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npn KTH'l:BCKHB noTpe6HOCTH pa3BHTH~ TBXHHKH ny3hlpbKOBhlX KaMep npen

CTaBnHIOT C060H OLlHY H3 Ba)!{Hb!X llpH'l:HH, CTHMynHpy!OIUHX TBOpeTH'l:eCKHe 

H 9KCriepHMeHTanhHhle HCCnellOBaHHH ITOBelleHHH ITY3hlpbKOB B )!{HllKOCTH, B 

qaCTHOCTH, HCCnBllOBaHH~ npoueCCOB aCHMnTOTH'l:BCKOrO pOCTa H KOHlleHCaUHH 

ny3b!pbKOB. 

OcaoBHhle 3aKOHOMBpHOCTH noBeneHH~ n a poBoro ny3hlpbKa B neperpeTo~ 

)I(HllKOCTH H3Y'l:BITHCb B pa60TBX nneceTa H il BHKa I l l , ¢ope Tepa M ily6e p a 121. 

0HH nOKB3BITH, 'ITO CKOpOCTb pOCTB ny3 blpbKaX1 B )!{HllKOCTH 3BBH CHT OT p HllB 

¢aKTOpOB: HHepUHH H BH3KOCTH )!{HL!KOCTH, CKOpOCTH 3BYKB B )!{HllKOCTH H B 

nape, CKOpOCTH HCnapeHH~ )!{HllKOCTH H CKOpOCTH nollBOllB Tenna H3 OKpy )I(B 

IOUie:ii: )!{HL!KOCTH K cTeHKe ny3hiphKa. B o6nacTH, rae paLl!.ryc ny3biphKa R 

MHOrO 6onhWe KpHTH'l:eCKOrO, ¢aKTOpOM, onpeaenH!OWHM CKOpOCTh pOCTa 

ny3b!phKa, HBnHeTCH CKOpOCTh Tennonepeua'l:H B )!{HL!KOCTH. l13-3a Mano:H: 

CKOpOCTH pOCTB ny3blpbK8 no CpaBHeHH!O CO CKOpOCTb!O 3BYK8 npouecc Ten

nonepeaaqH paCCMaTpHBaBTCH npH ycnOBHH, 'ITO ll8BneHHe B )!{H}J.KOCTH paBHO 

DaBneHHIO napa B ny3b!pbKe, a TBMnepaTypa )!{HllKOCTH H8 rpaHHUB ny3blphKa 

T 0 paBHa TeMnepaType napa H onpenen~eTcH H3 ycnoBH~ paBHOBeCH~ napa 

H )I(HllKOCTH npH JJ.8HHOM LlaBneHHH. 

Pe3ynbTaTbi, nony'l:BHHhie B pa6oTax11 ,21, HaXOll~TC~ B XOPOWeM COOT

BeTCTBHH C 9KCnepHMeHTanbHbiMH DaHHb!MH ileprapa6ell~Ha 131, KOTOpbiH H3y

qan poeT ny3hipbKOB B neperpeTo:H: BOLle. OnHaKo H3MepeHH~ cKopocTH pocTa 

H KOHllBHCaUHH ny3hlpbKOB B )!{HLlKOBOllOPOllHhlX ny3hlpbKOBhlX KaMepax, nony

qeHHbie B pa6oTax AnhBapeua 141 , <Pa6HaHa H ap/51, XapHrena H np/61 , CBH

neTenhCTBYJOT 06 onpeaeneHHOM paCXO)I(lleHHH C pe3ynbTaTaMH TeopeTH'l:B CKHX 

x / C nenyer H Me T b n BH.ay, LfT9 H.:Jna r ac:Ma a r eopH R pocra n yJ htf?bK O JJ 

EfB T OMill'Jf '-l eCKJf n epeH OCJf TCR H8 npou eCC Jf.X. K O H J1eH C8U I11f C H 3Me11 e H JH1l\1H 1 0 

KO T Op l .!X Y K E13b! B8e T C R T Oflb K O T{l."vf, rae 3 TO /le06X OilJI MO. 
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nccneaoBaHnA
11 •21 • B pa6oTe AneKcaHapoBa n ap.111 noKa3aHo, 'ITO Ha CKO-

pOCTb pOCT8 ll KOHaeHC8Ullll ny3hlpbKOB cymeCTBeHHO BnHHeT BCllnhlB8Hlle ny-

3b!pbKOB, OaHBKO ero yqeT He ycTp8HH9T paCXO)I(a9HllH C 8KC!19pllM9HT8nbHb!Mll 

aaHHb!Mll, llpH'IeM OTKnOH9HHe OT TeopeTH'19 CKHX B9nH'IHH COCT8BnHeT 

10 ;. 30% B cnyqae pocTa ny3bipbKOB n aocTnraeT 300% B cnyqae HX KOH-

aeHcaunn . 

HacToHmaH pa6oTa rrpeacTaBnHeT co6oA rrorrhlTKY BhlHCHeHHH rrpH'IHH 

p8CXO)I(aeHHH T90p9Tll'19CKHX ll 8KCl19pHM9HT8nbHb!X 3H8'19HllH CKOpOCTll pOCT8 

ny3hlpbKOB B neperpeToA )I(HaKOCTH . Uenecoo6pa3HO aaTb KpaTKYID ~opMynH

poBKY OCHOBHblX llOn0)1(9HllH TeOpllll pOCT8 ( KOHaeHC8Ullll) rry3blpbKOB B )l(lla

KOCTll/ 1• 2•8 /, npe)l(ae '19M nepexoaHTb K ee KpllTH'I9CKOMY 8H8nll3Y. l.JT06b! 

He ycnO)I(HHTb 38aaqy, BCfinhiB8Hll9 ny3b!pbKOB B aaHHOH pa60Te He p8CCM8Tpll 

B89TCH, K TOMY )1(9 ero llCCn9AOB8Hlle/7/ C8MO 6a3npyeTCH H8 pe3ynbT8T8X 

Teopnn rroBeaeHnH HerroaBH)I(HbiX rry3hipbKOB. Ecnn He yqnTbiBBTb BcrrnhiBaHHH, 

Mbl llM99M aeno CO C~epnqecKH CHMM9Tpll'IHOA 3aaaqeA OTb!CK8HllH pemeHHH 

Tpex ypaBHeHnA: 

417 

3 

dR 8 2 
Lp'--=477R It 

d t 

aT 
aR 

..1L + 2 a t r 

dT 
cpp ~= 

a -a-; ( p r
2 r ) 0; 

a 2 aT 
--(r It--); 

r2 ar ar 

(1) 

( 2) 

( 3) 

yp8BH9HllH COXp8H9HllH 8HeprHH !lpll llCTI8p8HHH )I(HaKOCTH C TIOBepXHOCTH 

ny3hlpbK8 (1), ypaBHeHHH H9!1pephlBHOCTll (2) ll ypaBHeHHH TennorrpoBOaHOCTH 

(3) C COOTB9TCTBy iDWllMll rpaHH'IHhlMll ll H8'18nbHhlMll ycnoBHHMll 

T(R,t)=T
0 

T(oo,t)=T
00 

,T(r,O)=T.., (4) 

4 

rae L,p ' - TennoT. 

npoBOaHOCTb, nnOTHOCTb, 

r - paananbH8H KOOpL 

T"" - TeMnepaTypa B 

ueHTpa ny3hipbKa. YpaBH 

CllCTeMe He 38BllCllT OT 

Hne, Bbl'lllCneHbl B TO'!Ke 

rrpeanonaraeTCH, 'ITO TE 

He 38BllCHWllMll OT TeMn 

H9HllH CT8HOBHTCH !lpOWI 

ll K HOBOA llCKOMOA ~yHJ 

8 8 
- R 

h =-----
3 

It 
rae D = 

pep 
~T=T 00 - T

0 

r , 

T8K 

rrepe1 

ypaBH9HllH (1)-(3) ll a• 
K Bll)ly: 

dR
8 

-d-r-=-

h = 0 

ao 
a r 

x/ Cnoif )1(11/JKOCTlf y r 

H3MeHeHHe TeMnepBTypbl o · 

xx/CnpSB81JflHBOCTb TB 

BOIJOp0/18 BH8flH3HpyeTCH Hf 



fl0K838H0 0 'ITO H8 CKO-

ny-

c axcnepHMeHTanbHhlMH 

~ BenH'IHH COCTaBnReT 

)% B cnyqae HX KOH-

~KY BhlRCHeHHH rrpH'IHH 

!8'!eHHA CKOpOCTH pOCT8 

8Th Kp8TKYJO ¢opMynH

HH) rry3hlpbKOB B *HU

~KOMY 8H8nH3Y. LfT06bi 

paooTe He paccMaTpH-

JyeTcR Ha pe3ynhTaTax 

f'IHTbiB8Tb BCITnbiB8HHH, 

aii OThlCK8HHR peUIBHHR 

(1) 

( 2) 

(3) 

KOCTH C ITOBepXHOCTH 

8HHH TennonpOBOUHOCTH 

ycnOBHHMH 

=T (4) 

rue L • p , - TerrnoTa HcnapeHHR H rrnoTHOCTb napa, k , p , c - Terrno
P 

ITpOBOUHOCTb, ITnOTHOCTb 0 TennoeMKOCTb *HUKOCTH ITpH ITOCTORHHOM ll8BneHHH, 

r - p8UH8nbH8R KOOpUHH8T8 TO'IKH B *HUKOCTH, t - BpeMR, T(r ,t) H 

Too - TeMrrepaTypa B . rrpHneraJOrueM cnoexl H Ha 6onhlliOM yuaneHHH oT 

ueHTpa rry3hipbxa. YpaBHeHHe (1) crrpaseunHBO rrpH ycnoBHH, 'ITO uasneHHe B 

CHCTeMe He 38BHCHT OT BpeMeHH, npH'I~M BCe BenH'IHHblo BXOURUIHe B yp8BHe

HHe, Bbl'IHCneHbl B TO'!Ke Ha rpaHHUe ny3blpbK8. 0pH peUieHHH ypaBHeHHH ( 1) -( 3) 

rrpeurronaraeTcR, 'ITO k. p • c 
p 

RBnRJOTCR 

He 38BHCRUIHMH OT TeMrrepaTypbl KOHCT8HT8MH xx/ • J.1CXOUH8R CHCTeMa ypaB-

HeHHH CT8HOBHTCR rrpoUie, ecnH rrepeHTH K HOBbiM He38BHCHMbiM rrepeMeHHbiM 

H K HOBOH HCKOMOH ¢YHKUHH cornaCHO rrpeo6p830B8HHJO! 

h =-----
8 8 

- R 

3 

t 

' r = D f R ( t) dt , 
0 

9= 
T -Too 

~T 
(5) 

k 
rue D = T8K H83biB8eM8R TeMnepaTyponpOBOUHOCTb )I{HUKOCTH, a 

peP 
~ T = T oo - T 0 neperpeB *HUKOCTH. B pe3ynhTaTe aToro rrpeo6pa3oBaHHH 

yp8BHeHHH ( 1) -( 3) H UOITOnHHTenbHbie yCnOBHH ( 4) Tp8HC¢QpMHpyJOTCR 

K BHUy: 

dR
8 3k~T 

"d-,--n~ 

h = 0 

a9 
a r 

x/ Cno/1 JKif/JKOCTH y uosepxHoCTH ny3bipbKa, B KOTOPOM upoucxo.anT 
H3MeHeHHe TeMneparypbt or T 0 ao T coo 

xx/ Cnpaae.anHBOCTb TaKoro upeanonoJKeHHH .ann cny'laea BO/Jbi H JKH.aKo/'o 
BOIJOpo.aa 8H8flH3HpyeTCH HHJKe. 

5 

( 6) 

( 7) 

(8) 



0 ( 0, r l "'- 1 , 0 ( "", r l = 0 ( h , 0 l"" 0. (9) 

ITpH perueHHH ypaBHBHHg (8) B03HHK8~T TpyllHOCTH, T8K K8K OHO CO

nep>KHT HeHasecTHY~ !f>yHKUH~ R ( r l • 3TH TpynHoCTH ynaeTcg o6oitTH, ecnH 

npennonO>KHTb, 'iTO OTHOillBHHB ...1..!!._ ·<< 1, TBK KBK B 3TOM cnyqae MO>KHO 
R8 

BOCITOnb30B8TbCSI MBTOllOM TeOpHH B03MYWBHH!f. HeTpynHO ITOK838Tb, 'iTO B Hy-

neBOM npH6nH>KBHHH perueHHB CHCTBMhl ypaBHeHHif (6)-(8) HMBBT BHn: 

(J 1 + 
2 b/2yr 
---- J -x2 
..[fi 0 e dx 

( 10) 

8 6 ~TIt 
-L p , D y;r y-r- = 6 A o y r R ( 11) 

ITocne Toro, KaK peweHHe 0=0(h,rl H R
8 

=R
8
(r) HBifllBHO, MO>KHO 

Bhl'iHCnHTb cpenHee 3HaqeHHB BBnH'iHHhl .-1lL. c TeM, 'iT06bi rrposepHTb 
. Ra 

HcxonHoe rrpennono>KeHHe o ee ManocTH. ITo orrpeneneHH~ 

h . 
3 <---> = 

Ra 

00 3h f -
8
-0 (h, r)dh 

o R 

j 0 ( h , r l dh 
0 

" ~ 
4 It ~T 

rronyqaeM: 

( 12) 

h 
<PH3H'iBCKHif CMbiCn BenH'iHHbl 3 < Rs>, K8K SICHO H3 COOTHOWBHHg 

( 12)
1 

- aTo oTHoweHHe o6'heMa rrpHnera!Owero cnog K o6.'beMy rry3hiphKa . 
h 

HH>KB, B Ta6nHUB 1, npHBOllgTCSI 3H8'IBHHg 3 < ~> • Bbl'IHCnBHHbie ITO 

<jlopMyne t 12) anSI BOllbi H >KHllKoro sonopona c TeM, 'IT06bi cpaBHHTh, 

H8CKOnbKO rrpHMBHHMO IlpHHSITOB npH6nH>KBHHB K8K B cny'Iae pOCTa, T8K H 

B Cnyqae KOHneHC8UHH ITy3hlpbKO~ 3necb >Ke rrpHBeneHhl 38BHCHMOCTH OT 

TeMrrepaTyphi rrapaMeTpos k, p , c 
p 

6 

HanonHHTenb 

T° K poeT 

3<_L> poeT ( 6. T =! 
R! 

3<_2._> KOHAeHC ( /). T < 
RB 

..L (....ll...) 
k d T 

.!.. ( ..c!.e....) 
p dT 

_1_ (-h) 

cP dT 

3HaqeHHSI napaMBTpC 

pHMBHTBnbHO B pa60T8X/~ 

30B8HHSI HBOH-BOAOPOAHhl> 

>KB npHBBABHhl A8HHhlB A 

KaK cnenyeT H3 Ta 

cnpasennHBO anSI cnyqaSI 

B cnyqae KOHllBHC8UHH . 

38BHCHT 3 < _h __ >, c 
Ra 

UHH ny3hlpbKOB CYWBCT& 

4TO K8C8BTCSI 38BH 

TO AnSI >KHAKOrO BOAOpOL 

qTo rrpH rreperpese B ~ 

p , C MBHSIIOTCSI H8 ] 
p 

0 ,1 -T 0,5% B cnyqae sc 

0 UOCTOSIHCTBB TennO~H: 

>KHAKO~O BOAOP0ll8 HB 0 

TaKHM o6pa3oM, < 

qTO HMBIOTCSI HBKOTOpbil 

TOB CKOpOC TH paCTa ( Kt 

HbiMH AnSI BOAO[JOAB. 4Tt 

TBOpBTHqBCKHMH H BKCro 

o6wy10 3aaaqy: ao-nepa 

B y~aBHeHHH (8); BO-BT 

38BHCHMOCTb TerrnonpOBC 

nepaTypbi. 

x/ 
ilaHHbiB B3SITbl H3 p 



:0, (9) 

IHOCTH, T8K K8K OHO CO

::TH yaaeTcSI o6ol1TH, ecnH 

Y llHO ITOK838Tb 0 'ITO B Hy-

6)-(8) HMeeT BH}:I: 

( 10) 

r ( 11) 

·eM, 'IT 06bi ITpOBepHTb 

·neHHID 

11 L p ' D 

k L\ T 

( 12) 

S!CHO 113 COOTHOweHHSI 

)51 K o6.'heMy ny3bipbKa. 

l ta> • B bi'iHcneHHbie no 

3M, 'iT06bi Cp8BHHTb 0 

B cnyq:ae p ocTa, TaK H 

3e JleHhl 38BHCHMOCTH OT 

HanonHHTenh 

T
0

1C poeT 

3<_L> poeT ( ~ 
R3 

3<...!!.._> KOHlleHC (~ 
R8 

-L (...il.. ) 
k: d T 

.l. ( ..c!.e...) 
p d T 

_I_ ( -~ ) 
dT 

= 5 

T =5 ) 

T =2 ) 

Ta6nHua 1 

378 

0,05 

0,1 

I0-3 

-4 
~. 10 

3. 10-4 

H~ 

25 

0,15 

I 

3.10- 2 

-3 . 10-2 

7.10-2 

90% H + 10% Ne 

27 

0 ,01 

0,2 

2.10-2 

-2. 10- 2 

0,1 

3Ha '!eH!HI rra pa r..~eTpoB, rrpHBeaeHHhiX B a T oii T a 6mme, rron y 'leH bi a K c rr e -

pHMeHTanbHO B pa6oT ax
13- 6•9- 11 1• B BHny 6 onbwoii rrepc rreKTHBHOC TH H c rro n b

aoBaHHH HeOH - BOllOPOllHhiX C Meceii nnH H8ITOnHeHH51 ITY3h!ObKOBbl X K 8 Mep / 
11 / T8K 

)I{e rrpHBeneHbi naHHbie nnH c MecH 90 Mon % Bonopon a 11 10 Mon % He o Ha x l . 
h 

K a K c nenyeT 113 Ta6n11Ubi 1, rrpenrronolKeHI1e o M a nocTI1 Beni1'1HHhi 3 < Ra > 

c rrpaBennHBO nnn cny'laH po c Ta rry3hipbKOB 11, Boo6 w e roBo p H, TepH e T c 11ny 

B c nyqa e KOHneHC8 UJil11 . Llen o B TOM , 'ITO BenH'II1H8 rr e perpeBa L\ T, OT KOTOpOH 

3 8BJiiCI1T 3 < _h __ >, 
Rs 

cornacHo c ooTHow eHHID (12) , B rrpouec c e KOHneHca -

UH11 rry3hipbKOB cymec TBeHHO MeHbWe, 'leM B npouecce po c Ta . 

LITo KacaeTcH aa BHCHMOCTH Beni1'1HH lr. p c OT Te M rrepa T y phl, 
p 

TO UnH lKHUKOr'O BOUOpona OH8 B 10 4 100 pa3 C llnbHee, '!eM nnH BOllhl , T8K 

'ITO npH nepe rpeBe B 5° Ha npoTHlKeHHI1 npHnera iOme ro cnon 3Ha '!eHHH lr. , 

p, cp MeH51IOTC51 H8 15;. 35% B c nyqae lKH A KOT'O BOAOpOA8 H TOnbKO H a 

0 , 1 ..; 0 ,5% B c nyqae BOA b i. CneaoBa TenbHO , nepBoHa '!anbHoe npeanono>Ke HI1e 

o n ocTO H H C TBe Terrno¢H311'!ecKHX rr~p a MeTpo B B rrpun e r aiOweM cnoe B c nyqae 

){(11llKOT'O BOAOPOA8 He Ollp8 BA8HO. 

T a K11M o6pa3oM, aHa nH3 aaHHw x 11 3 Ta 6nHu w 1 n oa B o nne T aaKn iO'IHTb, 

'ITO 11MeiOTC51 HeKOTOp hl e OC HOB8HH5! A n R p83 H OT'll8CH5! T eopeTI1'1eC K11X p8C 'I a 

T OB C K O pOC TH pOC T8 (KOHAeHC8U11Ji1) llY3hlpbKO B C 3 K CrrepHM eH T 8 nbH hlMI1 A8H

Hb!MI1 n nH Bonopona. l..JTo6 bi HaiiTJ.I 6one e ynoBn e T BOp 11TenbHOe cornacHe MelKny 

TeopeTI1 '1 eCK J.IMI1 11 3 K C rr e pHM e HT8 nbHb l M J.I ll8 HHblMI1 0 He06 X OJl i1MO peWI1Tb 6one e 

o6my 10 aana q y : B o - rr e pB hiX , 6 e 3 rrpea n o no>Ke Hn H o Manoc TI1 B e nH 'IHH hi .....LL 

B y~aBHBHJ.IH (8); BO-B TOphl X, lKen a T e nbH O y Y eCTb B J.ICXOJl H hlX ypaB HeHI151 X 

38BJ.I CI1MOC Tb T errnollpOB OJlHOC TH, ll!lOTHOCTI1 11 Te rr n o e MKOCTI1 >KJ.I A K OCTH OT T e M-

rr epaTyphi. 

xl LlaHH b i e B3 5!T bi 113 p a6o T b/ 10 / . 
7 



3aBHCHMOCTb Terrno~H3H'JeCKHX rrapaMeTpOB k • p H C P OT TeMrre-

paTypbl CHnbHO ycnO)I{H5ieT peweHHe HCXOAHOH CHCTeMbl ypaBHeHHH, fi08TOMY 

rrpeHe6peraeM 3aBHCHMOCTbiD BenH'IHH k H p OT TeMrrepaTyphl, TaK KaK 

B cnyqae )I{HaKOrO BOAOpoaa OHa Cna6ee, qeM 3aBHCHMOCTb c (0 ), TerrnoeM
P 

KOCTb KaK ~yHKUHID TeMrrepaTypb: rrpeacTaBn~IeM ABYM51 qneHaMH p51Aa Teiinopa: 

c (0) = c 
p 

( 1 + aO l, 
p 00 

(13) 

rae c - TerrnoeMKOCTb )I{HAKOCTH BHe rrpHneraiDwero cnoR, a 6e3pa3-
p 00 

MepHbiii napaMeTp pa3nO)I{eHH51 a B cnyqae )I{HAKOro Boaopoaa paBeH ~ 0,35 

npH 1'1 T = 5 H T = 25 ° K. 

TaKHM o6pa30M, BMecTo nHHeiiHoro ypaBHeHHR (8) rronyqaeM KBa3HnHHeii-

Hoe ypaBHeHHe: 

• 
( 0 ao a [ 3 h 8 ao 1 +a l --=--- (1 + ----) --] ar ah R8 ah ' 

( 14) 

rrpH'IeM BenH'll1Ha 
3 h 

Rs- MO)I{eT rrpHHHMaTb rrpoH3BOnbHbie 3Ha'!eHH51. PeweHne 

8TOrO ypaBHeHH51 OCnO)I{H51eTC51 H8nH'!HeM KaK HenHHeiiHOrO qneHa, TaK H He

H3BeCTHOH ~YHKUHH R(r). 0aHaKO CBOHCTBa CHMMeTpHH ypaBHeHH51 (14) 

IT03BOn51IDT yrrpOCTHTb 3aaaqy, ileiiCTBHTenbHO, KaK ypaBHeHHe (14), TaK H 

ypaBHeHH51 (6-9) HHBapHaHTHbl rrpH rrpeo6pa30B8HHH: 

2 r -+ m r , 
( 15) 

.h ... m h, 

ll08TOMY peweHHe MO)I{HO HCKaTb B BHAe 0 = 0 ( S) , rae S ~ _h_, 0TCIDAa . 2yr 
cneayeT, 'ITO 3aBHCHMOCTb R ( r l 

o6pa3oM: 

MO)I{eT 6hiTb rrpeacTaBneHa cnenyiDWHM 

8 --
R =6Ayr ( 16) 

HnH, yqHTbiBa51 CB513b Me)l{ay nepeMeHHbJMH H t • 

8 

., 
1. 

'/. 
I 

rae A - He 3aBHC511ll851 

TaTe peweHH51 CHCTeMbl 

3BOn51eT 3aiTHCaTb 8TH y 

A 

2(1+a0l: 

YpaBHeHHe ( 18) r 

AH~~epeHUHanbHOe ypaBH 

poB a H A. flapa!v 

cpaBHeHHID C eaHHHUeH 

HCKaTb B BHAe p51Aa llC 

TaK KaK riapaMeTp A • 

( 20), Heo6xoaHMO OAHO 



P H c" oT TeMne

oi ypaBHBHJ.Ilt. noaTOMY 

TBMnepaTyphl, TaK KaK 

CTb c ( 0). TennoeM-

" 
qneHaMH pRaa Te~nopa: 

( 13) 

•mero cnoR, a 6e3pa3-

soaopona paBeH ~ 0,35 

rronyqaeM KB83HnHHBH-

( 14) 

Ibie 3HaqeHHR. PeweHHe 

JrO qneHa, TaK H HB

eTpHH ypaBHBHJ.IR (14) 

·paBHBHJ.IB ( 14) 1 TaK J.1 

( 15) 

rae s ""_h_. OTcJOaa 
2yr 

ACTaBneHa cnenyJOIUHM 

( 16) 

., 
1 

'] 
i 

R = vl"2'D ( 16) 

rae A - HB 38BJ.ICRIUaR OT T nOCTORHHaR, KOTOpaR onpeaenRBTCR B pe3ynb

TaTe peiUBHHR CJ.ICTBMbl ypaBHBHJ.Ii!: ( 6, 7,9, 14) • noncTaHOBKa 0 = 0 ( s) no-

3BOnRBT 38nJ.!CaTb 8TH ypaBHBHJ.IR B BRAe: 

2 0 

d 0 ( 0) 

d s 

4 

2 ( 1 + a 0 ) s ~- = - _d- [ (1 + __!!_ ) 8 ___LL] 
ds ds A ds 

0(0)=-1, 

( 17) 

( 18) 

( 19) 

YpaBHBHHe (18) npencTaBnHeT co6oi!: o6biKHOBBHHoe KBa3HnHHeltHoe 

aH~~epeHUHanbHOe ypaBHBHHe , peweHJ.Ie KOToporo 3aBHCJ.IT OT ABYX napaMeT

poB a H A. napaMeTp a , no onpeneneHHlOr non)l{eH 6biTb Man no 

CpaBHBHJ.IlO C BAJ.IHJ.IUBi!:, no8TOMY pemeHJ.Ie ypaBHBHJ.IH (18) npome BCero 

HCKaTb B BRAe pHAa no a • B nHHBHHoM npH6nH)I{eHHJ.I rrony'l:aeM: 

( 20) 

TaK KaK riapaMeTp A TaK)I{e 3aBHCHT OT a • To, HapHAY c pa3nO)I{BHHBM 

(20) , HB06XOAJ.!MO OAHOBpBMBHHO pa3naraTb H ero 

( 21) 

9 



B pe3ynbTaTe pa3no~eHHH cHCTeMa ypaBHeHHA (17)-(19) pacnaaaeTCH 

Ha ABe CHCTeMw. CHCTeMa ypaBHeHHA B HyneBOM npH6nH~eHHH no a HMeeT 

BRA: 

2s 

i.!!... d01(0) 
A = -A---

I 2 ° ds 

• d 0 I d s 3 d 0 I 
+ ---[ ( 1 + -- ) 

d s d s A I d s 

0 ( 0) ~ -1 ' 
I 

aO (oo)=O. 
I 

] = 0 (22) 

f1ocne Toro, K8K H8HAeHO pemeHHe (J I ( s ) 

ypaBHeHHti nepaoro npR6nH~eHHH no a 

H A I , onpeaenHeTCH CHCTeMa 

ytr d 0 :1(0) 
A •-- A ---r;;-2 2 ° 

4 

d 0:1 d s 8 d 0:1 
2s--+--[(l +--) 

d s ds A2 ds 

I 
dO I d s s 4 s All = - 2 s 0 -- + --[ (1 + --) 

0 (0) 
2 

I ds ds A 1 

0 (oo)=O 
2 

2 
3 At 

] = 

d 01 ] ' 
ds 

\ 23} 

f1ony"'HBlllHeC51 ypaBHeHH51 AOBOnbHO nerKO pelllaJOTC51 1 llpH"'eM pemeHH51 (J I 

H 0 
2 

Bb!pa~a!OTC51 B KBaapaTypax, KOTOpbie HMeJOT rpOM03AKHH BHA H 

IT03TOMY He npHBOLl51TC51. f1ocne TOro, K8K H8ALleHbi pemeHHSI 0 1 H (J 2 J 

10 

OKOH"'aTenbHhle ypaBHeHI 

cneAV!Oll!Hti BHA: 

2 
6 A I I 

-1 + -.=--- f e xp 
ytrA

0 
0 

I 

[3A 

6 A J exp 
I 0 

3A 
2
¢(y 

I 

A a= 
I ~ 

/ exp [ 3 A 
1 

¢ ( y) ][ 

rae ¢(x) =-=-~~ 
X 2 

onpeaenSlJOillHH CKOpOCTI 

f1onyqHHll!HeC51 ypaBHeHJ 

HHTerpHpOB8HHH. 

Pe3ynhTBThl qHcn' 

pHc. 1-3. B KaqecTBe J 

Ao HnH A • TaKoi 
I 

o6naCTb H3MeHeHHH A 

KOHAeHC8UHH ny3hlpbXOB 

TOB B o6oHx npoueccax 

Ha pHc. 1 npHBea 

KOTOP8H X808KTeOH3yeT 

qecKyJO CKOpOCTb pOCTI 

38BHCHMOCTH IT03BOnHe 

a) yqeT qneHa 

K yaenH"'eHHJO TeopeTH 

6) nonpaBKa K ex 

nonpaBK8 K CKOpOCTH 

40 -+ 150%. 



(17)-(19) p acrraaaeTCH 

pH6nH)I{BHHH IIO a 

-J = 0 ( 22) 

• onpeaenHeTCH CHCTeMa 

d (JI ) ' 
ds 

H, IIpHq~M peWBHHH (J I 

T rpOM03AKHH BHA H 

ol pelllBHHH (J I H (J 2 J 

• 

OKQH qaTenbHhl B ypaBHBHHH AnH OIIpeaeneHHH napaMBTpOB A 1 

cneAY!OlllHH BHA: 

6 A 2 I 
I 

-1 + -.=--- J exp 
yrrA

0 
0 

2 
[3A ¢(xl]dx=0, 

I 

2 

HMBIOT 

( 24) 

8 I 
6 A J exp 

I 0 

2 • 
3A ¢(yl]dy 

1 

I -8 6A I I 2 J (t -l)d t[-1 +-- Jexp[3A ¢(.<l)dz 
y FAf/ I 

A2=---------------------------------------------------------• (25) 
I 2 4 8 7 2 - 2 4 

fexp[3A
1
¢(rl][--

3
-y +T 2A

1
(2y +8y-y -9l]dy 

0 

rae ¢ ( x) -
-1+3x

2
-2x 8 

X 2 
A 

0 
-!)JaKTOp, 

Lp'n,/rr 

orrpeaenHIOJJlHH CKOpOCTb Dy3blpbK8 IIpH ycnOBHHX, qTQ a =0 3 h << 1 
R8 

ITonyqHHWHecH ypaBHBHHH (24) H (25) pewaiOTCH c n oMOlll biO qH c neHHoro 

HHTerpHpOBBHHH. 

Pe3yn&T8Thl qncneHHOro peweHHH npeacTasneHhl rpa!jJHqecKH Ha 

pHc. 1-3. B KaqecTBe He3aBHCHMOH rrepeMeHHOH yao6Ho Bbt6paTb rrapaMeTp 

A 
0 

HIIH A 
1

• TaKOH Bbi6op rro3BOnHeT ecTecTBBHHbiM o6pa3oM pa36HTb 

o6naCTb H3MBHBHHH A O (A I H8 o6naCTH 1 COOTBBTCTBYIOlllHB pOCTY H 

KOHABHC8UHH IIY3b1pbi<OB, T8K qTQ Cp83Y BHAHB pOnb pBCCM8TpHB8BMbiX a!jJ!)Je K

TOB B o6oHx rrpoueccax. 

Ha pHc. 1 rrpHBeaeHa 3BBHCHMOCTb senHqHHhl 
A I 

K8K !jJyHKUHH A 0 • 
Ao 

KOTOP8H XBP8KTBPH3YBT 

qeCKYIO CKOpOCTb pOCT8 

BnHHHHe TonlllHHhl noHneraiOmero cnoH Ha TeooeTH-

(KoHaeHcauHn) HBDOABH)I{HhlX ny3hlpbKOB . X apaKTep 

38BHCHMOCTH D03BOnHBT 38KnJOqHTb 1 qTo: 

3h 
B ypaBHBHHH TerrnorrpOBO AHOCTH DpHBOAHT 

K ysennqeHHIO TeopeTHqeCKOH CKOpOCTH pOCTB (KOHABHC8UHH) ny3blp bKOBj 

6) norrpasKa K cKopocTH pocTa HesennKa H ne)I{HT B npeaenax 8~15%, 

II01Ip8BKB K CKOpOCTH KOHABHCBUHH IIY3blpbKOB 3H8qHTenbH8 11 AOCT~raeT 

40~ 150%. 
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• 

YTo KaeaeTeH rrorrpaBKM, B03HMKaiDmeA npM yqeTe aaBMeMMoeTM Tenno-

eMKOeTM lKMUKOCTM OT TeMnepaTypbi, TO OHB npeaeTaBneHa H8 pRe. 2 C 

A :a 
( - ---) KBK cjlyHK UMM A I • KaK BMUHO M3 pMeyHK8) ITOMOWbiO BenM'iMHbl 

At . 
ITOITp8BK8 Be!OUY OTpMU8TenbH8, ITpM'ieM B03p8eTaeT e yBenM'ieHMeM eKOpOeTM 

poeTa (KOHUeHeBUMM)i B o6naeTM poeTS OH8 eoeTaBns:IeT 12 ~ 15%, B o6naeTM 

KOHUeHeBUMM - MeHee 10%. 
TaKMM o6paaoM, eyMMapHas:I norrpaBKa K eKopocTH pocTa rry3bipbKa 

nelKMT B o6naeTM 5 ~ 10%, nonpaBKa K CKOpoeTM KOHUeHeaUMM MOlKeT 

UOeTMI'8Tb 150% M o6yenoBneHa, B OeHOBHOM, 6onbWO H TOnWMHOH ITpMneraiD-

wero enoH. 

B eBH3M e TeM, 'iTO TonmMHa n pMneraiOmero enoH MrpaeT eyweeTBeH-

HYID pOnb ITpM paeeMOTpeHMM UMH8MMKM ITY3blpbKOB B lKHUKOeTH, Ha pRe. 3 

h r 
8 

3<--- >=< >-1 
R 8 R 8 

ITpMBOUMTeH 3aBMeHMOeTb BenM'iMHhl KBK 

~YHKUMM A . Ee aHaqeHMH Bbi'iMCnHnMeb B c ooTBeTeTBMM e onpeaeneHMeM 

(neBas:I e TOpOH8 eOOTHOWeHMH (12)), npM'ieM ITyHKTMpHas:I KpHB8H rronyqega 

e ITOMOWbiD peweHMH 0neeeTa-liBMK8 (10-11) e yqeTOM 38BMCMMOeTM MelKUY 

A 1 M A O , errnOWH8H KpMBas:I rronyqaeTeH, eenM BOCITOnb30B8Tbes:I peme-

HMeM eMeTeMbl ypaBHeHMH (22) M eooTHOWeHMeM ( 16). Yfa pRe. 3 BMUHO, 'iTO 

TonmMHa rrpRneraiDmero enoH Mana B rrpoueccax poeTa rry3 bipbKOB, rrpR'ieM, 

KBK M UOnlKHO 6b!Tb, o6e KpMBbie B 3TOH o6naeTR M3MeHeHRs:I A I e oBrraaaiDT. 

8 e nyqae KOHUeHeBUMR BeJIM'iRH8 3 < _h_> MOlKeT npRHMM8Tb npOR3BOnbHbie, 
Ra 

Boo6me roB~pH , 6onbwMe aHa'ieHMH, npR'ieM peweHMe nneeeTa-lisRKa uaeT 

38HRlKeHHbie 3H8'ieHRH TOnWRHbl npMneraiDruero enoH. YfTaK, rrepBOH8'ianbHbiH 

Bb!BOU, eaenaHHblH H8 oeHOB8HMM npM6nRlKeHHOI'O paeeMOTpeHMH npoueeeoB po

eTa R KOHaeHCaURR rry3blpbKOB B ITY3bipbKOBbiX KaMepax, ycRnMBaeTCH rrpH 

6onee T O'iHOM p8CCMOTpeHRH. 

B aaKniO'ieHRe yMeeTHo epaBHRT~ nonyqeHHbie peaynbTBTbi e M"{eiDmRMR

es:I M3MepeHHHMR eKOpOeTR poCT8 H peKOMITpeceHH ITY3blpbKOB B BOUOpOUHbiX 

TIV3hlpbKOB b lX K8MeOaX. 

8) o 3KerrepMMeHT8nbHbie U8HHbie 0 poeTe rry3bipbKOB rrpH ITOCTOHHHOM 

uasneHRR/3-6/ rroaTBeplKaaiDT, 'iTO R .. ,;-;- • KBK aTo eneayeT R3 oowero 

BHU8 ypaBHeHRH ( 6-9, 14) • 

6), OTnH'iMe TeopeTM'ieeKoro H B bi 'iHeneHHoro 3 KenepMMeHTanbHO Ko31jxjm-

uHeHTa rrporropuHoHanbHOeTH B 3TOH a aBHeHMOeTR R ( t ) , aoeTRraiOwee 30%/6/, 

12 

He MOlKeT paeeMaTpME 

Horo rrouxoua, TaK K. 

y'iMThlBanoeb M3MeHeH 

yMeHbllieHMM llBBneHMH 

orrpeuenHIOT 3 TH M3Me 

Be 
p 

pml 

8T J 

8p 

p 
m 

p min 

f (-
p 

max 

pmln ac 
f (-2.. . 

p ap 
max 

rae S - 3HTpOITMH eMe1 

Boenonb30B8Tbes:I 3TMMH 

BHeRMOCTb nnOTHOe TM I 

HOpManbHOH, T8K H Me 

(27-29) He IT0 3BOns:IeT e1 

MH, T8K K8K Henb3H B C 

gcjlcjleKTbl OUHOI'O R TOI'O 

B). nocneaHee aa 

Hawero paeeMoTpeHHH er 

enos:I 8 "' R • OaHaKo B 

Ba IOWRX ITY3blpbKOB Heo6o 

MOMV. MMeHHO 3TO o6eTO 

eTBHH 3KenepHMeHT8nbHb 

KOMITpeeeHH ITY3blpbKOil I 



~Te 38BHCHMOCTH Terrno-

8BlteH8 H8 pHC. 2 C 

KaK BHAHO H3 pHcyHKaJ 

C yBeltH"leHHeM CKOpOCTH 

~eT 12 + 15%, B 06lt8CTH 

lpOCTH pOCT8 llY3blpbK8 

CTH KOHUeHC8UHH MOM8T 

IOH TonmHHOH rrpHneraKJ-

cnoH HrpaeT cymecTseH

B MHUKOCTH, Ha pHC. 3 
8 

·< --=--->-1 
Rll 

KBK 

!TCTBHH C OllpeueneHH8M 

~HpHa~ KpHBa~ rronyqeHa 

TOM 38BHCHMOCTH M8MUY 

BOCI10llb30B8TbC~ pewe

), !13 pHC, 3 BHUHO, "'TO 

::Ta 11Y3b!pbKOB, I1pH"l8M, 

eHeHHH A
1 

cosrraua IOT. 

pHHHM8Tb 11pOH3BOllbHbl8 0 

nneceTa-UaMKa uaeT 

• l1TaK, rrepBOH8"!8ltbHblfl: 

:MoTpeHH51 rrpoueccos po

iepax, yCHllHB88TC51 llpH 

83YllbT8Tbl C HJI1eiOWHMH

Y3blpbKOB B BOJlOpOLlHbiX 

blpbKOB rrpH l10CT05IHHOM 

·o cneuyeT H3 o6mero 

nepHMeHT8ltbHO KOa¢cjlM

), uocTHraiOmee 30%161, 

He MOMeT p8CCM8TpHB8TbC~ K8K UOK838TeltbCTBO HecrrpaBeUltHBOCTH H3ltOMeH

HOrO ITOUXOUB, T8K K8K llpH Bhl"'HCll8HHH 8KCI18pHM8HT8llbHOrO ¢aKTOpa He 

T, H c 
p 

YM8Hblli8HHH U8Bll8HH~ OT p uo 
max 

p 

p 
min 

1121 • 3aKOHhi TepMOUHHBMHKH 

orrpeuen~roT a TH H3MeHeHH~ cneuyroWHM o6paaoM: 

rue 

oc 
p 

8p 

pmin 

f 
p 

max 

p 

aT 
(--) a P s 

pmin 

dp f 
p 

max 

p 

T av 
--(--) dp, 

c p aT p 

min ap 
f (--) a P s 

dp 
min av T av 2 

=- fp2[( --) +-( ---) ]dp 
a p T cp aT P 

pmax 
p 

max 

a 2v 

( 27) 

( 28) 

Pmln ac Pmln T av ac 
f (-.2...) dp = f -- [(--) (--p-) 

P ap s P cP aT P aT 
- c 

p 
( -- ) ] d p ' ( 29) aT 2 p 

max max 

p 
- y UeltbHbiH 06'beM MHUKOCTH . 0UH3KO S -8HTp011H51 CHCTeMbi, v = 

BOCI10l,Ib30B8TbC~ 8THMH QJOpMylJ8MH TpyUHO, T8K K8K H806XOUHMO 3H8Tb 38-

BHCHMOCTb llltOTHOCTH H T8llll08MKOCTH OT U8Blt8HH~ H TeMrrepaTyphl K8K B 

HOpM8ltbHOH, T8K H M8T8CT86HltbHOH 06lt8CTH. l1rHOpHpOB8HHe ITOI1p8BOK 

(27-29) He 1103BOlt5IeT CU8lt8Tb TO"'HOe Cp8BH8HHe C TeopeTM"l8CKHMH pacqeTa

MM, T8K K8K H8ltb351 B OUHOM cnyqae rrpeHe6peraTb 0 8 B UpyroM Y"'HTblB8Tb 

a¢¢eKThi oaHoro H Toro Me rrop~aKa. 

s). TiocneaHee aaMe"!aHHe KacaeTc~ peKoMnpeccHH rryabipbKOB. Ha 

Hawero paccMoTpeHM~ cneuyeT, "'TO B aTo M cnyqae TonmHHa rrpHneraromer o 

cnoH 8 "' R • OaHaKo B pa6oTe 17 1 rrpH HccneAo BaHMH peKoMrrpeccHM scrrnhi

BaiOmHx llY3blpbKOB He060CHOB8HHO rrpelll10ll8r8ll0Cb, "'TO 8 << R • Tio-BHilH

MOMV , HM8HHO 8TO 06CTO~TellbCTBO ~BnHeTCH llPH"'HHOH 60ltblliOrO H8COOTBeT

CTBHH 8KCI18pMM8HT8llbHhlXI6I H TeopeTH"l8CKHXI71 Jl8HHhlX 0 CKOpOCTH pe-

KOMI1p8CCHH 11Y3blpbKOB B MHLlKOBOl:WpOJlHbiX rry3blpbKOBbiX K8Mepax. 
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Ba)f(H8Sl ponb acrrnbiB8HHS! rry3bipbKOB B rrpouecce peKoMrrpeccHH HecoM 

HeHHa, sTo rroATBep)f(ABeTCS! sKcrrepHMeHTanbHbiMH Ha6moaeHHS!MH/6/ . B CBS!3H 

C 3THM 6binO 6bi B8)f(H0 p8CCMOTpeTb llHH8MHKy BCflnbiB8IOIUHX flY3blpb KOB 

C yqATOM pe3ynbT8TOB 3TOA pa6oThl. 

ABT Op cqHT8eT CBOHM rrpHS!THhlM AOn rOM Bhlp83HTb r n y6oKyiO 6naro 

A8pHOCTb fl. r . 3acTaBeHKO H Y .KyHllTY 38 C THMym>~pyiOIUHe 0 6Cy)l{£leHH SI , 8 

T8K)f(e r.C. B opoHoBy, IO . f1.MepeKoBy, L Y! . CenHBaHoBy H A . Y! .<t>u nu rrrroay 38 

ueHHbie 3aMeqaHHH. 
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PHC, 2. nonpaBK8 K TeopeTHqeCKOA CKOpOCTH pOCT8 (KoHneHC8UHH) 

ny3blp,b K8, o6ycnoaneHH8SI 38BHCHMOCTbiO TennoeMKOCTH 

JKHnKOCTH OT TeMnepaTypbi . 
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PHc. 3. 0THorneHHe o6oeMa npHneraiOrnero cno51 K o6oeMy ny3bipbKa 

B npoueccax pOCT8 H KOHOeHCBUHH llY3bl pbKOB, nyHKTHpHaSI 

nHHHSI COOTBeTCTByeT perneHHIO nneceTa-ilBHKa, CllnOI1IHBSI -

perneHHIO, nonyqeHHOMy B ll8HHOH pa6oTe. 
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