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PACYET JJIMHBI U IUPUHBI PACKPBITUA TPELIIUHBI,
PA3BUBAIOIIENCS BO BPEMEHH

Jokmopa mexn. nayx, npogpeccopa JTEOHOBHUY C. H., IIHPA/IOB K. A.

Benopycckuii nayuonansnuiii mexnuueckuu yHusepcumen,
Mockogckuii 2ocyoapcmeeHHblil OMKPbIMblll YHUSEPCUINEm

Pacuer piunbl Tpemunbl. [Ipu onpenenenuu
JUIMHBI Pa3BUBAIOLIECHCS BO BPEMEHH TPELIMHBI
NPECTABISICTCS BAXKHBIM YYeCTh H3MEHEHHE BO
BPEMEHH PEOJIOTHYECKUX CBOWMCTB Marepuaia
U BEIMYUHBI KPUTHUYECKOTO Kod((UIMEHTa WH-
TEHCUBHOCTH HampspkeHuid. [Iporecc TpemuHoo0-
pa3oBaHus B OETOHE pAaCCMOTPEH B pPaMKaX MOJEIH
Jleonosa — Ilanacroka — [laraeitna. C ucmosiab3oBa-
HUEM JIOKAILHOTO JHEPreTUYeCKOr0 KpPUTEPHs
C YYETOM JAWCCHUIAINH SHEPIHH B KOHLEBOW 30HE
TPELIMHBI TIOJYYEHO BBIPAKEHHUE Il CKOPOCTH
pOCTa TpEIIMHBl HOPMAILHOTO OTphIBa. B cityuae
NOCTOSIHHBIX BHEIIHUX HAarpy30K CKOPOCTH pa3BH-
THUS TPEUIMHBI OTIPEAEISeTCs IO PopMyIie
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rIe G — HanpshKeHHs B KOHIIEBOH 30He; K|(t) — Ko-
3GUIIMEeHT WHTEHCUBHOCTH HampspkeHuid; D —
9Heprus paspyuieHus; v — koapduuuent Ilyacco-
Ha; J(0) — dyukus nomsydectu J(t) B MOMeHT
Bpemenu t = 0.

Kak wu3Bectho, dynkuus J(t) mpu oTcyrcTBHH
TUIACTUYECKON COCTaBISIONIEH paBHa BEJIMYMHE,
00paTHOM MO0 YIIPYTOCTH:
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PocT TpeumH B ycnoBHAX MON3y4YeCcTH AN MH-
BapUAHTHOTO BO BPEMEHU MaTepualia MOXKET ObITh
ONMCaH MPU 3aMEHE YNPYTHX NOCTOSHHBIX HEKO-
TOPBIMH OIlEepaTopaMH. YUUTBIBasi, YTO B Cllydae
MIOCTOSIHHOM JJINTENBHO JEHUCTBYIOLIEH Harpy3Ku
HaIIPsDKEHHUSI C MOMEHTA BpEMEHM t ABIIAIOTCS IIO-
crosiHabiME U C(t, T) = 0, 9TOT omepaTop HmpUMeT
BUJ
1 1
E E~x

+C t,7, 3)

rae C(t, T) — Mepa mon3yuecTy.
B cooTBeTCTBHU C 3THM
1

Jt=—"—+Ctr. 4
- (4)

st omucanust Benuunbbl C(t, T) CyIIecTBYIOT
B COOTBETCTBUHU C TEOPUAMH IOJI3YUECTH pa3iIvy-
Hble BeIpakeHus. [IpHHSIB BO BHHMaHWE TEOPHIO
CTapeHusl, UMEeM

C t,t =C oot [l—efﬁtfT ] (5)

rae C(eo, T) — KOHEUHas BEJIMYMHA MEpPbI TOJI3yye-
CTH; Y — YUCJICHHBIM KOA(PULNCHT, XapaKTepu3sy-
IOIUI CKOPOCTh HAPACTAHUS TOJI3YUECTH.

OTMeTHM, YTO BO3MOKHO MTPUMEHEHHUE JIH000T0
JPYroro M3BecTHOro BbIpaxkeHus s C(t,t), uro
MPUBEAET JHIIb K HEKOTOPHIM MaTeMaTHYECKHM
YCIIOKHEHUSIM.
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[Toacrasus (5) B (4) u nponuddepeHnuponan

1o t, nosyyum
dJ t
5 S =T (6)

3a momeHT Bpemenn t = 0 Oymem cuuTaTth Bpe-
Ms1 IPUJIOKEHUS BHEIIHEH Harpy3ku t = T. Mcxons
13 3TOT0, HMEEM:
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B koHieBOW 30HE TpemIuHBI B OETOHE HAcii-
CTBYIOT HAIpsDKCHHS, paBHBIE MPOYHOCTH OETOHA
Ha pacTsokenne 6 = Ry(t). B mpomecce pocta Tpe-
LIMH 3HEPTUsl pa3pylI€HUs TAKKe HE SIBJIAETCS MO-
CTOSIHHOW BEJIMYUHOMW, OHA YOBIBAET C YBEIUYCHU-
€M BPEMEHHU, ITPOLLIEIIIErO CO JHA 3arpyKEHUS:

KRt
CEt

Dt

(9)

Cuurasi, 4TO POCT TPEIIMHBI MPOUCXOAUT B
KKIbI JTaHHBII MOMEHT BPEMEHH W Y4YUTBIBas
(7)-(9), u3 (1) umeem

dl__ t 0, T Kb t
crc :TUYC > > IC ) (10)
dt 24R; t 2Kic t K2 t
E —Nc
Et 1-\?2 t
E 1

Ilocne HEKOTOPHIX MPeoOpa3oBaHUIl MOIYIUM
BBIPDOKEHUE JUIsI OIpPEACNCHUST CKOPOCTH pOCTa
TPEMIMH B OCTOHE TIPH IJIUTENBHO ICHCTBYIOIICH
Harpyske

dig,, t

crc

dt
TC 0T Et E T 1-V2 (11)

= K& t.
24R% t[2E T —E t 1-V* |

Bemnunny Kic(t) MOXHO BBIYHUCIHTH 1O W3-
BECTHBIM BBIP@)KEHUSAM MEXAaHUKU pa3pylIEeHUs
Ui JAHHOTO KOHKPETHOTO BHJAA 3arpy)KEeHHS.
B obmem cinyuyae BOCHOJIB3yeMCsl 3aBHCHMOCTBIO
[1], cormacHo kotopo#t Benmnunna Kc(t) pemakcu-
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pyeT BO BPEMEHH 110 3aKOHY M3MEHEHUS JUINTENb-
HOM MPOYHOCTH:

R, t K
Ko t =2 e . (12

Ri T [Et
ot J +2EtC t1
E 1

Ioncrasnas (12) B (11), momyuaem

dl t myC oot E? T 1-V?
crc — X
dt 2 _ _y?
24R% T[2E T —E t 1-V7 ] )
K2
X c © :
1+2E 1 C t,7

Ecnu GetoH ObUT 3arpykeH B JIOCTATOYHO
OOJIBIIOM BO3pacTe, TO MOKHO IMPUHATH MOIYJIb
VIPYTOCTH TIOCTOSHHOM BemuunHou, T. €. E(t) =
= E(1). Torma

dl. t m®C et E> T 1-V?

crc

= X
dt 24R%2 1 1-v?
bt (14)
KZ 1
1+2E 1 C t,T

N3 Beipaxenns (13) nerko MOJIy4YUTh 3aBHCH-
MOCTb JJISl ONpPEJENICHUs MPHUPAIICHNUs Pa3BUBAlO-
IIEHCS BO BPEMEHU TPELIVHBI

_mC o1 E? 1 1-v? K& 1

Al >
24R5 T

t X

(15)

crc
xj[ZE T-Et 1-V’ J[1+2E 1 C 11 ]

[Mpunss dpyukuuio C(t, t) B Buae (5) u cuuTas,
YTO BpPEMEHH 3arpy>KEHHsl COOTBETCTBYET MOMEHT
BpeMenu T = 0, a neopMaTHBHBIC XapaKTEPUCTH-
KW HEU3MEHHBI BO BPEMCHH, a TaKKe MPOUHTErPH-
pogag (15), momydnm

nC 0,0 EKEL T 1-V?
= X
24R3[1+2E,C =,0 | 1-v* (1)

ICI’C

X t+In[142E,C =,0 1-e™ |.

Baenem o0o3HaueHu:
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nC 0,0 E,KZ 1-v*
24RA 1-Vv*

=A 17

2E,C 0,0 =B. (18)

Torma dhopmyna nust onpeneneHus IHHBI pas-
BUBAIOIIIEICS BO BPEMEHHU TPEILIUHBI PU NEUCTBUU
JUIUTEJIHO NEUCTBYIOLIEH HArPy3KU IIPUMET BUJ

crc crc

t =1° +% yt+|n[1+5 i ] , (19)
+

0
rac Icrc OIMpeACIACTCd MO M3BECTHOMY 3HAUCHHIO

Kic WU COOTBETCTBYIOIIUX € 3aBUCUMOCTEH IS
JIPYTHUX BUIOB 3arpy>keHus [2].

3aBucuMocth (19) MOXXKHO 3ammcaTh CIEAYIO-
eM o0pa3om:

A
t =l +—— vt+In{1+2EC t,0 |. (20
cre 1+B Yt I: b :' ( )

crc

3amuch B Takoi ¢opme yZoOHa TeM, 4TO TpHU
OTIPEIETICHNH JJTUHBI TPEIIUHBI MBI MOXEM HC-
[0JIb30BaTh OIBITHBIE TEKYIIUE 3HAYEHUS] MEpHI
MOJI3y4EeCTH.

[IpoanammzupoBas (14), moayymm, 9To C po-
CTOM TOJ3YYECTH CKOpPOCTb pOCTa TPEIIUHEI
YMEHBIIAETCS, JOCTUrasi MUHUMAJIbHON BEJIUMYMHBI
npu C(t, T) = C(ee, 7). ITocie 3TOr0 CKOPOCTH PO-
CTa TPEUIMHbI CTAHOBUTCS MOCTOSIHHOW. Ha camom
JKE JIeJie pOCT TPEIIWHBI HOCHUT 3aTyXalomui Xa-
paxtep. V3 aHanu3a mojy4eHHBIX pacyeTHBIX 3Ha-
YEHWH TPUpALIEeHUd [JIMHBI TPEUIUHBI CIEIYeT,
yto Qopmyna (14) paboTaer mis Tex 3HaUeHUH {,
IIPU KOTOPBIX CKOPOCTH POCTa TPEIIMH NTEPEMEHHA.
OnpenenuM TO MakCUMalbHOE 3HadeHue f{, mpu
KoTOpoM JeiictBurenbHa (14). OTHOMmEHHE TeKy-
e ¥ MakCUMaJbHON CKOPOCTH POCTa TPEIIMHBI
Oyner

vt 1+2E 1 C 1 1-e"

= . (2
V oo 1+2E 1 C t,7

Ecnu CKOpPOCTb pOCTa TPCUINHBI CTa6I/IJ'II/ISI/Ipy—
CTCA IIpU JOCTUIKCHUUN BeIMYMHOM V 1 3HaudeHms

V o ¢ touHocthio 0,5 %, TO

0,995=1—e™. (22)
Ortkyna
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=23 (23)
Y

CnenoBatenbHo, (14) meiicTBUTENbHA B JHA-
mazoHe m3MmeneHu#t t ot 0 mo 5.3/y (B cpemHem
130 cyT.), 9TO COOTBETCTBYET MOYICHHBIM JKCIIC-
PUMEHTATBHBIM JTaHHBIM.

OmnpenesieHne MUPHHBI PACKPBITUS TPelIu-
Hbl, pa3BuBaolleiicsi BO BpeMeHHU. PackpbiTue
TPCIIUH YBCIMYUBACTCA U MOCJIC MPEKpAIICHUA UX
pocTa B IIHHY.

W3MeHeHne MMPUHBI PACKPBITHS TPEUIMHBI BO
BPEMEHU MOXKHO OTpPeAeTUTh U3 popmysl [3]

O 1,7 =[1+E T C t,7 |02 (24)

crc?

rae O, {,T — [IupUHA PACKPBITUSA TPELLIUHBI

crc

]
cre — HauvalbHas MIMPHUHA

B MOMEHT BpemeHu t; o
PACKPBITHS TPEILMHEL.
[Tpu BBIcOKHX ypoBHsX Harpy3ku (0,8 < < 0,5)
B (19) BBeneM HeNMHEHWHYI0 Mepy IMOJ3Yy4ecTH,
T. e. BMecto C(t, 1) — C*(t, 7). Cormacuo [4]

C*(t, T) MOKHO OTIPENENHTSH 10 (hopMyJIe

C*tt = 1+o00° C t,T, (25)

T7e Ol — YACTICHHBIA Ko pumuenT.

Pacuer mmpuHBI pacKpeITHS TPEIIUHEI 10 (24)
HPOBOAMIICS 110 3HAYEHHUSIM MEPBI IIOJI3Y4YeCTH, Ol-
peAeneHHOoN KaK MO0 KPUBBIM IMOJI3YYECTH IPHU3M,
TaK 1 10 AedopMaIysiM TOI3ydeCTH, U3MEPEHHBIM
KOMITapaTOpaMy Ha IUINTaX C OTBEPCTHUSIMH.

W3 comocraBneHuss paccUMTaHHbIX 1o (24)

3HAUYEHUH Ol (,‘C‘ C TOJIyYEHHBIMHU W3 OIIbITa

CllelyeT, uTO HaOJII0JAeTCsl JOCTATOUHO XOpOLIee
COOTBETCTBHE MEXIY HKCIIEPUMEHTAJIbHBIMU JaH-
HBIMH M pe3yJibTaTaMH, MolydyeHHbIMH 1o (19).
HavanpHyro muypuHy pacKpbITHS TPEIIMHBI MOXKHO
OTIPEIETNTH COTIacHO [5] mo dopmye

2v X,0 _n—Ebjlq ET I,x,E dE  (26)

rae V X,0 — monymmpHHA PacKpBITHS TPEUIWHBI

B TOYKe ¢ KoopauHaramu x; y = 0; ( g: — ¢QyHK-

LU HOPMAJIbHOM COCTABJISIOLIECH HaNpsKEHUs,
IIPUIIOKEHHOT'0 K OeperaM TpeIuHbl;
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|2—X§—\j|2—xz/|2—§2 |
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=1, +R,

I 1Lx¢& =In

X — KOOpAMHATA TOYKU Ha OCH a0CIUCC, B KOTOPOH
OIIPEJIENISIETCS. PACKPBITHE TPELIUHBI; & — TEKyIas
KOOpAMHATa, M3MEHSIomascd B  HHTEpBaax
—1<E<-R; R<E<I|. Oynkums HOpMambHON
COCTaBIIAIONIEN HAMpPSKEHUH, MPUIOKEHHBIX K

OeperaM TPEIIUHBI P OJHOOCHOM CXKATHH, HIMEET
Buz [6]

R* R?

LA 27
A @0

q&=q3

OKOHYATENBHO TOCTIe TIOCTaHOBKH (27) B (26)
MOJIy4aeM
q [, R* R?
v X0 =—||3——-— [[ I,x,§ d& (28)
7tEb - & E.:

[Ipu mpoeKTUPOBaHNN PEKOMEHAYETCS CIemy-
IOIIMH TOPSAAOK ONpPEAETICHUS MUPUHBI TPELIHHEI
NpY JUTTEIIEHOM JICHCTBUU HAIPY3KH:

o ONpeneNnsercsl BENWYMHA KPUTHYECKOTO KO-
3¢ uuNeHTa WHTEHCHUBHOCTU HANpPsDKEHUH IpH
TIOTIEPEYHOM CIBHTE;

e TEKylllee 3HaYEHNE Mephl IOJI3y4ecTH OeToHa
BeIYHCIsIETCS 110 (5);

YK 696.135:502.3

e HayalbHas IIMPUHA PACKPBITUS TPEIIUHEI
onpexaensiercs u3 (28);

e BBIYHMCIIACTCS MOAYJIb yripyroctu E(T);

e 1o (opmyrne (24) ompenmensercs TEKyIee
3HAYCHUE IUPUHBI PACKPBITHS TPEUIUHBI IO U~
TENBHO JEHCTBYIONIEH Harpy3Koi.
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YYET OCOBEHHOCTEM ®OPMHUPOBAHUS KAUECTBA
MOBEPXHOCTHOI'O CTOKA C TEPPUTOPUI IPEANPUATHUIA
MAIINHOCTPOEHUA ITPU CTPOUTEJIBCTBE U DOKCIINIYATALIUN
OUYHUCTHBIX COOPYXKEHUI

Hoxkm. mexn. nayk, npogh. KOJIOBAEB A. H., acn. HOBUKOBA O. K.

benopycckuil nayuonanvHulll mexHuueckul ynugepcumem

[Ipu mpoekTUpOBaHUU, CTPOUTEIHCTBE U IKC-
IIyaTaldd COOPYKCHUU IO OYHCTKE JIMBHEBBIX
BOJ| C TEPPUTOPUU MPOMBIIUICHHBIX NPEANPUATHN
YUHUTHIBACTCS TJIABHAS OCOOCHHOCTh 3TUX BOJ: HMX
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KpaliHe HEpaBHOMEpHOE pacIpelieieHne BO Bpe-
MeHH. OrmpeneneHrne Ipou3BOAUTEIHHOCTH OYHCT-
HBIX COOPYXECHHH MCXOZS M3 MaKCHMAIIbHBIX pac-
XOJIOB BOJIbI CBSI3aHO C HEONPAaBIaHHBIM yI0pOKa-
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