaTHpyeMbiH o6b
eKT, V - MexaHH4eCKHH Hacoc, VI - Ae-
TaHAeP. 71 ro' , 71 Hf' , 71 HC - aAHa6aTHble 
K.n.A. COOTBeTCTBeHHO AeTaHAepa HarHe
TaTen~ H Hacoca. 

t.FB 

npH 3aAaHHOH TeMnepaType To KPHOCTaTHpoeaHH~ cy~eCTByeT on
THMyM no TeMnepaType T Kiln e c6opHHKe pe¢pHmepaTopa. YKaaaHHbiH 
OnTHMyM onpeAen~eTC~ MHHHMyMOM CYMMW noTepb 3KCeprHH npH Tenno
nepeAa4e e Tennoo6MeHHHKe, oxnaAHTene H o6beKTe /pHc. 7/. Hcxo
A~ H3 3Toro, K AaHHOMy Bbrwe onpeAeneHH~ HAeanH3HpoeaHHOH COO 
A06aeHM e~e OAHO ycnoeHe: HAeanH3HpoeaHHOH 6yAeM C4HTaTb cTy
neHb, onTHMH3HpoeaHHY~ no TeMnepaType TKun • Ha PHC. 7 3TOMy 
ycnOBH~ YAOBneTBOp~eT flHWb OAHa T04Ka, OD03Ha4eHHa~ 71~~· 

On!HMYM TeMnepaTypbr T Kiln onpeAen~eTc~ He TOnbKO To, HO H 
npHBeAeHHWM rHApaenH4eCKHM conpoTHBneHHeM Ap 0 . EcTeCTBeHHO, 
4TO npH CHHmeHHH rHAPaBnH4eCKOrO conpOTHBneHH~ OnTHMyM CMe~aeT-

8 

;t 
L, 

~.' 

I 

.~ 

' 

% 

r 
40 

201 

~5 

1-

~0 ~5 1(0 

;;"", K. 

PHc. 7. 3KcepreTH4eCKHH K.n.A. COO no 
CXeMe PHC. 6 H CTPYKTypa noTepb 3Kcep
rHH B OTAeflbHbiX annapaTaX Cl)neHH B 
3aBHCHMOCTH OT TeMnepaTypw KHneHH~ 
mHAKoro renH~ e c6opHHKe. HcxOAHbre 
AaHHbre: Ap~ == 10 4 H/M 2; To= 4,5 K; 
Pg= 25·10 P/H 2 ; Ta= 15 K; p6 = 

= 1 , 3. 1 0 5 H/ M 
2
• 

c~ e cTopoHy yeenH4eHH~ KOnH4ecTea renH~, Hanpaen~eMoro e o6b
eKT, i-1, cooTBeTCTBeHHo, e cTopoHy noe~rweHH~ TKHn • 

CneAOBaTenbHo, An~ KamAOH napbr eenH4HH T 0 H Ap 0 MOmHo yKa
aaTb onTHManbHy~ TeMnepaTypy TKnn, npH KOTOPOH 11coo AOCTHraeT 
ceoero MaKcHManbHOro 3Ha4eHH~ · 71llllco . 

3 0 ~ aBHCHMOCTH 3KCepreTH4eCKOrO K.n.A. HAeanH3HpOBaHHOH CTyneHH 
71~0 OT TeMnepaTypbl KpHOCTaTHPOBaHH~ H np~BeAeHHOro rHApaBnH-
4eCKOrO conpOTHBfleHH~ noKa3aHW Ha PHC. 8, H3 KOTOporo BHAHO, 
4TO Aame npH HAeanbHOM TeXHH4eCKOM HCnonHeHHH BCeX 3neMeHTOB 
CXeMW H3-3a CODCTBeHHWX noTepb 3KcepreTH4eCKHH K.n.A. COO He 
npeewwaeT eenH4HHW 0,65 ~ 0,85. npH noewweHHH Ap 0 , Ha4HHa~ c 
10 

4 ~ 10 
5 

H/M 2
, 71~0 peaKo naAaeT. CneAOBaTenbHO, AnR o6beKTOB 

C npHBeAeHHWMH rHApaenH4eCKHMH conpOTHBneHH~MH B~We 3THX 3Ha4e
HHH HH OAHa CXeMa He MOmeT o6ecne4HTb BbiCOKy~ TepMOAHHaMH4eCKy~ 
3¢4leKTHBHOCTb L!HP~Yfl~L!HOHHOH CHCTeMbl KPHOCTaTHpOBaHH~. 

(0 

q' 

q~l 

fr to' 
<!p •• ~ 

o• 

PHc. 8. 3KcepreTH4eCKHH-K.n.A. HAea
nH3HpoeaHHOH COO B 3aBHCHMOCTH .oT 
npHBeAeHHoro rHApaenH4ecKoro conpo
THBneHH~ npH pa3nH4HbiX TeMnepaTypax 
KPHOCTaTHpoeaHH~. HcxOAHWe AaHHwe: 

-· -- Ta == 15 K, p3 = 25·10 5 H/M 2; 
- - ...;, - T 3 = 1 0 K, p3 = 15 • 1 0 5 H/ M 2. 
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[. 
3KCEPrEH14ECKH~ K. n.A. M YAEilbHbiE 3ATPATbl 3HEPrHH 
B PEAilbHbiX UHPKYilstUHOHHbiX CHCTEMAX 

B OTnH4He OT HAeanH3HpOBaHHOH COO B peanbHOH CTyneHH /pHC. 9/ 
MHHHManbH~e pa3HOCTH TeMnepaTyp B Tennoo6MeHHHKe H OXnaAHTene 
OTnH4H~ OT HynR, a npOI.IeCCbl B AeTaHAepe, KpHOreHHOM HarHeTaTene 
H MexaHH4eCKOM Hacoce He RBnR~TCR H303HTponH~MH. CneAoBaTenbHO, 
BO BCeX 3THX 3neMeHTaX B03HHKa~T AOnOnHHTenbHble nOTepH, CBR3aH
H~e C TeXHH4eCKHM HeCOBepweHCTBOM MaWHH H annapaTOB CTyneHH. 

PHc. 9. PeanbHaR cTyneHb OKOH4aTenbHoro 
oxnalKAeHHR C KPHOreHHbiM HarHeTaTeneM H 
MeXaHH4eCKHM HaCOCOM. 

4T•0.02K 

3a8HCHMOCTH 3KCepreTH4eCKOrO K.n.A. peanbHOH COO OT TeMnepaTypbl 
KPHOCTaTHP08aHHR H npH8eAeHHOrO rHApa8nH4eCKOrO conpOTH8neHHR 
o6beKTa Aa~TCR Ha pH c. 10. Cpa8HH8aR 8enH4HHbl TJ ~0 H TJ coo , 
MOlKHO 8biAenHTb TexHH4eCKHe H C06CT8eHHble noTepH 3KCeprHH 8 COO 
/pHc. 11/. TexHH4eCKHe noTepH AenRTCR Ha ABe rpynnbl: ~dTeXH.l 1.1 

~dTeXffi2 • nep8aR 06ycn08neHa TeXHH4eCKHM HeCOBepweHCT80M MaWHH 
H annapaTOB COO, 8TOpaR - rHAPa8nH4eCKHM COnpOTH8neHHeM 061>eKTa. 
CooTBeTCTBeHHO eCTb A8a nyTH noa~weHHR 3~~eKTHBHOCTH COO. 0AHH, 
TPaAHI.IHOHH~H, COCTOHT 8 yny4WeHHH MaWHH H annapaT08 pe~pHlKepaTo
pa, APYrOH, xapaKTepHbiH AnR LIHPKYnRI.IHOHHbiX CHCTeM, - 8 pai.IHO
HanbHOM KOHCTPYHP08aHHH CaMara KpHOCTaTHpyeMoro 06beKTa. 

r-

PHc. 10. 3KcepreTH4ecKHH K.n.A. 
peanbHOH COO no cxeMe pHc. 9 8 aa
BHCHMOCTH OT ot!..p O H T0 , HCXOAHble 
AaHHble: ~p 6 = 1,3·10 5 H/M 2; ---
Ta =15K, p 3 =25·10 5 H/M 2 ; 

------T3 =10K, Pa=15·10 
= 15•10 5 H/M 2• 

10 

tO, 

qB 
t . 

• .. 

% 
~------------------~ 

PHc. 11. CooTHoweHHe MelKAY TeXHH-
4eCKHMH H C06CTBeHHbiMH noTepRMH 
3KceprHH AnR cxeMbl pHc. 6 H 9. Hc
XOAHble AaHH~e: To= 4,5 K, Pa= 

~~-

8ol --- I 
60r .__ 
li() 

PO 

tJ' fO to ffJS Q 

<lP. • Hj.,• 

25·105H/M 2 , T 3 = 15 K, P6= 
1,3·10 5 H/M 2• 

H3 PHCYHKa 8HAHO, 4TO 8~COKaR TepMOAHHaMH4eCKaR 3~~eKTHBHOCTb 
COO He MOlKeT 6biTb AOCTHrHyTa TOnbKO yMeHbWeHHeM ~dTeXH. 1 • TaKOe 
C08epweHCTBOBaHHe MOlKeT nOAHRTb K.n.A. nHWb AO 8enH4HHbl TJ~o 
HymHo npa8HnbHO cnpoeKTHpo8aTb caM KpHocTaTHpyeM~~ o6beKT, cBeAR 
K MHHHMYMY ~dTeXH. 2 • TOrAa ~COO npH6nHmaeTCR K CBOeMy npeAeny, 
o6ycnoeneHHOMy TonbKO co6cTeeHHbiMH noTepRMH. CooTBeTCTBY~IIIHe 
3THM ycnoeHRM Tpe6o8aHHR K o6ceKTY YA06Ho c~opMynHpo8aTb npH no
MOIIIH eenH4HHbl t!.p 0 . TaK, e paccMaTpH8aeMoM cny4ae aHa He AOnmHa 
npee~waTb no KpaHHeH Mepe 10 4 H/M2 • 

CTpyKTypa noTepb 3KceprHH e peanbHOH COO Hnn~cTpHpyeTCR rpa
~HKaMH, npHBeAeHHbiMH Ha pHc. 12. BcneACT8He Taro, 4TO noTepH e 
LIHPKYnRI.IHOHHOM YCTpOHCTBe He Hrpa~T 6onbWOH ponH B 06111eM 3KCep
reTH4eCKOM 6anaHce COO, eenH4HHa "'coo He AOnmHa cyllleCT8eHHO 
aaeHceTb aT THna.LIHPKYnRTopa H era 3~~eKTH8HOCTH. AeHcTBHTenbHO, 
npH aaMeHe MexaHH4ecKoro Hacoca LIHPKYnRI.IHOHH~M CTPYHH~M HacocoM 
/pHc. 13/ eenH4HHa "~coo H3MeHHnacb He3Ha4HTenbHO. CooT8eTCT8y~-
111He 3TOMy cny4a~ aaeHCHMOCTH noKa3aHbl Ha pHc. 14. KaK H paHee, 
AaHbl peaynbTaTbl, onTHManbHble no TeMnepaType TKHn • AnR onpeAene
HHR AOCTHlKHMOrO Hanopa CTPYHHOrO HaCOCa HCnOnb30Banacb MeTOAHKa, 
HanomeHHaR e 1111 • 

fO fO 

! 
PHc. 12. CTPYKTypa noTepb 3KceprHH 
B peanbHOH COO, noKa3aHHOH Ha 
pHc. 9. HcxoAH~e AaHHble: T0 = 4,5K, 

.z.-c-----::!. Pa = 25·10 5 H/M 2
, Ta = 15 K, P6 = 

~ •. f-.• 10 = 1 , 3 · 1 0 
5 

H/ M 
2

• 
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PHc. 13. CTyneHb OKOH4aTenbHoro oxnam
AeHHR c t<pHoreHHbiM CTPYHHbiM HacocoM. 

(0 

7-
ll,8 

116 

44 PHc. 14. 3t<cepreTH4ecKHH K.n.A. COO no 
CXeMe PHC. 13. HCXOAHble AaHHble: Pa = 
= 1 3 · 1 0 5 H/ M 2 • - T 3 = 15 K · 

' 5 ' 2 ' P3 = 25·10 H/M; ---- -T3 = 10 K, 
p 3 = 15·10 5 H/M2 • 

42 

~:r:.-.~ T, +0,21{ 

tJT=Q02K 

~ 
,.._~----...........--:-.. ~~H 

".0~ 

10~ 

~. Hj .. • 

YAenbHbiC 3aTpaTbl 3HeptHH B ~HpKynR~HOHHOH CHCTeMe KpHOCTaTH
poBaHHR MOryT 6b1Tb Bb1411CneHbl no <!JOpMyne 

{ = 
11..:.~c/Tol 

11cno 71 coo 

PHc. 15. YAenbHble aaTpaTbl 3Hep
rHH B ~HPKYflR~HOHHbiX CHCTeMaX 
KPHOCTaTHpOBaHHR C KPHOreHHbiM 
HarHeTaTeneM. 
MeXaHH4CCKHM HaCOCOM; 
co CTPYHHbiM HacocoM. 

12 

cxeMa c 

KJ()O, 

~8001 
l'" ..,-

~ to' fO+ 

/8/ 

fOS -to· 
~p.' o/H' 

•. 

,r~ 

I 

PeaynbTaTbl Tat<Hx Bbi4HcneHHit .npH T3 = 15 K 11 p 3= 25·10 5 H/~ 2 

AaHbl Ha PHC. 15. 8 COOTBeTCTBHH c/8/ BenH4HHa CnO npHHHManaCb 
paeHoit 0, 42, 71 coo - no AaHHbiM pH c. 10 H ll· Ha np~BeAeHHbiX 
rpa¢HKOB cneAYeT, 4TO AnR npaeHnbHO . cnpoeKTHposaHHbiX o6bet<Toe 
YAeflbHble 3HeproaaTpaTbl B CHCTeMax CO CTPYHHbiMH HacocaMH npH-
6nHma~TCR K 3HeproaaTpaTaM e 6onee cnomHbiX 11 MeHee HaAemHbiX 
CHCTeMaX C MeXaHH4eCKHMH HacocaMH. Tat<, B HHTepeane T 0 = 
= 4,5 + 5,0 K 3HeproaaTpaTbl npat<TH4eCKH OAHHaKOBbl. 

3AKI104EHHE 

Tat<I1M o6paaoM, e peaynbTaTe npoeeAeHHoro aHan11aa not<aaaHo, 
4TO: 

1. 3t<cepreTI14eCKHH K.n~A· CHCTeMbl, Bl<fl~4a10tqeH pe¢pl1mepaTop 
H KPI10CTaTHpyeMbiH nocpeACTBOM ~11pKynR~HH mHAKOrO renHR 06beKT, 
BO MHOrOM onpeAenReTCR rHApaenH4eCKHMH xapat<TepHCTHKaMH KpHo
CTaTHpyeMoro 06bet<Ta. npeAflOmeHO xapaKTepH30BaTb 06beKT BenH-
411HOH npHBeAeHHoro rHAPaBnH4eCKOro conpOTI1BneHI1R, onpeAenR~IlleH 
COOTHOWeHHe MemAY KOflH4eCTBOM OTBOAHMOrO Tenna 11 KOH¢11rypa~HeH 
KaHanos AflR Kp11oareHTa. BeeAeHHe 3Toro napaMeTpa noaeon11no 
c¢opMynHpoeaTb o611111e AnR paani14Hb1X o6beKTOB Tpe6oeaHI1R, co6n~
AeHHe KOTOPbiX o6ecne4HBaeT BbiCOKy~ TepMOA11HaMI14eCKyiO 3¢<l>eKTHB
HOCTb CHCTeMbl. 

2. np11 Kp110CTaTHPOBaHH11 o6beKTOB, ri1ApaBnH4eCKHe xapat<Te
PHCTI1K11 KOTOpbiX OTBC4a~T yt<a3aHHbiM Tpe6oeaHI1RM, 6onee npOCTble 
11 HaAemHble CI1CTeMbl C ~11PKYnR~I1eH KPHOareHTa nocpeACTBOM CTpyit
HbiX annapaTOB no TepMOA11HaMH4eCKOH 3¢¢eKT11BHOCTI1 He YCTyna~T 
CI1CTeMaM C MexaHI14eCKI1M11 HacocaMI1 AflR mi1AKOrO renHR. 
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