
B .A .6eJiyiiiKHH 

AHAJ1113 rEJI11EBhlX 

O)K11)1(11TEJibHO-PE<I>P11)1(EPATOPHhiX U11KJIOB 

• 



1~298/2-?5 np. 

8 
J)eJiylllKVIH' B.A • 

.. v3 AHM~3 reJivreshix 
ox~x~TeJihHO-pe~pvrxepa
TO HbiX lJ,!AKJIOB. 

, 

!I - 9096 

B .A .6eJiyiUKl1H 

AHAJU13 r~JH1~BbiX 

OIHIHT~nbHO -PE¢PHI~PATOPHWX UHKnOB 

H a npaBJ1ei!O 13 i t<yp Ha!l " X11 1\ 111 '-IGCKoe 11 H er~THI!Oe 
" M i.l JU II H OC T p0e 1111 e 

• 



IC111URYIII JIOepHbiX UCCAe006QHUU ,lly6Ha 

Haa6onee 3KOHOMH'IHble renaeoble O)KH)KHTenbHble H 
pe&l>pa)KepaTopHble ycTaHOBKH MoryT 6b1Tb nocTpoeubl ua 
OCHOBe UHKnOB, HCDOnbJYlOUUIX B Ka'leCTBe CTyneueii npe.n • 
oapaTenbHoro oxna)K.neuaH KacKa.D. HJ uecKOnbKHX .neTau
.nepoo. Oco6eHHO uenecoo6paJHo npaMeuHTb TaKue UHKnbl 
JJ.nH ycTaHOBOK 6onbWOH OpOHJBOJJ.HTenbHOCTH, CTpOHTenb· 
CTBO KOTOpbiX HHTeHCHBHO Be.D.eTCH B pHJJ.e CTpau B CBHJH 
co oce 6onee pacmapHJOU{HMCH ucnonbJooauueM coepxnpooo
JJ.HU{HX ycTpOHCTB. 

)J,eTaH.nepbl B UHKn MOryT 6b1Tb BKnJO'IeHbl paJHbJMH 
CDOC06aMH, Mbl orpaHH'IHMCH paCCMOTpeuueM JJ.BYX CXeM 
I puc. 1/, npe.ncTaonHJOU{HX uau6onbmuii npaKTH'IeCKHii uu
Tepee: c napannenbHbiM u nocne.nooaTenbHbiM BKnJO'IeuueM 
.neTaH.nepoo. Ha puc. 1 noKaJaHbl cTyneHH TonbKO npe.noa
paTenbuoro OXna)KJJ.eHHH, Ha3Ha'leHHeM KOTOpbiX HBnHeTCH 
oxna)K.neuae raJa OT TeMnepaTypbl oKpy)Karomeii cpe.nbl 
T 0 . .no TeMnepaTypbi Tn, c KOTopoii raJ nocTynaeT B Kou

ueoyro .npoccenbHYJO, 3)KeKTopuyro anu .neTaH.nepHyJO cTy
neHH. 3Ty nocneJJ.HlOlO CTyneHb 6y.neM C'IHTaTb OJJ.HHaKOBOH 
JJ.nH o6eHX CXeM, D03TOMy ee MO)KHO HCKnlO'IHTb HJ pac· 
CMOTpeHHH. 

fipeJJ.CTaBnHeTCH HHTepeCHbiM onpe.nenHTb ODTHManbHble 
TeMnepaTypHble ypOBHH BKnJO'IeHBH JJ.eTaH.nepoB B UBKnax 
H cpaBHHTb 34MJieKTHBHOCTb UHKnOB npH 'paJnH'IHbiX pe)KHMaX, 
B KOTOpbiX MOryT pa6oTaTb renaeoble ycTaHOBKH: O)KH)KH· 
TenbHbiH, pe&i>pH)Kepa TOpHbiH HnH KOM6HHHpOBaHHblH. llo
CKOnbKY renHH B WHpOKOM JJ.HanaJOHe TeMnepaTyp MO)KH~ 
c'IHTaTL a.neanLHbiM raJoM, TaKoe cpaoHeuae MO)KHO npooe
CTH aHanHTH'IeCKH, He npa6erag K Tpy.noeMKHM BapHaHTHbiM 
paC'IeTaM C HCDOnbJOBaHHeM JJ.HarpaMM COCTO.R.HHH. 
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}I ~~, ,..>£ "'-'.ftT,. 

a 0 

Puc. 1. CxeMa cmyneHeii npeoeapume.llbHozo ox.llaJICOeHUJI 
2€/IU€6biX OJICUJICUme.llbHO- peifjpUJICepamopHbiX ijUK/106. a - C 

napa.ll.lle.llbHbiM BK.IIIO'IeHueM oemaHoepoe; 6 - c noc.lleoo
eame.llbHbiM. 

4 

Ilpe>ime Bcero ueo6xo.nuMo Bb16paTL KPBTepuii, c no
MO~LJO KOTOporo MO>KHO 6blll0 6bl HaRTH ODTBMallLHble TCM
nepaTypw Ti nocne ,neTau.nepoB B ax xono.nonpoH3Bo.nu
TenLHOCTL. IlpBMCM B Ka'ICCTBC TaKOrO KpHTCpBB DOTCpiO 
3HeprBB /nOTCpiO OT HC06paTBMOCTB/, MBHHMYM KOTOpoii 
COOTBCTCTBYCT MaKCHMallLHOMY TepMO.I{BHaMH'ICCKOMY K.n.,n. 
UHKna. H3BecTuo, 'ITO 3Ta noTepB Bcer.na paBua 

II = TIt 2:!\S. /1/ 

)J.nB o6oux paccMaTpHBaeMwx UBKnoB I puc. 1/ npa oTcyT
CTBHH Tennoo6Meua c oKpy:>KaJO~eii cpe.noii 

n 
II,- T

0
12 Di•\,.;

21
- (il· + x) \s13 -rr\s 42l. 

I 
/2/ 

n 
3.necL: T 0 - TeMnepaTypa oKpy:>KaJO~eii cpe.nw; L P. -
CYMMa DOTOKOB BO BCC ,neTaH,nCpbl; m - pe$pH:>Kepa}op~biH 
DOTOK; :\ - DOTOK, BbiBC.I{CHHbiH H3 UHKna; \s - pa3HOCTH 
3HTponHH pa6oqero Tena. 

MBHHMYM $yHKUHH /2/ uaii.neM H3 ycnoBHB paBCHCTBa 
uymo ee qacTuoii npOH3Bo.nuoii no T; 

r"ill 
., n 
li I 'I' I "\.' IJ A ' ( ) ' . 1\ • I' 

--I 0 ~ j '\S21- fll-' :\ '"t::t - m S42 I-

) '•' i ( . i 

/3/ 
() T i 

Ilpu $HKcupoBauuwx napaMeTpax pa6oqero Tena B TO 'I
KaX 1-4 H 3a,naHHbiX m H X $yHKUliCH OT T; BBJIBCTCB 
llHWL qneu, co,nep:>KalUBH BCJIH'IBHY ~D., HMCCM D03-

I I 
TOMY 

Jll 

cJTi 

(} n 
T

0 
\s..

1
- 2:D .. 

~ i!T· 1 I 
I 

/4/ 

IJOCllC.I{HCC 03Ha'laCT, 'ITO .I{llB o6CHX CXCM MHHHMallLHbiC 
DOTCpB OT ueo6paTHMOCTH .I{OCTBraJOTCB npB MHHBMallLHOM 
CyMMapHOM DOTOKC raJa qepe3 BCC ,neTaH,nepbl. 

Ilepeii.neM TenepL K pemeuu10 nocTaBneuuoii 3a,naqu. 
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1. l(uKA c napaAAeAbHbiM eKA10'1eHueM oemaH()epoe 

,lJ;JIJI ODpe~eneHHJI DOTOKOB B ~eTaH~epLI He06XO~HMO 
Ja~aTb BeJIH'-IHHY He~opeKynepaUHH Ha COOTBeTCTBYIOllleM 

TeMnepaTypnoM ypoane. B pa6oTe :J noxaJaHo, '-ITO 

DOBepXHOCTb TellJI006MeHa 6y~eT HCllOJ1b30BaHa OllTHMaJib

HLIM o6pa30M, ecnH paJHOCTb TeMnepaTyp Me)K~y llOTOJ<a

MH - JIHHeiiHaJI 4JyHKUHJI OT TeMnepaTypbl: \T ~ {3 T. llpH 

KOHe'-IHOM '-IHCJie ~eTaH~epOB Bbl~ep)KaTb 3TO YCJIOBHe BO 

BCeM ~HanaJOHe TeMnepaTyp OT 10 ~0 T0 npaKTH'-IeCJ<H He

B03MO)KHO, ll03TOMY 6y~eM C'-IHTaTb, '-ITO DO TaJ<OMY JaJ<OHY 

MeHJIIOTCJI pa3HOCTH TeMnepaTyp Ha TellJibiX KOHUaX Me)KCTy

neH'-IaTbiX TellJI006MeHHHKOB - MHHHMaJibHble pa3HOCTH TeM

nepaTyp, T.e. :'\Ti -. f3Ti. 
PaccMoTpHM i -TyiO cTyneHL uuxna I puc. 2/. CocTaBHM 

ypaauenne Tennoaoro 6anauca ~JIB yqacTKa UHKna Me)K~y 

YPOBHJIMH i -I H i . 

7i.-1 

~?i 

T: I. 

I 

mi-D· t 
(. 

p2 

~*7;_,-AT(_, 

f m,- ])i- x 
Puc. 2. K pac'lemy f.#UKAa c napaAAeAbHbiM eKA10'1eHueM 
OelllaHoepoe. 

6 

L. o· c [m'iT. 1-(m.- D.) T.+(m .-D. -x)T. (1-f:l)-(IT'-x) T 
1 

(1-{'l~. 
l p I- I I I I I I 1- l 

/5/ 

Pa6oTa ~eTau~epa 

Li =Dicp[ti-Ti(1-f-3),. /6/ 

HMeJI B BH~y, '-ITO ti-Ti(1-{1)=rJi(ti-Tt) • r~e 11 i - I<.n.~. 

p k-1 p k-J 

,neTan~epa, a T!=t. l(p-_!_)---:z- 6 l \' 
no OJHa'-IHB (--)~ - "', 

. I I ;?, 

uaii~eM 

1J.:uY-1) 
L.~D.c I' 

1 T.(l-{l). 
I I p V I 

11 . I ( I - 'I. ) If'. 
I I I 

Bae,neM o6oJuaqenue 

u. 
I 

Tor.na 

't· (,Y- I) 
I I 

'I · · ( l - 'I · ) " )' 
I I I 

L.~ D.c T.(l-h)u .. 
I I p I ! 

C y'-leToM JToro, HJ ypaBHeHHJI /5/ nonyqaeM 

n.-
I 

m i /J L x Ti _ 1 
- I ) 

( 1 -- {!) ({ . - (-5 
I 

T 
3aMeTHM, '-ITO 

n n 

mi = 2Ui lnl·X- J)i ~ ~ Di 1m -'-X. 
1 • i q 

113 /10/ H /11/ HMCCM 

Di= 

n 
(3 ::!. D . -"- mf3 + x 

j 4 l I 

Ti-l 
(I- f-3) 0 i- {3~ 

I 

T i -1 
T - 1 ) . 

I 

p:! i 

/7/ 

/8/ 

/9/ 

/10/ 

/11/ 

/12/ 
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B COOTBeTCTBHH C Tpe6oBaHHeM /3/, OllTHMaJibHLie llOKa· 

) n 
3a TeJIH cxeMLI 6y.n;yT .n;ocTHrHYTLI npH yc.ROBHH _r -· :£ D i, 0 

CITi 1 

H3 scex cnaraeMLIX no.n; 3HaKoM cyMMLI ciJYHKQHeB: T. 

JIBJIJIIOTCJI JIHWb ,IJ;Ba qJieHa: D i H ui+1' ll03TOMy 

a n a i +1 
-:£D.=- I D .. 
aT. 1 

1 aT. i 1 

I I 

Haxo.n;HM 

n 

i + 1 

I D.= 
I 

/3 ( Di + 1 + i ~ 2 D i) + m /3 + x T i - 1 ) 
----------(---- 1 + 

T T. 
i - 1 I 

( 1 - /3) a i - p -T-.-
1 

n 

/3 I n + m(3 + X Ti 

I 

/13/ + i-t-2 ( -1) 
T· T 

(1-,S)ai+l -/3-~- i + 1 

Ti+t 

n 
= [f:l :£ D i + mf3 + x ( f3 + 1) l x 

i+2 

T -T i-1 i T- T ( 1'-T )(T -T) 
X ( + i i+ 1 i i + 1 i -1 i 

+(3 ]. 

a iT i -/3 i Ti -1 a T -f3T i+1i+1 i (a.T.-f3T. 1)(a. 
1

T. 
1
-{3T.) 

I I 1- I+ I+ I 

3.n;ecb a.=a.(l-{3); a. =a. {1- {i). 
I I 1+1 1+1 , 

,lJ;HciJciJepeHUHpyeM 3TO BLipa)KeHHe no 1 i , npHpaBHHBaeM 

npoH3BO,IJ;HYJO HYJIIO H nocne ynpou,.eHHH nonyqaeM 

, a i + 1 , 
T. c~ y T. 

1
1. 

1 
. 

I ai I- I -1- /14/ 

3anHWeM ypaBHeHHe /14/ B TaKOM BH,IJ;e: 

8 

Ti- 1 

a.T. 
I I 

Ti 
= Const = C. 

a. 1 T. 1 I-t I + 
llepeMHO)KHM nocne.n;osaTeJihHO n qJieHOB H 

3TOrO Bblpa)KeHHJI 

T 
0 

ala2 
HaXO,IJ;HM 

a T 
n n 

= (; n; 

'I' n (al a ' . . . a ) i 
j c· V '- !I 

( (( ' (l ' • • • ll . )!I 
• ... I 

(1 (1 

I 2 

To 

Tn-iTi 
0 n 

a T 
i i 

/15/ 

qJieHOB 

( 

/16/ 

3Ta ciJopMyJia TO)K,IJ;eCTBeHHa ciJopMyJie, llOJiyqeHHOH 

ll.JI. KanHQeB: /1 · ,IJ;JIJI qacTuoro cnyqaJI: O)KH)KHTCJihHLIH 

pe)KHM npH ue.n;opeKynepauHH, pasuoB: uymo. J.h uee cne.n;y

eT, qTo OllTHMaJibHbiC TCMnepaTypHhiC ypoBHH CTyneHeH 

OXJJa)K,IJ;eHHJI 3aBHCJIT OT rpauHqHbJX TCMnepaTyp UHKJJa, 

KOJJHqecTBa H KaqeCTBa ,IJ;CTaH,IJ;CpOB, HO He 3aBHCJIT OT 

pe)KHMa pa60Tbl ycTaHOBKH H OTHOCHTCJ1hHOH HC,ll;OpeKyne

paUHH. 

Onpe.n;enuM Teneph senuqHHbl noTOKOB B .n;eT au.n;ephl. 

H3 /16/ Haxo.n;HM 

,,. 
I j -J 

3.n;ech 
n 

---

T. 
I 

!I 

\ n 
II 

n 
fl. 

I 

U· 
1 I 

II u . -- a t u ., .. . u 
i .. I I ' . 

T 
0 

Tn 

Ilo.n;cTaBHB 3TO BLipa)KCHHe B /12/ 1 uaxo.n;HM 

D 

n 
r-<. I n . + mf3 + X a" T 
~ 1 n · 0 

i+l (\ I -1). 
n 

a" T 
ai(l-{-J) -/3\• i 0 

n 
11 a-T 

i =I I n 

l1 ai T0 
i =I 

/17/ 

/18/ 
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llo 3ToB: ~opMyne nocne~oBaTenLHO, HaquHaJI c HH)I(Hero 
T.l 

~eTaH~epa, ~JUI KOTOporo i = n, ~ Di = '0, MO)I(HO onpe~e
i + 1 

llBTL llOTOKH BO Bee ~eTaH~epLI ~ng niD6oro pe)I(HMa: O)I(H
)I(HTellLHOrO, pe~pH)I(epa TOpHOrO BllH KOM6HHHpOBaHHOrO. 

~HKn coxpaHseT pa6oTocnoco6HoCTL ~o Tex nop, noKa 
aenuquHa {1 He npeBLICHT npe~enLHoro JHaqeHHJI fF . npu 
KOTOpOM JHaMeHaTenL ~OpMynLI 1181 o6pa~aeTcg B HynL 

n a~ 
a.(1-f3*)-/1*v l 

l 

(3*= 
a. 

l 

-

1 
11 a~ 

+ v _l 

n 
II ai 

i= 1 

T 
0 

fla. 
l 

T n 

To = o; 
Tn 

1191 

Ecnu cTeneHH pacUIHpeHHJI u K.n.~. acex ~eTaH~epoa 
paBHLI, TO ai- Const H ~OPMYllLJ I16I,I18I,I19IHeCKOllLKO 
ynpo~aiOTc 11. 

10 

T. 
l 

" 1 Tn-i T i 
V 0 n 

n 

f3 ~ D.+ mf3 + x T
0 i+ 1 l II 

D.= (v-T. -1). 
I n 

nTo 
a( 1- {3)-(3 v'T 

n 

{3* = 
a 

1 
To n, 

+ v --
Tn 

l16al 

l18al 

l19al 

~ns 3Toro cnyqag HeTpy~Ho nonyqBTL o6~yw~opMyny 
~ng BLiqHcneHBH llOTOKa B niD60H ~eTaH~ep lnpHBO~HTCJI 
6e J BLIBO~al : 

(m/3+x)[a(l-f3)+{:3]"-i n T
0 D.= (v-,--1) 

1 n T- ·1 1 
[ a(i- B) -{:3 v-"'-J" -• -t n 

Tn 

1201 

HJ ~opMyn 1161, l16al cne~yeT, qTo onTHManLHLJe 
TeMnepa TypLI CTyneHeH OXlla)l(~eHHJI He JaBHCJI T HH OT pe)I(H
·Ma pa6oTLI laenHqHHLI m H x I, HH OT aenuqHHLI He~ope
Kynepauuu ({1). HanpoTHB, noTOKH raJa qepeJ ~eTaH~epLI 
cy~eCTBeHHO JaBHCJIT OT ynOMJIHYTLIX BenHqHH, npuqeM BO 
acex peanLHLIX cnyqaJix ( f-i.;. 0) B Ka)I(~LJii HJ ~eTan~epon 
~on)I(HO nocTynaTL paJnHqHoe KonuqecTBO raJa. ~encTau
TenLHO, HJ paneHCTBa 1201 HaXO~HM 

lli 

ni , 

a ( I - fl) -t /1 

n To 
u(l-{"J)-livT 

n 

I. 

0TciO~a cne~yeT, qTo noToK raJa qepeJ ~eTaH)lepLI no
cne)loBaTenLuo yMenhrnaeTCJI OT nepaoro )leTaH)lepa K no
cne)lyiO~HM. 

3TH BLIBO)lLI npJIMO npOTHBOllOllO)I(HLI BLIBO)laM, C)lenaH
HLIM B pa6oTe :!.'. aBTop KOTopoB: nLITancJI paccqnTaTL on
THManLHoe llOllO)I(eHHe H llpOHJBO~HTenhHOCTL CTylleHeH 
oxna)l(~eHHJI B renueaoM xono~HnLHOM UHKne, no npurnen 
K ueaepHLIM peJynLTaTaM. OH nurneT: " ... npu KacKa~HoB: 
pa6oTe B Ka)l()lLIH HJ )leTaH)lepoB )l0ll)I(H0 llOCTynaTL O)lH
HaKOBOe KonuqecTBO raJa", lcTp. 97 I H " ... B xono)lHnL
HOM UHKne OllTHMallhHLie TeMnepaTypLI raJa Ha BLIXO~e HJ 
~eTaH)lepOB . . . JHaqHTellLHO HH)I(e, qeM )lllJI H~eanLHOrO 

O)I(H)I(HTenLHoro UHKJia" I cTp. 99 I. Ornu6Ka aBTopa 3TOH 
pa6oTLJ B TOM, qTo OH HenpaaoMepHo pacnpocTpaHJieT npu
HJITOe )lOlly~eHHe 0 nHHeHHOM xapaKTepe HJMeHeHHJI He~o
peKynepaUHH Ha TennLix KoHuax Me)l(cTyneHqaTLIX Tenno
o6MeHHHKOB Ha paJHOCTh TeMnepaTyp Me)l(~y llpHMLIM H 
o6paTHLIM llOTOKOM B mo6oM MeCTe UHKna. 0qeBH)lHO, qTo 
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npH paBeHeTBe BOARHMX 3KBHBaneHTOB DOTOKOB paJHOeTb 
TeMnepaTyp B Me)KeTyneH'IaTMX Tennoo6MeHHHKax eneAyeT 
e'IHTaTb noeTORHHOB. 

2. l(uKA c nocAeooeameAbHbiM eKAIO<~eHue..w oemaHoepoe 

BBeAeM eneAYIOll{He o6oJHa'leHHR I puc. 3/ 

p 
'lj (a r -1) 

ai ai 
pi + 1 TJ.+(1-n.)aY 

1 ., I i 

~~ ti 

+ 
Puc. 3. K pac<~emy flUKAa c nocAeooeameAbHbiM eKAro<~eHue..w 
Oe1/IQHOepoe. 

IlpHMeM, KaK H paHLWe, nHHeBHbiB JaKOH H3MeHeHHR HeAo

peKynepaUHH Ha "TeDnMX" KOHUaX Me)KeTyneH'IaTMX Ten
no06MeHHHKOB 1\T. = P. T.. 

I fV 1 

12 

I 
\ 

I 

' 

113 .ypaBHeHHR TennoBoro 6anaHea Ans yqacTKa UHKna 
Me)I(Ay YPOBHRMH i H i -1 HaXOAHM; 

D = 
mf3 + x T. - 1 

1 - 1) . 

Ti- 1 
a.-{3(--- 1) 

1 T 
i 

Ti /21/ 

TaK KaK B 3TOM UHKne paCXOA raJa 'lepe3 Bee AeTaHAepM 
OAHHaKOB, TO 

Ti _ 1 

Ti 
- 1 

T 
a i - (:l ( ___!__::_.!_ ) 

Ti 

Ti 
1 

Ti + 1 

T. 
a i - 1- /3( "' 1 ) 

i + 1 

113 3TOro paBeHCTBa HaXOAHM 

a. 
HnH 

1 
= 

T. 1 
'---=--- 1 
T· 1 

( l-¢i) Ti I 1+\l(l--1\)2 T/+ 1+ 4¢i Ti-1Ti+ 1 

a i + 1 

T. 
1 - 1 

Ti + 1 

/22/ 

T. 
I 

------------ . /23/ 
2 

3AeCb ¢i= 
a i + 1 

ai 

113 ypaBHeHHB /22/ H /23/ nony'IHTL o6IUee peweHue 

AnR T. 3aTPYAHHTenLHO. Ecnu npHHRTL, 'ITO AnR Be ex 
1 

AeTaHAepoB B UHKne ai = Const, TO ¢ = 1 u H3 /23/ nony-

'IHM 

; CTporo roBops, B cxeMe c nocneAoBaTenLHMM BKJIIO
'IeHneM AeTaHAepOB. He Bee OHH HaXOARTCJI B OAHHaKOBMX 
ycnOBHJIX: 3a nocneAHHM AeTaHAepOM OTCyTeTByeT Tpex
DOTO'IHMB Tennoo6MeHHHK I puc. 16/, no3TOMY TeMnepa Typa 
3a 3THM AeTaHAepoM AOn)KHa COBDaAaTb C TeMnepaTypou 
o6paTHoro noToKa T0 ( 1- f3) ,a He npsMoro T0 , KaK AnJI 
Bcex npeAMAYll{HX AeTaHAepoB. B AaHHOB pa6oTe 3TO ue-
6onLwoe pa3nB'IHe He y'IHTMBaeTcs. 
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"' n-i i 
T - !'I' T ~ v T T . 

i \ i-1 i+l 0 n 
/24/ 

,[J.n11 3Toro cnyqaJI noToK ra3a qepe3 .n.eTau.n.epbl 

I) ~ 

T mf-l t x n o - l) 
-_ (vT 

I ".:~-I) ~. 
u - .J ( \ T 

" 

/25/ 

LJ.uKn coxpauJieT pa6oTocnoco6uocTb .n.o Tex nop, noKa 

f-l [-li 
tl /26/ 

n To 
\ --T -

n 
0TMeTHM, 'ITO H .IJ.llJI 3TOH CXeMbl ODTHManbHble TeMnepaTy-
pbl CTyneueii He 3aBHCJIT OT (1. a DOTOK 'lepe3 .IJ.eTaH.IJ.epbl 
3aBHCHT, KaK OT f-l. TaK H OT pe>KHMa pa60Tbl . 

3. CpaeHeHue !4UKAOB 

CpaBHHM Tenepb OTHOCHTenbHYIO 3cl>4leKTHBHOCTb U.HK
noB c napannenbHbiM /1/ a nocne.n.oaaTenbHbiM /I 1/BKmo
qeuaeM .n.eTau.n.epoa. KaK 6blno noKa3auo ablwe, xapaKTe
pHCTHKOH OTHOCHTenbHOH 3cl>4leKTHBHOCTH MO>KeT cny>KHTb 

~n, 
aenH'IHHa 

rn 
cny'laii, Kor.n.a {-l = 0 • 

PaccMoTpHM cuaqana a.n.eanbHbiH 

K.n . .n.. acex .n.eTau.n.epoa paaubl, 

a oTuoweHHJI .n.aaneuaii a U.BKne c nocne.n.oaaTenbHbiM BKnJO

qeuaeM .n.eTau.n.epoa ''-
v I 

BHH 

14 

~n, 

nn 
llllll 

I! I 

p 
I 

pi I I 

n PI 
\ ---

p2 

n·
\ ,, ,[J.nJI 3THX ycno-

n 1' ,. ,. 
n ( \ u' -- I ) I 'r · - TJ ( a' - l)l 

-------- ---------- /27/ 
v n }' n 1• I 

( IT 1 
-- J) l \ IT - I} l \ IT' - } ) 

06o3Ha'IHM ~ ";- y, ror.n.a IT)'• y 0 
, H 3aMeTHM, 'ITO y > l. 

TaK KaK .n.n11 acex 1 < n < "' 

lD 
Eim --1

- = Eim 
TJ->O D TJ-~o 

II 

n(y-l)[y" -TJ(Y"-1)1 

(y -1)[y -TJ(y-1)] 

ny"- 1 n 

n(y-1)y" 

(y" - 1) y 

yn-1+yn-2 + ... + y + 1 1+.!_+ >1, 
... + 1 

y Y n- 1 

a 

lDI n( y - 1) n 
Eim --~= n 1 
TJ->l D II Y -

---------- < 1, 
y" - 1 + y n- 2 + . . . + y + 

To cy~ecTayeT TaKoii K.n . .n. . .n.eTau.n.epoa lj"-' DpH KOTOpOM 

~I:: 

n .. 
1. T .e. 3«WleKTHBHOCTb o6eux ex eM o.n.auaKoaa. 3ua-

'leuae 3Toro K.n . .n.. uaii.n.eM, npapaBHJIB e.n.auau.e Bblpa>K:e
uae /27/. 

n a Y ( ~ 7- 1) -( a Y - 1) ~a Y 
TJ * = 

(n- 1)(aY-1)(vaY-1) 

(n -1) aY -vay(n-1)_ ~ay(n-2) - ... -~ay 

(n-1)"(aY -1) 

TaK .n.n11 

n = 2 TJ*= aY-yaY 

a Y- 1 

/28/ 

/29/ 
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n 3 1J" ~ 
2aY-~""Yr-~ 

2(rTY-1) 
-- --

;~uY -'tJfT3y -'Va2y -\laY 
n 1 q+· ~· 

3(ay- 1) 

IlpH 6ecKouet.tuo 6onblliOM "'.Hcne .u.eTau.u.epos :-;uaqeuae 11* 

cTpeMHTCJI K cne.u.yromeMy npe.u.eny. 

l'im 1/ 
11" )' 

l'im -·------

!I )' 
\'IT 

-!'1m----·-

n "' n~'"-(11- I) (" )' - I) ~-'"' (n- I)(~'Y- I) 

Ilocne.u.osaTeJibHO npHMeHJIJI npaBHJIO JlonHTanJI, 

l 

fim 1J + =, 
aY 

- fim 
( n - 1)

2 

n , "" aY- l n '"' 1 n Y )' 
-\'IT fn IT 
n2 

(J )' 

- l'im 
2n 

--
v 

(11 - l n ·"" 2 ( n - J )f n " y 

H, uaKoueu, ,. 
(f' 

l'im 'I" -- ------· ~ -- -------

" ' N o )' -- i l'n o )' 

HaXO,IJ.HM 

/30/ 

3aBHCHMOCTb '/; OT a ,IJ.JIJI UHKJIOB C pa3JIH'IHbiM 'IHCJIOM 

.u.eTau.u.epos noKaJaua ua puc. 4. Ecna K.n • .u. • .u.eTau.u.epos 

11 ', 11 *, 6onee 3c1Jcl>eKTHBHbiM JIBJIJieTcJI UHKJI c napannenbHbiM 

BKJIIO"'.eHHeM .u.eTaH.u.epoB, ecna 11 'I - c nocne.u.osaTeJib

HbiM. Ha puc. 5 npase.u.eHbl peJynbTaTbl cpasHeHHJI 3c1Jcl>eK

THBHOCTH UHKJIOB C KaCKa,IJ.OM H3 .IJ.BYX .IJ.CTaH,IJ.epOB ,IJ.JIJI 

O>KH>KHTCJibHOrO pe>KHMa. XopOlliO BH,IJ.Ha HHBCpCHJI 3c1Jcl>eKTHB

HOCTH. TaK, ,IJ.JIJI a = 20 H 17 = 0,9 UHKJI C napaJIJICJibHbiM 

BKJIIO"'CHHCM .IJ.CTaH,IJ.CpOB BblrO,IJ.Hee ua 23cfo, npH 17 = 0,8 -
Ha 12cfo, npH 71 ~ 0,64 3c1Jcl>CKTHBHOCTb UHKJIOB cpaBHHBaeTCJI, 

a llpH 6onee HH3KHX K.ll • .IJ.. CTaHOBHTCJI 6onee BblrO,IJ.HbiM 

UBKJI C ITOCJIC.IJ.OBaTeJibHbiM BKJIIO"'CHHCM /npH 11 = 0,5 
Ha 8cfo/. 3Ha"'.CHH11 71 = 0,6-'- 0,65 xapaKTepHbl ,IJ.JIJI reJIHCBbiX 

16 

MHKPOTyp60,IJ.CTaH,IJ.epoB, ll03TOMY DpH BX HCITOJlb30BaHHH 

CJie,IJ.yeT OT,IJ.aBaTb npe,IJ.ITO"'TCHHe UHKJIY C KaCKa,IJ.OM ITOCJie

,IJ.OBaTeJibHO BKJIJO"leHHbiX MalliHH. B 3TOM UHKne 6naronpH

JITHbiM ,IJ.JIJI Typ60,IJ.CTaH,IJ.CpOB JIBJIJICTCJI TaK>Ke TO, "'TO 

B Ka>K,IJ.OH CTyneHH cpa6aTbiBaeTCJI TOJlbKO "'.aCTb 06IUero 

nepena.u.a .u.asneHHii. 

~* 

0,7r------r------,------

q6 

0,) 

0 10 20 )0 6 
Puc. 4. 3aaucuMocmb zpaHU<~Hozo K.n.o. om cmenenu pac
wupeHUJI. BeAu K.n.o. oemaHOepoa r1 - r1 *, 6oAee :J(x/JeKmuaeH 
liUKA c napaAAeAbHbiM 6KAIO<~eHUeM ()emaH()epoa; ecAu TJ > 17*
c nocAeOoeameAbHbiM. 

BnHJIHHe He.u.opeKynepauHH Ha 3c1Jcl>eKTHBHOCTb UHKJIOB 

llpH pa6oTe B O>KH>KHTCJibHOM pe>KHMe ITOKa3aHO Ha puc. 6, 
B peciJpH>KepaTOpHOM - Ha puc. 7. BH,IJ.HO, "'TO UHKJI C nocne

,IJ.OBaTeJibHbiM BKJIIO"'CHHCM Typ6o,IJ.eTaH,IJ.CpOB 6onee "qys

CTBHTCJICH" K BCJIH"'HHe HC,IJ.OpeKynepaUHH, CJIC,IJ.OBaTeJibHO, 

npH ero HCITOJlb30BaHHH He06XO,IJ.HMbl TCITJI006MeHHHKH C 

6onbllleii nosepxHOCTbiO. 

0CH06Hbl€ pe3yAbi/IUI/Ibl pa60IIIbl U 6bl600bl 

1. PellleHa B o6meM BH.IJ.e Ja.u.aqa o HaH6onee pauHo

HaJibHOM BKJIIO"'CHHH ,IJ.CTaH,IJ.epOB B KaCKa,IJ.HbiH reJIHCBbiH 

O>KH>KHTCJibHbiH HJIH peciJpH>KepaTOpHbiH UHKJI npH JIHHCHHOM 

3aKOHe H3MCHCHH11 HC.!J.OpeKynepaUHH OT TeMnepaTypbl ~T=f3T. 
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I'D 
X ~ 

2.? 

20~~ 1 

f5 

10 

I 
7 

0,6 

0,7 

I 

? I ~:t~o.a 
0,9 

0 10 20 )0 40 6 

Puc. 5. Cpa6HeHue :Jtx/JeKIIIU6HOC111U KacKaOHbiX t~UK/106 c 06yM.R 
Oe'/llaHOepaMu OA.R oxuxumeAbHozo pexuMa. CnAOWHble Kpu-
6ble - napaAAeAbHoe 6KA10'1eHue oemaHOepo6, nyHKmupHble -
nocAeOo6ameAbHoe. T0 = 300 K, \

1 
= 12 K, ;, 0 

18 

I 

I 

.LD 
X 

40 

'0 

20 

10 

0 0,0? 0,1 OJ) 0,2 ft 
Puc. 6. 3a6ucuMocmb pacxooa ze11u.R 'lepe3 oemaHOepbr om 
HeOope Kynepat~uu 01111 oxuJKumeA bHozo pexuMa. CnAOWHbre 
KPU6ble - napaAAeAbHoe 6KA10'1eHue oemaHoepo6, nyHKmup
Hble - nocAeOoBameAbHoe P~ P :• ,~ 23,4 , 'I = 0, 7, T 0 = 
= 300 K, 'l'n = 12 K. 

2. lloKaJauo, 4To, KaK npu napannenhHOM, TaK u npu 
nocne~oaaTenLHOM BKmoqeuuu ~eTaH~epoa onTHManhHhle 
TeMnepaTypbl CTyneHeH oxna)K~eHHJI He JaBHCHT HH OT 
BenH4HHbl OTHOCHTenhHOH He~opeKynepal.I,HH, HH OT pe)KHMa 
pa6oTbl ycTaHOBKH. HanpoTua, noToK raJa 4epeJ ~eTaH)J.epbl 
JaBHCHT OT 3THX napaMeTpOB, a llpH napaJIJienbHOM BKJII04e-
HHH ~eTaH~epoa B Ka)K)J.biB HJ IIHX ~On)KHO llOCTynaTb 
paJnH4Hoe KonuqecTao raJa. 

3. ,LI;n11 Ja~aHHoro nepena~a ~aaneuuii cyi.QecTayeT npe
~enbHbiH K.ll.~. )J.eTaH~epoB, npH I<OTOpOM JcWleKTHBHOCTb 
cxeM c napannenLHhiM u nocne~oaaTenLHhiM BKJU04euueM 
~eTau,11epoa o~uuaKoaa. Ecnu K.n.~. ~eTau~epoa Bblllle 3Toro 
npe~enLHoro - 6onee JcWleKTHBHa nepaa11 cxeMa, ecJIH HH)Ke -
BTopa.Si. l.J,uKn c nocne~oaaTenLHLIM BKmoqeuueM uenecoo6-
paJHO npuMeHHTb npu ucnonLJoaauuu Typ6oJJ.eTau~epoa. 
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4. IlpH npO'IHX paBHbiX YCJIOBHJIX O,AHHaKOBaJI 3tWJeKTHB

HOCTh UHKJIOB ,AOCTHraeTCJI TOJihKO B l'OM cnyqae, eCJIH 

B UHKJie C DOCJie,AOBaTeJibHbiM BKJIIO'IeHHeM ,AeTaH,AepOB npH

HJITa MeHblliaJI BeJIH'IHHa OTHOCHTeJibHOH He,AopeKynepaUHH, 

T .e. npa 6onbmei noBepxHOCTH Tennoo6MeHHHKOB. 

l:D 
m 
4 

~ 

2 

0 qo; q1 0, 1? Q2 ft 
Puc. 7. 3a6UCUMOCI/Ib pacxooa 2€/IUJI 'lepe3 oemaHOepbl 0111 

HeOopeKynepa(#uu 011.11 pe~puxepa•wpHozo pexu.wa. CnAOUIHble 
KPUBble - napaAAeAbHoe BKAJO'leHue oemaHOepoe, nyHKIIfup-
Hble - nocAeOoeallleAbHoe. P I P ""' 23,4, TJ = 0, 7, 10 = 
= 300 K T = 12 K 1 2 , n • 

ABTOP nonh3yeTcJI B03MO:>KHOCThiO Bwpa3HTh 6naro,Aap

HOCTh npoclleccopy A.r .3enh.AOBH'IY a HH:>KeHepy H.H.Ara

noBy 3a none3HLie .AHCKyccHH, HH:>KeHepy B.H.JianqeuKo 3a 

no:MO~h B pac'leTax. 
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