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TMPOIECCHI TUCCUTTIALINN HSHEPTUU
MOIIHLIX UMITYJIbCHBIX ITYYKOB
3APAXEHHBIX YACTHIX B TBEPJOM TEJIE

B ocHoBe Beex ABNCHML, BI3HIBAEMbIX B TBEPAOM TEAC BO3~
Ae¥iCTBMEM MOLIHEIX MMAYIbCHBIX MYYKOB 3apAXEHHBIX HACTHIL,
N€XaT MpOLECChl AMCCMMALMH  (PaccesHUs, DaClPOCTPAHCHMA)
SHEPIHM, BLLIENCHHO! MyYKOM B APHIIOBEPXHOCTHOM CJIOE BEILECT~
Ba, TonmuHa 3TOr0 Clos Mana (NPHGAMIUTEALHO paBHA MpoBery
HaCTMUl B TBEPAOM TC/AE), @ IHEPIMA, BhLICAMBLIAACA 32 BpeMms
umnyasca 10781075 ¢, moxer NPEBbLIIATE SHEPIHIO CYSIHMALHAYN
Beutectea. CTONb 3KCTPEMANBHBIE YCNOBMS OMPEAENAIOT HETPH-
BUAJIBHBIA XapaKTep NpPOLECCOB IHCCHMAUMK SHEPTMM MNydka B
TBEPAOM TEAE.

OCHOBHBIMH KAHANAMH AMCCHNTIALAM 3HEPIMH MOGIHOTO HM-
OYI6CHOTO M3NYMEHUs SIBIAIOTCA TETUIONPOBOAHOCTD, PaclpoCTpa-
HEHME TEPMOMCXAHMYECKUX HANpsDKeHuit, (asoble Nepexoam u
Sposms pemieerBa. Bce 3TH mpouecchl MoryT 6eiTh  onmMcaHDB
YPABHEHVAMM CIUICIIHOW CPEXH.

MaremaTeckoe ONMCAHME COCTOSHMS ABIDKYIMEHCS CILAOW-
HOH cpeant OCYWIECTBIIAETCH YHKUMEH pACTIpCiencHus CKOPOCTH
BEWECTBA ¥ = U(F, {) U KAKHMH-THG0 ABYMS TepMOLHHAMMWNECKH-
MH BEIHYMHAMY, HANPUMED BHYTPEHHER SHeprueit £ = £(7, ) u
JUIOTHOCTBIO p = p(7, ). Bee ocransibie TIapaMeTphl OfpeAesi~
fOTCA TO 3TUM ABYM H3BECTHBIM C IOMOLLBIO YDABHENHH COCTOAHMA
BellecTBa. [looToMy 3HamMe GYHKUMH CKOPOCTH, BHYTPeHHeil
SHEPIIH U TNOTHOCTK OBECTICYHBAET NIONHYIO ONPEACHEHHOCTH
COCTOAHUSL ABMXYLUeHcs cpedsl. Jast HAXOXKIEHMS 3THX dyHKmit
HEOBXOAMMO HCIONB3OBATH CUCTEMY YPaBHEHMI! CIUIOMIHON cpeapl,
COCTOAMYIO N3 BHIDOKEHHBIX B aupepeHUManbHON hopMe 3aKo-
HOB COXpAHCHUS MAcchl, UMIYbCa M SHEPTUM Beurccrsa. Briboa
STHX YPaBHEHUH COACPXHTCH, HATIPUMED, B patore [1].

3amMeM CHCTEMY YpaBHeHMH CIIOUIHOM cpeasl B dopme
Bitnepa [2).
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VpasHeHMe Hepa3pblBHOCTH NpeAcTasnser coGol 3akoH coxpa-
HEHVA Macchl:

%f + divpd = 0, 2.1)

rae p — TIOTHOCTb BELICCTBA.
YpaBHeHUE ABHXEHUA COOTBETCTBYET BTOpOMY 3aKOHY HbioTo-

Ha:

e 1

& @i = -~vp, 2.2)

a )

rae P — namnesvie, BO3HHKAIOWICE B PE3ynbTaTe BhICTpOro Harpesa

¥ UIMCHCHMS IUIOTHOCTH BeMleCTBa, M0 TPAAMEHT, B3ATHHA co

3HAKOM MMHYC, SBISIETCS CHIOH, ACHCTBYIOIUCH Ha vacTHLY Belle-

cTBa eaunuMHoro obbeMa. Ecny uMeiorcs xakue-nubo BHELIHUC

CMALf, HAPHMEP CHIA TSXECTH, OHU TaKKe MOTYT ObITh KoGaBne-

HH B MPABYIO YacTh ypaBHeHMs ABIKEHMs. Tyda xe moxer OHTH

nobamneHa cuia TpeHms, paBHan [1, ¢. 731

Foy = v+ [g + %)grad div i, (2:3)

e 7 H § — KO3hMHULMCHTE! B3KOCTH, § HA3BIBAIOT TAaKXe BTOPOH
BA3KOCTHIO. YPaBHEHME ABMXEHHMS BA3IKOA XXWIAKOCTH Ha3blBacycs
ypasHexnem Haebe—Croxca. B mnaweM ciydae BeqnumMHa I",,p
HE3HAYMTENbHA U 32 HEGOABIINE BPEMEHA, PACCMATPHBAEMBIE HAMU
(EAMHWLE MHKDOCEKYHA), HC YCTIEBaeT OKasaTh 3aMETHOFO BAMs-
HUS Ha MOBEACHME BellecTBa. [1oaToMy cHa TPeHHA BBUIA MCKIIO-
YeHA HAMM M3 PaccMOTPEHHMs, TAK X€ KAK M CHIA TSLXECTH (OHa
HHUYTOXHO Maja [0 CPAaBHEHMIO ¢ VP).

TpeTbe ypaBHEHHe npeicTaBisieT cobGolt 3akoH COXPAHECHMS
3Hepruy. MameHeHMe yZenbHOW BHYTDEHHEH OSHEPIMM HacTHLIBI
BemecTea E onpedenseTca paBoToit cXarTusi, KOTOPYIO NPOU3BOAUT
Hal Hell OKpYXalollas cpela, a TakkKe MOCTYIUIEHHEM TETUIOBOA
SHEPTUH W3BHE:

E e = -Lpavi+ w o lvavn. e
at » ?

3gecy W - MOWHOCTh SHEPrOBBLICTEHHMS, MMEIOLIErO MECTO f1py
1
MPOXOXIEHMM MITYSCHMA YEpe3 BEWIECTBO, a WICH FV(AVT)
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(4 — KO3bMHWMEHT TENNONPOBOAHACTH).

YpaBHeHHs HEpPa3DHIBHOCTH, ABUXCHMS N 2Heprun obpasyior

CUCTCMY M3 NATH YPABHCHUY (YPABHEHME JBUXCHMA — BEKTOPHOE)
OTHOCHTE/ILHO ITH HEH3BECTHBIX (YHKUMII KOOPOMHAT W Bpe-
MEHW: p, U, U,, 4;, E. Breunee sneprosuiaenenve W(x, y, z, )

BBMHCIAETC, HA OCHOBE cOOCpaXeHMN, H3NOXKEHHBIX B nepsoi

T1aBe, a JaBAEHUE M TEMIMEPATYDY MOXHO BBIPA3HTh YEDPE3 TLIOT-
HOCTb U BHYTPEHHIOKO IHEPIHIO, HCNIONB3VA YPABHEHHA COCTOSAHHA
BellieCcTRa.

K cucteme audpdepeHManpHEX ypaBHenuit enaoukoi cpeapl
AoAXHbl OBITH N0DABNEHBI COOTBETCTBYIOLINE HAYASBHBIE W Ipa-
HUHHBIE YCHOBHSI.

Pewtenne atoii cucTeMbl B ToMHOM ofbeMe ABASETCS BeChMa
cnoxHsM. OHAKO OHO B TakoM BHIE M He Bceraa Tpebyercs, UGO
COOTHOIIGHHE NapaMETPOB TEPMOAMHAMMYECKHX MPOLECCOR, NPO-
TEKAKIIMX B CIVIOWIHOH CPEAE, MEHSeTcA B 3aBHCHMOCTH OT
AManasoHa MOIIHOCTH H3AydeHIST. Bo MHOIMX cayuasx pasyMHo
YNPOILIEHNE, KOTOPOE MOXHO OCYWIECTEMTH 63 3aMETHBIX TOTEPH
TOMHOCTH BbrMucHenuil. C 3TO# Lenslo B mpollecce CO3faBMs
MaTeMATHIECKHX MOJENCH AUCCMAALMN SHEPTUU H3IAYNCHMA MBI
BEIRC/IHAM 1Ba AMANA30Ha MOWIHOCTM HMNY/ILCHBIX TIOTOKOB MATy-
YEHUS: YMEPCHHON MHTEHCHBHOCTU M BEICOKOMHTEHCHBHAIX. Mate-
MaTHYECKME MONCAH B OGOMX CIYYasX XOT1 M TOCTPOEHH Ha
S/IMHOM OCHOBE, HO UMEIOT KaueCTBCHHMIE OTAMYMS. TDAHHIBI STHX
AMANA30HOB 3aBHCAT KaK OT THNA W3NYYECHMI, Tak H OT CBOHCTB
obNyuaeMBIX BElECTs H GYIYT OmpejeneHsl HIDKe.

2.1. Ipoueccst AUCCUNALMM dHeprun
HMOYJABCHBIX HOHHBIX M JIEKTPOHHbIX YYKOB
YMEPEHHOH HHTEHCHBHOCTH
B TBEPAOM Teje

B HactosweM pasaesie ofnucaHB MaTeMaTMMECKHE MOAENH
TCIUIOBLIX, SDO3UOHHBIX H TEPMOMEXAHHYECKHX TIPOLIECCOR & TBEp-
A0M TEne f'lp]d BOJﬂCﬁCTBHH HMNYJIbCHbIX PadHalHOHHBIX NOTOKOB
YMEPECHHOH MHTEHCHBHOCTH, T.€. KOTIQ H3MEHEHHMEM [LIOTHOCTH
BEILECTBA O6NYMAEMON MMIIEHY MOXHO npenebpeus. B 3ToM
ciaydae AOMYCKAeTCs psd YNPOLIEHMIA, NOZBOMAIOIIMX He3 noTeps
TOYHOCTH 3HAYMTEABHO 061er4nTh EbI‘IHC/lMTCIIbHy)O 3a4a4y.
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2.1.1. Tennoente nonst W ¢azoBuie nHEPEXOILI

Oco6eHOCTH NPOIECCOB THCCHMALHY 3HEPTHH HMNYJLCHBIX P
THAUHOHHBIX NOTOKOB YMEPEHHOH WHTEHCHBHOCTH B TaepaoM Tene. I1¢
TIOTOKOM MANYYEHHs YMEPEHHON MHTEHCHBHOCTH OyAeM DOHMMO
H3JYuEHHE C TAKMMW NapamMeTpaMM, MPY KOTOpHIX B obayuaenc
MMIIEHHN, BO-NEPBLIX, CO3/AETCS SHEPTOBBLIEACHUE HA YPOBHE (1
MEHBILE) 3HAYEHHS TENAOTH CYORMMMALMM AQHHOFO BEIMECTDA I
HOPMa/bHOM NABACHUH, 3 BO-BTOPHIX, TCHEPHPYEMbIE BCIEICTBI
BEICOKOCKOPOCTHOIO Pa3orpesa BOJHDBI AABNEHHA BEChMA cnabbl,
CNeNOBATENBHO, USMEHEHHEM [UIOTHOCTH BEIMECTBA MOXHO MpeHe!
peub, OTCiONa BBLITCKAIOT TPH BaXHEIX BBIBOJA:

1) BO3HMKHOBEHME W DACTIPOCTPAHEHHME BONH TEPMOMEXaHHMYECKI
HANPSXEHNHA MOXeT GLITH OMMCAHO OGHIKHOBEHHbIM BOMHOBD
yPaBHEHHEM YNPYTOCTH,;

2) TOCKONBKY TEPMOAMHAMIMECKHE MPOLECCh ¢nabo BAMAIOT |

IBOIOLMIO TEMMEPATYPHLIX NOJel, 3aaa4a pacdeTa TeMNepar:

U onpeaeeHHs $HazoBOre COCTOMHHUA BEIIECTBA MOXET peruat

CA OTIACNBHC OT T‘CPMOMCXE)H“LICCKOR, B ﬂleGﬂH)KeHMM 334

Credgada (YpaBHEHHS TENNONPOBOAHOCTH € YYETOM TOTE]

aHeprun Ha $azoBeie nepexosl);

MCTIAPEHHE HOCHT NOBEPXHOCTHDIA XAPAKTED € YeTKO BBIPAXKE]

HO# TpaHMUel MeXJy NapoBOH M KOHAEHCHPOBAHHOM da3am)

DT MONOKEHUS COCTABIOT OCHOBY OOMBIINHCTBA MOACI

TENNOBEIX, WCIAPUTENABHBIX M TEPMOMEXAHHYECKUX INIPOLECCOR

[IMATIA30HE TMOTOKOB M3NYHEHHA YMEPEHHOM MHTeHcHBHOCTH. C |

MOMONTBI0 JAOBOJBHO NOAPOGHO MCCNEACBAHO BO3ACHCTBUC |

TBepZoe TeNO Aa3epHOro nanyveHua. [Ipouecchl auccunauny aue

THM NYMKOB 3apsXeHHBIX YacTHLl 061analoT psAcM OcoBEHHOCTE

OIHAKO MHOrME MONOXEHWs Mojencit, pa3spaboTaHHBIX Al Jase

HOFO BO3ACHCTBYSA, IPUMEHKMEI H 34€Ch,

B HacTosulel IMaBe OPCANATAETCA ANANTAUMA AAHHBIX MOl
TMPUMEHUTEILHO K YCIOBUAM BO3ACHCTBHS TIYYKOB 3APAXCHH)
YacTUL ¢ HauanbHoif aHeprueil 0,1—2 M3B HaHO- ¥ MHIKPO-CEKYH
HOH LIMTENBHOCTH., BbipaBOTaOH KPUTEPHii, MO KOTOPOMY MOX!
OLEHUTE TPAHKLB! NPHMEHHMOCTH PACCMATPHBACMBIX MOAEICH.

Pacuer TeMIepaTypHbIX NojeH B KOHACHCUPOBAHHOH daze. AHas
usuyecknx YCNOBHiA 30270, 060CHOBAHNE ZOMYICHH, MATEMATHYC
kan opmyanporka. Kak ormcuasioch BbILTe, ANCCHNALMUA DHEPIH
Bbl[lCHCHHOﬁ B TBEPAOM TEAE I1PIE BOB,'_(E“CTBHII HA HEro MMIIYRE
HBIX [IOTOKOB M3AYYCHUA, OIIMCBIBAETCA 3aKOHOM COXPaHCcH
3HeprMH B BHAe (2.4). TIpit BO3ACHCTBHH M3NYHCHMSL YMEDCHH
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[image: image3.png]WHTCHCHBHOCTH 3HEPIHA M3 30HBI TOPMOXEHHS HAMYUEHMS MUC-
CMIIATHDYET, I7aBHEIM OGpPa3OM, MNyTeM TEINONpOBOAHOCTH. He-
GoNBuIME BOSMYIICHIS ARBIEHHMA M TIOTHOCTH PACNPOCTPAHAIOTCS
€O 3BYKOBOJ CKOPOCTBIO M BLHIPABHMBAIOTCA TOPA3I0 6ricTpee, uem
TeMnepatypa. McclenoBanus MacconepeHoca B KOHIEHCHPOBaH-
HOft ase NOA AEHCTBMEM UMITYILCHEIX TYMKOB 3apAXKEHHEIX vac-
THH [3] noKasamu, uTO OHO He3HAUMTENBHO. TloaroMy npu
OIMCAHUM PACTIPOCTDAHEHHS TCIJIA ABMKECHMEM BELIECTRA MOXHO
npeHeOpeyh M CYMTATH, YTO MPOLECC IPOUCKOIUT TIPX TIOCTOSTHHOM
JABNCHUA.
VpaBHeHue Gananca SHEPTHM NP TOM UMEET BUI

oT .2
pCp? =-divS + W, 2.5)
FA€ p — TUIOTHOCTH, KOTOPYIO NPHOMMXEHHO MOXHO CUMTATH
TOCTOSHHOH; Cp — yAEABHAA TCILIOEMKOCTh NPH [OCTOSHHOM
JaBIEHUH, § — BEKTOP NOTOKA TelUta, 0BpazoBaHHOTO TEIIOMpo-
BOXHOCTBIO; W' — yaenmbHas MOIUHOCT SHEPrOBLIiCHcHMS npu

FIPOXOXACHHU M3NMYYEHMS YEPE3 BEIICCTRO,

OTMeTum cilte HexoTopsle OGCTOATE/BCTBA, KOTODHIE BIMSIOT

Ha TOCTAHOBKY 3aJaYdl O PACTPOCTPAHCHMHM TCIVIA B KOHACH-

CHpoBaHMOI dase.

L B cBaau ¢ TeM WTo amameTp myuxa 3aDSKEHHBIX YaCTHIL VM
TIOMEPEIHOE CEYCHHE TIOTOKA PEHTIEHOBCKOTO H3NYHEHUS 0BbIY-
HO CYIMECTBCHHO MNPEBBIUAKT ANMHEI Tpobera HalleTaloupix
HUACTHIL B KOH/CHCHPOBAHHBIX CPelaX, a 30Hb pelaKcauyy
2HCPTHH FDH TOPMOXEHMH YaCTML MepeKpHIBAIOTCS, TAK Kak
IUIOTHOCTL NOTOKA M3MYYEHHsT, BEIMKA, MOXHO HCNONb30BATH
OOHOMepHOE NMPHBmDKeHKe.

2. Temnodusmyeckue XapaKTEpUCTHKH obnyuaemoit cpeas mpu-
HUMAKOTCA NOCTOAHHBIMM (MOAPOGHEE STOT Bonpoc oBcyKazcT-
C HUXe).

3. Pacuer mapamcTpoB Beex Termnodusmueckux TIPONECCOB  Apo-
MSBOAMTCA N0 MOHHOW TeMnepaType, Tak KaK XapakTepHoe
BPEMA NCPEfaiM SHCPIMM OT BICKTPOHHON K HOMHOIM Iioa-
CHCTEME B MeTaUIax cocTaBnaer ~ 107'2 ¢ [4), wro cymecr-
BOHHO MEHBWE XapaKTCPHBIX BPEMCH DACCMATPMBAEMBIX Mpo-
1IECCOB.

4. MpenebperaeM KonedHOCTBIO CKOPOCTH DPAcnpocTpPaHeHHMs Ten-
8. CripaBeTUBOCT 3TOTO [IOMYINEHHS BLITEKAST M3 Ppe3ynbTa-
TOB, NpPHUBENEHHBIX A.B. JIsIKOBRIM. Hanpumep, 5 [5] nokasaro,
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9To Iaxe A BpeMeH ! — Ty (Tde T, — BpEeMA pelakcauMu
TEIVIOBOTO HANPSKEHWS; = a/w?, Toe @ — KoapduuMeHT
TEMMepaTypoTNIPOBOAHOCTH, & — cxopoch“pacnpocmaner»mu
TeMNa, INpUYEM JNA METAUIOB  7) = 10 c, a s razom
Ty = 1077 ¢) OTKIOHCHME B PELICHUM 3aJa4 MO KIACCHHECKOMY

ypaBHeHno POypoe M [HIEPGONMUCCKOMY YpaBHEHHIO (T.C. ypas-
HCHHIO, 3aMUCAHHOMY C YYETOM KOHEYHOCTH CKOPOCTH pacnpo;
CTPaHEHMS TeUla) COCTaBAACT BO (POHIC TEMIOBOTO norm:_
20 %, amng t ~ 2, — 13 %. XapaKTcpHOE BpeMs HCCICAY:
MEIX HAMM MpPOLIECCOB HAMHOTO MPEBBIUAET 3TH 3HAYCHMS,
CllefoBaTeNbHO, PASHALA B DEUICHUAX OydeT eme MEHbIIE.

5. TloTepsMM Tela B pe3y/bTaTe MIIydeHus wepes cBoGoaHYIO

TIOREPXHOCTh NPEHEGPETACM: PacueThl NMOKA3BIBAIOT, 4TO n:]:xf
TIpY TeMTIEpATYPe KMIEHMS TMOTOK IHEPFMM TEIVIOBOrO H3ny
YeHMS € KOHACHCHPOBAHHON TIOBEPXHOCTM  HE TPEBHINIACT
105 Brym?, TOIIa KK TMOTOK, 0BYCHOBACHHEIA TEMIONPOBOAHO-
eTbio, coctapmser 101'—1012 Br/m?.

6. HM‘O’K 3HEPIUM U3AYIEHUT MOXET Pa3orpeTb npwnoscpxnoc’r;
Hyio 06nacTh TBEPAOTO TENAa A0 TEMIEpATyp, npesmumgmy:T
TeMmepaTypsl (azosbix nepexomos. [Ipouecc wemapenyt Sy
JeTanibHO OBCYNIATCA B MOCAGAYIOLINX pasienax. 37ech Msl
OCTAHOBMMCS JIMIIb HA pacueTe TUIABMEHMS W 3aTBCPHECBAHMS.
Vyer ApyruX (azoBLIX NMEPeXOZOB BBHIY WX MAIOH 3HEPIOEM-
KOCTH HE MOMXET CYIMECTBCHHO TOBIMATh Ha IBOMOLMIO MOAA
T‘T‘::;ﬂagé‘;asom, JUIsL pacyeTa IBONIOIUY TEMNEPATYPHOTO Gnonq

HCOONB3YETCS OXHOMEPHBIR BapuaHT sagaun Credana. Hna of Jl;;

ueHus yueTa $a3oBEIX NEPEXOI0B 3ATMIIEM €ro Yepe3 BHYTPEHH

aHepruic Bemecrsa £:

i AT (x, 1 )
) Ll = La LA+ Wk, 0 <x < iy
@

3aech A — KO3bPULMEHT TETIONPOBOAHOCTH, X, — KOOpAMHATA

3af4HEH CTEHKM MMIICHHU.
Ha4a bHbIE M TPAHMYHBIE YCAOBAA MMEIOT BHA

70, ¢ AT (Xad) _
T(x, 0) = Ty 0D _ —Fea _ g, @1
a7




[image: image4.png]Ha rpanuue pasaena ¢a3 Xuakocrs — TBepaoe Teno z,

JOMKHO 0BecneynBarbca YCTOBHE DABEHCTBAa MOTOKCB TeIIa ¢
YYETOM £T0 TOTEPh Ha Ha3OBHE MPCBPALICHUS:

Tz, - 0,8 3T(z, + 0, 1) 9z,
4 ax -4 X = Al T @8
ra¢ g, — YAeNbHad TCIUIOTA IUIABACHMA. CKOpOCTb ABYOKCHAS

dba3oBoil rpaHULIB Zm OTIpEAEAAETCS TIOTOKOM TeIlia, AOromae-
MBIM MM BELAENACMEIM HA 3TOH TPaHMLE M3-3a 0GLEMHOM TEMIOTHI
¢azosoro mepexoaz g,0.

Kpome coorHourenna (2.8) Ha MexkdiazHo#t rpaHmue 3axacTest
€Il OfHO YCIOBHE, CBA3AHHOE ¢ KMHETMKOH }ha3oBoro mepexoza.
B 3ajaue nnaBneHMA WIM 3aTBEpACBAHMA OGBIMHO TNPUHMMAETCH,
YTo Ha rpaHuMlle pasfena a3 TeMrepaTypa HeMmpepslBHa M paBHa
paBHOBeCHO{t TeMnepaTypc nepexofa T,, KOTOPYIO BO MHOIUX
CNy4asX MOXHO CYMTAarh DOCTOAHHOW Benuuunoit. Mamenenne T,

MOXET OBITh OGYCHOBACHO, HANDHMED, M3IMCHEHMEM BHEILHErO
HABNCHMA WIH BapHaLME# CBOMCTB BELICCTB BAOJAb HANPaBACHHS
pacIpocTpaHeHHA (PpoHTa repexofa.

3amaua (2.6)—(2.8) mnpeacToBafer cobO XAacCHUECKM Ba-
puanT sagaum Credana. Ha ocxoBe ee pemeHus GbulM IOJYHEHB
PE3YNLTATH], OMYONHKOBAHHBE B [6—14].

B pamxax samaum CregaHa 3BOMIOLMS TEMNEPATYPHOTO MpoO-
duns u cxopoctd ¢(pOHTa MEPEXOAA HUCKIIOUAET BO3MOXHOCTH
neperpesa TBepAOH a3bl BEILIC TEMITEPATYDH MNARNEHMR MU
TIEPEOXIAKACHHA XUAKOH a3k, T.¢. BO3HMKHOBCHHS MeTacTa-
OGUABHEIX COCTOAHHIL, a Takke 0OBEMHOro [UIABACHHUA NEPErPETOro
ofpasia. KoppekTHOE MareMaTHYeCkoe MoAETHPOBaHMe Takux $u-
3UYECKUX CUTYaum# TpebyeT npuBacueHust Gonee CAOXHBIX METO-
Ao0B. B [15] manoxeH noixox, KOTOPHIA MPEACTABAACTCA NPUEMIC-
MBIM 1A PEILCHHMS YKa3aHHOIO kiacca 3afad. Hago OTMeTHTB,
ONHAKO, 4YTO B LENOM NpoGleMa BOHHKHOBCHMS W Pa3BUTHs
MeTacTaGyMABHBIX COCTOAHUN U3YYCHA OUEHb HeaocTaTouHo. Q630p
HBIHELIHEr0 YPOBHA 3HaHMit 0 Helf xaH, Hanpumep, B [16].

Tpu paccMOTPEHHH MHOTOCNONHBIX KOMITO3MUMHA Ha FpaHHue
pasjena ABYX BELISCTB Z; NOMXHO OGECIIEUUBATECS YCAOBHE PaBEH-

CTBa MOTOKOB TErJa cngBa W cnpasa:

T(z, -
a0y TES0D

aT(z, + 0,1
8% :

dax

+ 0) 2.9)

i

a8

B yka3aHHOM TIPUGNHMXEHHM OTCYTCTBHSL METACTAGMIBHEIX COC-
TosiHMit pewenme 3azaunt CredaHa MOXHO yIOPOCTHTB, rEpenucas
ypaBHEHMe TEILIONPOBOAHOCTH Yepe3 BHYTPEHHIOK DHEPIMIO BEle-
crea £

GE(x, 1 a aT(x, 1
EOD _ e TR Wik, 210)

it

a 3aBMCHMOCTb BHYTPEHHCH SHEPIMM OT TEMICEPATYphl 3ajaTh C
YUETOM IIOTEPH SHEPIMU Ha (ba3oRbie MEpexXobl.

BausiHe 3aBHCHMOCTH TeNAO(PH3HICCKHX XAPAKTEPHCTHK 0T Temue-
PATYph HA pelleHme TEMNOBOH 3aaauu. PemieHye ypaBHEHMA TeMJIO-
TPOBOZHOCTH MOXET BKIKOYATh YYet Teﬂ)‘lod)HSM‘]CCKHX napaMder-
poB BelllecTBa (IUIOTHOCTH, YAENBHON TEMNOEMKOCTH U TEIUIONPO-
BOILHOCTH) OT TEMNEPATYPhl. 3akMO¥eHMEe O LEACCO0DPA3HOCTH
ITOr¢ yYeTa MOXHO CACAAaTh U3 CPABHEHHS pemeuuﬁ‘ TOJYYEHRBIX
TPY MCIQABIOBIHWAKU NAPAMETPOB € MOCTOAHHBIMM JHAYCHUSIMU U

' Co 3HAYCHMAMH, 32BUCAIXUMH OT TEMMEPATyphL.

Takoe cpaBHeHHE ObUIO HPOBEACHO A caydas OOGNydeHMs
MCﬂHDﬁ MHUUIEEW HaAHOCEKYHAHLIM 3ICKTPOHHLIM TIYYKOM € Ha-
YanerHOM 3Heprvefl yacrMu £ = 0,5 M3aB ¥ nnoTHOCTHIO TOKa

2 kA/em?. Ha puc. 2.1 NPMBEASHH! TeMAepaTypHble Npodynn &
MHUICHW, MOJAYYEHHEIC B Da¥IMYHBIE MOMEHTBI BpeMeHW: [ —
t = 100 Hc (xoHew mmmysibca), 2 — ¢ = 100 MKc (Korma BAMSIHME
TENNONPOBOIHOCTH YXE XOpomo owyTuMo). CnnowHoit nuHuei
NpejCTaRNeHEl TeMNepaTVpHEIC NMPOdKIM, MONYYCHHBIE C Y4ETOM
3ABUCUMOCTH YACABHON TCILIOEMKOCTH U KoadduimenTa yaensHoi
TEILIOEMKOCTH OT TEMIEPATYPHI (3T 3aBHCUMOCTH JAHBI HAa pUc. 2.2),
a  MTPUXOBOM NHHHEH — C MOCTOSHHLIMA ¢, M A (cp =
Puc. 2.1. Bnuanue 3aBHCHMOCTA
TENIOPUIMICCKUX  XAPAKTCRHCTUK
OT TeMAEPATYPHl Ha pPacmpefenc-
HH€ TEMIEPaTyp B ofpasue u3 Me-
A, OGNYIAEMOM  3NEKTPOHHBIM
ayuxoMm ¢ HAYARBHON SHEPFMCF!
E = 0,5 M3B, nIoTHOCTBIO TOKa

2 KA/CMZ, VIHTEABHOCTRIO HM=

J
nyasca v = 100 ve (I — r=7,
2 — ¢ = 200 mke). CrlowHas -
HHSI — BIPHAHT ¢ y4ETOM 3AaBH-
CHMOCTH €, 1t A OT T, ITpHXOBAT — 0 200 400 600
< nocTosHHbIMU ¢, U . X, MkM
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Puc. 2.2. TeMnepaTypHBIe 3BACHMOCTH YACABHOH TEMIOEMKOCTH (@) u
xoaduumenTa TeMIONpOROAHOCT (6).

= 451,4 Jx/(kr - K), 1 = 349,2 Br/(m - K) [17]). Pacxoxaeuue B
pellcHKY He MpeBhIuacT 8 %, He MPEACTABIACTCA CYUIECTBEHHBIM,
CACHOBATENBHO, B MOAOGHKIX CIY4asAX BIIONHE YAOBICTBOPHMTCIBHBIE
pe3ybTaThl MOXHO [OydaTh M 6e3 yueTa TeMIepaTypHBIX 3a-
BHCUMOCTEH KO3(MULUMEHTOR YPABHCHIs TEMIONPOBoAHoCTH. TTpk
AHAIM3e TEMMEPATYPHLIX Mojed IS peaNbHBIX WCTOYHMKOR ropas-
0 GONBUIVIO TOTPEIIHOCTE B PACYET BHOCAT HETOYHOCTH B M3Me-
PEHUM NAPAMETPOR KCTOYHHMKOB M3IYYEHHS.

B OaHHOM TNIDMMEPE HE YIWTBIBANACh TEMICpaTypHad 3aBH-
CHMOCTh TUIOTHOCTH BeilectBa. ONHAKO pacueTsl (OKA3amM, 4TO,
BO-TIEPBHIX, TOPA3No GOABIINE M3MEHEHHS TUIOTHOCTH MOIYT mpo-
M3OHTH BCNEACTBUE DPACTIPOCTPAHCHMSA YNPYro#l BOJHBL, @ BO-BTO-
pPHIX, B AMANAI0HE YMEPEHHbIX HHTCHCHBHOCTEH MAIYMCHHA M OTH
W3IMEHEHUsl TUIOTHOCTH HE OKa3plBaloT CYIIECTBEHHOTO BO3IeH-
CTBUS Ha MPOGWIM TeMmepaTyp B obpaslie.

2.1.2. JIpyxa3ubiii peXHM HCIapeHus

MeXaHH3MBl 9PO3HM TBEPAOTG TENa NPH BOIEACTEMH MMNYJTLCHBIX
ROTOKOB M3Aydenus. [Ipoliecc WCMIAPEHUA TBEPAOrO Tena TMpH BO3-
IefCTBMM MOIMHBIX MMfIYAbCHBIX [TOTOKOB M3IY4EHHS MMEET pas-
JIMMHBIA XaDAKTep B 3ABHCHMOCTHM OT MHTEHCHBHOCTH OBAYHRIOIIAX
NoToKOB U (GOPMEI GYHKLMM SHEProBbIAENCHHUS B NMPHIIOBEPXHOCT-
Hoit 30He BemecTBa. B HaydHOM JHTepatype MHOro paboT noces-
IICHO pacy4eTy HCMapeHUs INpH MOIIHOM NA3CPHOM BO}IlCﬁCTBHM
(sanpumep, [18—35]). PaspaboTakibl pastuyHbIE NOAXOABI K MO-
[C/IMPOBAHMIO MCTIAPEHHST B 3ABUCHMOCTH OT HHTCHCHBHOCTH Ja-
3epHOTO ManyueHMs. MccIenoBanua MCnapeRHA NPH BO3IeHCTBUU
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TIYIKOB 3APAXCHHBIX YACTHL ¥ PCHITEHOBCKOrO MAIYYEHMA OCHO-
BEIBAIACH Ha CO3ZAHHEIX 1A NA3CPHOIO BO3AEHCTBUSI MOAEAX
[36—39]. Ecte Takxe NyGAMKALHMW, B KOTOPHIX aBTOPBI abcr-
ParMpyIoTCs OT THNA MANYYEHMS M TOBOPAT O MOAEAAX UCTIADEHMS
MpY BO3EHCTBUM HA TBEPAOE TENO KOHUGHTPHPOBAHHBIX TOTOKOB
anepruu [40—43].

AHanu3 TpeANaracMBIX B JIMTEPATYPE MOIXONOB TIOKA3BIBAET,
9TO MX MOXHO paslieauTh Ha aBe rpymmbl. Tlepsas rpynma Mogenedt
MCTIapeHMs TOCTPOEHA HA MPEANOAONEHNN, MTO MCNAPEHUE HOCHT
HCKITIOMHTENLHO TOBEPXHOCTHREIA XapakTep M UMeCTCS YeTKas Ipa-
HULA Ppasfiefia MeXAY KOHACHCHPOBAHHOM M nNapoBo#l dasamu
[18—22, 32—34, 43]. Ha rpaHHue pasfiera atux a3 offsarensHo
GOPMYTHDYIOTCA TEMINEPATYPHBIE U ra30AMHAMUYECKHME YCIOBMS,
OMNpECNSIOMME KHHETHKY HMorapenusn. IIpH MX 3aJaHUM MMEIOTCR
pa3nnuHbe Toaxomul. Hanpumep, YpaBHEHM SHEPIMH 3aNKChiBa-
J0TcA Aubo B NonHOM (Hanpumep, [18—20, 22, 34, 35]), nubo B
coKpameHHOM Bume [2i, 33, 43]. [IpH onucanuyu KUHETHKY KCIa-
PEHHS TOXE CYINECTBYKT ABE Pa3iMYaloulHECd MOACHAH. C KHyAce-
HOBCKHM cloeM (mampuMep, [18, 22, 34, 35, 41, 43]) u ¢
M3oTepMHdecKuM ckaykoM [20, 34, 35]. Kak npasuno, TemMneparypa
Ha TOBEPXHOCTH HaXOAMTCA 3 PCIUCHHS YPABHEHMS TETUIONPOBOA-
HOCTM B KOHICHCHDOBAHHOH ()a3¢ C COOTBETCTBYIOLIMMH Irpa-
HIMHEIMA YCTOBHAMH. BAisAnHMC Tra3oZMHAMUYECKMX IIPOLECCOB Ha
KOHIEHCHPOBAHHYIO NOBEPXHOCTH GO ONpEENseTcst ¢ MCHOJIB3O0-
BaHMCM YpaBHCHUIl rasomuHamuxy [19, 22, 34, 35, 41, muGo, ecnn
Tponece napooGpa3oBaHMA HE OYEHb MHTEHCHBEH, TIPEAMIONAraeT-
Cs1, 4TO ra30AMHAMMYECKME ARNECHUA He OKA3BIBAIOT CYIECTBEHHOTO
BIMAHUA HA COCTORHHME KOHICHCHUPOBaHHONW (a3bl, M Ha rpaHuLE
pasiiena 3afaloTCA MONYYEHHBIEC M3 PEIUCHMS KMHETHMECKOIO ypaB-
HeHus Bonbimana coorHomeHdsa ans 7, P u p. Ilpu arom
NonaraeTcs, 4TO yHcho Maxa M B rase pasHo 1 (nanpmumep, [18,
20, 26]).

BTopylo TPyNIly cOCTABASIOT MOASNH, HE NPEANOJAraloilHe
SBHOTO BHINENEHMSI IDAHMIB! PasfieNa MEXTy MApoBOM M KOH-
JEHCUPOBAHHBIMH Galamu [18, 23, 30, 31, 36—39]. OHU oCcHOBLI-
BAIOTCA Ha PEIUCHMH YDABHEHWHt CIUIOMIHOW Cpeibl COBMECTHO C
IIMPOKOAMANAIOHHBIMH YPABHEHUSIMH COCTOSHISL.

B HEKOTOPHIX paboTaX COAEPKATCA KPHTEpPUM NPUMEHUMOCTH
YKA3aHHLIX Balitie nofxonoB. Hanpumep, B.A. Maxykuu u ap. [22,
34] ykaswBaloT, YFO XapaKTep ONMCAHMS IPOLECCA MCMAPeHMs
HOCHT KaueCTBEHHO PasmMMHBIA XapaKTep B 3aBUCHMOCTH OT OTHO-
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[image: image6.png]CUTeNIBHOTO DacTipeleneHus JamieHHS P U remncpatypst T B
obryuaeMoM Bewtectee. EcnH daBaeHHe P oOKasbiBaeTcst 6oubLie
KPHTHYECKOTO P, JUTS [IEPeX0ia XHMAKOCTh — Map, TO MCTapyTe b
HBI NPOUECC ONUCHIBAETCA Ia30AMHAMHYECKHMH YPABHEHHMAMU C
HENPEPLIBHLM YpaBHeHueM cocTogHmsi. [lpu P < P, MoXer cy-

WECTBOBaTh PE3KaA paHMuUAa pasaena ¢as, Ha KOTOpOH KpoMe
3aKOHOB COXPaHEHHA NOTOKOB MAaccChl, MMIYIbCA H 3HEPrud HBOé'
XOAUMO CHOPMYAHPOBATh JAOMONHHTEbHbIE COOTHOIICHMS, Onpe-
Aeasiolume IHHAMUKY (Ba3oBoro nepexola. CleaoBaTeibHO, cnocod
MOJSNUPOBAHMS [IPOLECCA MCIIAPeHMA 33aBMCHT OT TOro, B KﬂKy]O
061acTh AMATPAMMBI COCTOSHHS NPEUMYLIECTBEHHO MOTAAAIOT Tep-
MONMHAMMYECKME XAPAKTEPUCTHKM BEIIECTBA B MCCACAYEMOM Aua-
nasoHe MapamerpoB ofinyucnua. B pabote C.H. AHucumopa u ap.
[18] coaepXuUTCA HECKOALKO MHON KPHTEpPUN NpAMeHHMOCTH pa3-
AUYHBIX MOJefeH. 3aech NpPEANORATAETCS, HTO MCMApPEHHE MOXET
TIPOTEKATH [0 ABYM MCXAHM3MaM: TETIOBOMY M MMAPOAHHAMMYEC-
xoMy. B NnepBoM ciyyae KuHeTHUecCKast SHeprus ABMACHHA aTOMOB
3HAYMTEABHO MEHBLIIE TEIUIOTBl MCTIAPCHMA, BO BTOPOM — B CIOC
TBEPAOIO BEIECTBA HOHbl B TCYCHUE KOPOTKOTO BPEMCHU NOMyua-
10T HEPIUIC, HAMHOTO GONBLWIYIO TEIUIOTH UCHAPEHUA Mavepuand.

Ham npeacrapisieTes, 4TO NMOCACAHMA MOAXOA ¢ HEKOTOPHIMH
oropopkaMu Gonee onpapian. ITo cyT, KHMHETHKA HCRapeHWs
BcerJa HMeEeT B CBOEH OCHOBE Ta30AHHAMHYECKHE ﬂPOLlCCCbl;
OIHAKC B PANE CIVYIAEB BRRAMMOZEHCTBMEM ATOMOB Napa Mexiy
coGO| 1 ¢ NOBEPXHOCTHIO KOHACHCHMPOBAHHON $aibl MOXHO npe-
HeOpeus W TEM CAMBIM CYIIECTBCHHO YNPOCTHTH PacUETHBIE MO-
zenn.

TTpexae HeM ONKCHIBATH PACYETHBIE MOAE/LM, (IPOAHAIUIUPYEM
BO3MOXHBIE MCXaHU3MBl MCHAPEHMA aToMOB. MX MoXHO paznenuth
HA JBe IPYNAHL.

1. TemnoBoil IKTHBAIMOHHBI MEXaHM3M NCNapeHnsa MmeeT
MECTO, KOra B NpUMoBepXHOCTHEH obnacTh o6nydaeMOd MUIWIEHU
Te[UICBAS 3IHEPTHA MONEKyn B CPEIAHEM MEHBILEC TEIOTEl Ucna-
PeHuUsl, OAHAKO OTAE/bHBIE MONEKYAB B pesyisrtare QuyKIyaumwd
MOTYT NpuoGpeTaTh TaKYIo 3HEPTMIO M YNeTaTs. Mexity cKOPOCTLIO
¢poHTa Mcnapesus Vq) H TeMneparypolt noeepxxocrn T cyuecr-

BYET 3aBMCHMOCTh, ONUCHIBAaEMas BHIPIKEHHEM AppeHHyca [18]:

LA
=m,.cpx[_L) VR oy

T ” 0 @D

TA¢ @ — MNOCTOAHHAA PEUICTKH; v — cOBCTBEHHAA 9ACTOTa KoJe-

GaHug Monekyl (av = ¢ — CKOpocTW 3sByka); Ly — TemaoTa
ucnapenva npu 7 = 0 K; R — yHmBepcansHasg ra3oBas IOCTOSIH-
nas; A — aToMHblft pec BewiecTBa, Popmyna (2.11) mpuroama

AULL ANA caydas HCNAPEHHS B BAKYYM.

2. Be3aKTHBAUHOHHBIA MEXAHH3M peatusyercst, KOraa CpeaHas
3HEprus MOJeKyA B NPHUNOBEPXHOCTHOM o6aacTH obaydaemoro
BeulecTBa Gonbile TEMROTHl HCMApeHMsl. Monekyabl HCNApAIOTCH
6€3yCNOBHO, a CKOPOCTb IPOLECCA UCTIAPEHMS JMMATHMPYETCSL B3a-
VMMOZEACTBIEM HCTIAPKIOLIMXCA MONEKYA.

OTMeTHM, YTO M B C/IYHaC AKTHBALIMOHHOIO MEXanM3MA B3aM-
MOLEHCTBYE MONEKY! BAMSET HA CKOPOCTh (PPOHTA MCTIApeRHs,
OAHAKO 53TO BJAWAHME MHOIO MCHbBIIE, UYeM B CAYy4ae 6e3ak-
THUBALUHOHHOrO MeXaHH3Ma.

JanpHelnas KMHETHXA HCTIAPEHHA ONPEACARETCA B3aMMORefi-
CTBHEM MOJCKY) Niapa. PaccMOTpUM ABa Kpaluux cay4as.

1. Vrb Mana, 4TO XapaKTepHO [UIA APKO BBIPAXEHHOrO aK-
TUBALIMOHHOIC MEXAaHU3MA HCIIAPEHHUSl, HO MOXET GBITE M npu
GCJZIKTMBZHHOHHOM B cirydae NMOBEPXHOCTHBIX MCTOUHHMKOB JHEPro-
BHLAENCHMA yMEpeHHOH MOMWHOCTH. Mcnapsioliiuecs monexynsi s
CHY CBOGH MANoM TAOTHOCTH GRICTPO pa3feTaloTed Ha Takoe
paccTosHMe, NPU KOTOPOM MX B3aMMOAEHcTBHe yTpaumsaeTcst. Bee
BEIIECTBC MOXHO Pa3lc/inTh Ha OBE YECTKO BbLIDAXEHHBIE d)ﬂ:ibl.
HDHHH}] 3aga4da peu.laeTcﬂ € NOMOLbIO YpPABHEHUA TENACNOPOBOL-
HOCTH, €CAK 3a1aTh COOTBETCTBYIOUIME DACCMATPRBAEMON CHTYalMH
rpaHMYHble YCIOBMA Ha IPaHMLC Da3lena MeXAy KOHACHCHPOBaH-
HOM U NapoBoit dazaMu.

2. Vq, BEJIMKA, TIO3TOMY MONEKY/bl He MOryT GBICTPO YAANMTECSA
apyr oT apyra. YeTkoit MexdasHON rpaHpLbl HET, a MMeeTcs
MAABHBIM II6PEXOA OT HOPManbHON MUIOTHOCTH pg 10 Hyaa. Tlo-
CKO/IbKY B TEMEHME 3TOrO NEepeXoia MONeKyAbi NPOAORKAIOT B3aH-
MOAENCTBOBATh, HYXHO pelllaTh CHCTEMY YDaBHEHMH CnuowHoH
cpeasl COBMECTHO € YPABHECHHAMM COCTOSHMSA.

ByaeM HaablBaTh NEPBYIO MONENb HCIApeHUs AByxtpasHoM, a
BTOPYK — THAPOAMHAMMYECKOL.

OYCBUAND, YTO Ha TPAKTMKE CYIIECTBYIOT TakKHe DEXHMbl
OBRY4EHMA, NPU KOTOPBIX KHHETHKA MCTIADEHMA MIABHO MEPEXOANT
OT OZHOTO THMa K Apyromy. IlostoMy Gsin BbipaboTan KpuTephit
OLCHKK TTAPAMETPOB M3INYUCHMA, N0 KOTOPOMY MOXHO ONDEIEIUTh
HanBoNee BEPORTHLIH MEXAHH3M MCIapeHHs [44, 70].
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B KauecTBe KDUTEDUs BO3BMEM 3HAUEHHE CKOPOCTH IIPO-
ABHXXCHHMST IPaHHALBL Z, Ha KOTOpDﬁ TETNOBAA 3HEPIMA BEIECTBA
obnyyaeMoli MHLICHNM paBHa 3HEPTMM CYOAMMaumu L, (cKopocTs
¢dponra neperperoit dazsl), AMGo, SCAM HMEET MECTO TONBKO
Ge3aKTUBAIMOHHEI MeXaHM3M, — CKOPOCTb ()POHTA, PaCCHHTaH-
Hy1o 1o (2.11). Bynem cuuTars, 4TO: a) B3AUMOACHCTBHEM MOJNEKYA
MOXHO mpeHeGpeus mpe p < 0,0lp, (cM. 3aBHCMMOCTB 3HEPTHM
YIIPYTOTo B3aWMOHEHCTBUSI OT yaehbHoro obsema Ha puc, 2.3);
6) Ly ~ 10 %/KT % GOMBAIMHCTBA MATCDHAIOB, B) CPEIHsIS
CKOPOCTb MONEKYN Napa B Hanpamichun X V.. =V2E = 3Ly ~
~10° M/c; r) cpesHss IUIOTHOCT: TIAPOB BONM3M TOBEPXHOCTH

‘wo» UTO CTIPABEIUIMBO NPU MCTAPESHHK B BaKyYM.

az
paBHa (Pn 7) /Y,
Toraa WMeeM cOOTHOILEHHE
p  dzsar
-V I

wont

(2.12)

orkyaa dZ/dt = 10 m/c.

Taxkum obpazoM, B kayeCTBE KPUTepHA Wi BHIGOpa MomenH
UCTIAPEHHA NPH JaHHBIX XaPAKTEPUCTHKAX MIIYYEHMS MOXHO BITh
3HAMCHME CKODOCTH NPOABIKESHUS FPAHMLEI, HA KOTOPOi TeILToBas
SHEprusa ET = L“ (MHBIMM COBaMH, CKOPOCTh POCTA MEPErPeToro
cnon). Tipn dZ/dt < 10 M /c pabotaer AByxdasHas MOAEMbL K-
HETHUKM HCTapeHwst, a nipy dZ/dt = 10 M/C HYXHO TIONB3OBATBCS
THAPOAWHAMHYECKOM.
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3aMeTUM, 4TO MOOENH, OCHOBAHHDBIE HA PEINEHMH YpaBHeHHH
CIVIOIIHON CPEJR! ¢ MCAONb3OBAHMEM LIMPOKOAMANA3OHHBIX Ypas-
HCHMH COCTOSHMS, ©¢3 CHEUMANBHBIX TIPAHHYHBIX YCAOBHE "He
YYBCTBYKOT  AKTHBALMOHHOTO MEXAHM3MA HCIAPEHMA.

B =2roM pasgeme OCTAHOBUMCA Ha ONUCAHWM ABYX(hasHoi
MOJICAM KMHETHKM WCIIapEHMA BELMECTBA, TAK KAK 3Ta MOIENb
XOpOlLO COIJIacyeTcsl ¢ ONMCAHWEM MPOLECCOB AXCCHUIAUMH TEILiO-
polt sHepruM B pamkax 3agaun Credauna. TmapoiuHamnueckas
MOJENb ONMMCAHA HIDKE, TMPH PAcCMOTPEHMM MPOLECCOB NHCCH-
MalMM 3HEPTHH B PAMKAX BEICOKOMHTCHCHBHBIX IIOTOKOB MaNy-
MCHMA.

OTMeTUM Takke, YTo ABYXGDA3HbIN MEXaHU3M MCNAPEHHSt MMeeT
MECTO TOEKO NP MapooGpa3oBaHMK HA NOBEPXHOCTH, B TO BDEMs
Kak oOBEMHOC Mapoofpa3oBaHUeE, XapaKTePHOE WISl MOIUHOIO
3IEKTPOHHOTQ U NPOTOHHOIO BOSﬂCﬁCTEHﬂ, MoOXeT OBITh OIMUCAHO
TONBKO MOJCNAMM, PEaTU3YIOWMMU THAPOAHHAMMYECKHH Mexa-
HH3M.

Jleyxcdaznas monens ucmapenna. Brine ykazaHo, 9TO NOBEpXHO-
CTHOE HCMApeHHe, UMeloliee ABYX(DAasHYIO KHHETHKY, XapakTepuay-
ercs chabpiM B3aMMOACHCTBHEM MONEKYN Napa, W 370 NO3BOJSET
CYMTaTh MAp MACANBHBIM Fa30M. TIDH ITOCTPOSHUM MaTeMATHYECKOMH
MOJIETM UCTIApEHMS GYAeM HCXOAMTHL M3 JAHHOTO IONOXEHMs.

B HexkoTopsix myGnukalnax, HanpuMep B [18], ckopocts dpon-
Ta MCNAPEHMsI BRIYUCITNACh HEMTOCPEACTBEHHO no dopmyne (2.11),
KOTOpaa BKIIIOYAZach B PAHMHUHEIE YCTOBHA ANf YPABHEHHS Teml-
JIOMPOBOAHOCTH. OJ]HE\KO Taxoi NoAXoA K pPEIUCHHIO 3aa4H UMCCT
DAL HEAOCTATKOB: BO-TICPBLIX, 3Ta HOPMYNa KOPPEKTHA TONBKO NP
E < Lj; BO-BTOPLIX, HE YIMTHIBIOTCS SIBNEHHS, TIPOMCXOAAIINE B
cnoe Iapa, HENMOCPEACTBEHHO MPHMBIKAIOUIEM K KOHAEHCUPOBaH-
HOH TOBEPXHOCTH, 2 WMEHHO, BO3BPALIEHWE HACTH MOJEKYA Mapa
Ha KOHJEHCHPOBAHHYIO MOBEPXHOCTB; B-TPETHUX, MPH TaKoOM Nof-
XOAe He TIPSCTARINETCH BO3MOXHEIM ONPECHTL BAXKHSIE ra-
30QHHaMMYECKUe MApamMeTPbl, HANPHMEDP NABACHHME NapoB Ha
fIOBEPXHOCTh KOHACHCHUPOBAHHOTO BellecTBa. B pabore [18] noka-
33HO, YTO BTOpOE 0BCTOATENBCTBO He BCETJa OKaA3bIBAET 3aMETHOE
BIMAHNE HA CKOPOCTH (GPOHTA MCOAPEHMS W TEMIEPATYPY TIOBEDX-
HOCTH BO BCEM HMHTEpBale 3HAMEHMA IUIOTHOCTH [0TOKA nany-
YE€HUSA, B KOTOPOM CnpaBel/IVIB TEMNOBOH MeXaHU3M HcnapeHdus.
Hamy pacueTsl AN MOMIHBIX HMIYJIbCHBIX MOHHBLIX M 3JEKTPOH-
HBIX [YYKOE IIOATBEPXAAICT IMPaBMALHOCTD 3TOIC YTBEPXICHMA.
TpeThe 0GCTOATENBCTBO GoNEe CYMECTBEHHO, MOCKOABKY HAC HMHTE-

b




[image: image8.png]pecyeT JABNEHHME JCHAPSUOLIETOCS BEUIECTBa HA KOHICHCHPOBaH-
HYI0 MoBepXHOCTh. OaHako Hanbomee BaXCH TCPBEIA M3 YKalaH-
HbIX HEAOCTAaTKOB, TaK Kak MBI MPOBOIMM DAacueTH B oGIacTH
TVIOTHOCTH 3HEPTUi, COU3MEDHMEIX C SHEPTHEH CYGIHMALM Belle-
CTBa. HOSTOM'}’ HCUSXOHMMO pelnate TETLIOBYIO 3aA39y COBMECTHO
AN KOHACHCHPOBAHHON a3kl H NMapos.

PaccMOTPHM KMHETHKY WCHAPEHIST BELIECTBA IS JAHHOCO
cayuas.

YacTHIIEI, UCMYCKAEMBIE HATPETON MOBEPXHOCTHIO, MMEIOT MaK-
CBEJUIOBCKOE PACPCAEieHNe [0 CKOPOCTIM B TEAECHOM Yy 27 ¢
TeMNepaTypoit MOBEPXHOCTH T M TUIOTHOCTBIO MUCIA WaCTHIL #p,

PaBHOI IUIOTHOCTH HACHIIICHHOrO Tapa NpPW 3TOM TeMmeparype
[18]. BriGepem TIpAMOYTONBHYIO CHCTEMY KOODAMHAT, CBA3AHHYIO C
TIOBEPXHOCTBIO KOHAEHCUPOBAHHOIO BELIECTBA, € OCHIO X, Hanpas-
JICHHOH HOpMansHO B ray0s obpasua. JUis mrorHOCTH dn umcna
VCTIYIIEHHBIX YaCTHL, CKOPOCTHM KOTOPHIX 3aKMOYEHH B MHTepBane
{v, v + dv], npu x = 0 MoxHo 3anucate [18]

3/2 5
dn = "“[mzlro] exp [7 2’:';0] du, v, €0, (213
rae m — Macca MONEKYAB [rasa, k — nocTtosHHas BOJII:UMZIHB.
DTOMY pacnpeleNeHHIO OTBEYAET MAaccoBasg CKOPOCTh Mapa «,
HANpasAcHHas HOPMATBHO K DOBEPXHOCTM W PaBHas # = U/4, rae
U = (8kTo/m)}'? — CcpemHss KBaIPaTMMHAS CKOPOCTh HACTHIL
rasa, MMEKOIIETO M3OTPONHOE MAKCBENIOBCKOS PACTIPEACHEHHE MO
ckopocTaM. B ciyyae AOCTaTOYHO PAa3pEXCHHOIO ra3za, KOMAa
CTONKHOBEHUEM ATOMOB B FOTOXE B HHTEpecylolleil Hac ofnactu
MOXHO npeHeOpeub (T.¢, KOrAa MTHHA CBOBOZHOTO Mpobera YacTuIL
! = |/no, Tae ¢ — Ta30KHMHETHUECKOE CEYECHHE, # — IUIOTHOCTD
YMCAA YACTHL, MHOTO GOJBHIE XapAKTCPHON AAHHEI B paccMaTpHBa-
€MOii 333ade), CKOPOCTE M ONPEACASeT CKOPOCTb OTTOKa rasa oT
MOBEPXHOCTH.

PeansHo, 04HAKO, NPHXOAUTCA HMETh ACNO CO CY4aeM, Korja
AAUHA CBO60AHOI‘O npoﬁera YacTHLl rasa ropaso MEHBIIC BCEX
XaPaxKTEPHLIX TEOMETPUUECKMX pa3MePoB 3afay¥M, a MMEHHO <O
CyuaeM, OTBEYAIOUIMM He CBOGORHOMONEKYIAPHOMY TeueHWio, a
pexiMy TEYEHHMS ra3a Kak LEAOro, T.€. CIUIOUIHOH cpedwl. Bee
TCHeHHe MPH ITOM PACHAJAETEA Ha ABE XapakKTepHble obnacTu. B
RepBOH, NPUAETAIOMER K NOBEPXHOCTH M WUMEIOU(EH XapaKTepHYIO

AAMHY L, DaBHylo 1O NOPAAKY BEJNMYKHbl HECKONBKUM ANMHAM
¢BoBoaHOro npobera, B PE3YABTATE CTOAKHOBEHMS YAacTHL YCTa-
HaBlWBaeTCsi HOBOC COCTOAHME Ta3a, XOTOpoOe XapaKTepH3yeTcs
HOBOM, TeTeph yXe M3OTPOMHOM, (yHKUMeH pacllpeeCHAA Hac-
THL [0 CKOPOCTAM € HOBBIMM TEMICPaTypoit 7 M ILIOTHOCTBIO
yucna vactuu A [45). Sra obmacTs HasbiBaeTcl KHYICEHOBCKMM
cnoem. TlepepacnpeaesieHUE YaCTHL B KHYACEHOBCKOM COE JOJK-
HO TIPMBECTH K HOBOM, OTAMMHOH OT ve/4, MACCOBOR CKOPOCTH
noroka #. Jna OMMCaHMS NPOLECCOB YCTAHOBNEHHMSL HOBBIX 3HA-
YeHHH 3THX NApaMeTpos MPUBIEKAIOT KMHETHMCCKOE YPaBHEHHE
Bonbumana. OcHoBHOH [ETbI0, KOTOpas NpecicdyeTcs Npu pe-
WeHMd KMHeTHYECKOro YPAaBHEHMA B JaHHON CHUTYAUWH, ABIICTCH
HaxoXIeHWe ToM “acTH QYHKUMK pacmpedeNcHuss MOACKYA No
CKOPOCTAM Y MOBEPXHOCTH, A1 Korophix v > 0, T.e. Toil wacru,
KOTOpasi ONpeAensicT MOTOK YACTHL, BO3BPAIIAIOIIUXCS HA CTEHKY.
B pafore [18] npuBeaeHH OCHOBHBIE PE3YALTATHl PEIUEHHA KH-
HETMYECKOTO YDABHCHMS, NPOBEACHHOIO ABTOpaMi. ACHMITOTH-
YECKHE (ApK X - ) 3HAYEHMA IUIOTHOCTM, TEMIIEPATYPHL U CKO-
POCTH 432, TIONYHEHHLIE B PE3YNIBTATE POLICHUSA 3TOTO YPABHEHMA,
CledyeT B3ATh B KAUECTBE TPAHMUHLIX YCIOBMM [UTA DEIICHUS
3aAa4M O TEYSHMM ra3a BO BTODOM razoaudHamudecxofl obnactu, B
KOTOpOll TIPOMCXOAAT IPOLECCH, ONMCHIBAIONIAECH OOBMHBIMM
YPABHCHHSAMH MEXaHMKM CIUIOWIHOM cpefbl. 3amMeT¥M, 4TO Npu
PCUICHHHA I'BJSQIJPIHZMH"ICClioﬂ 3a0a4M YCTeHCHUA rasa ¢ TMOBEpx-
HOCTH KOHAEHCHPOBaHHON (ha3bl TOMIIMHON KHYACEHOBCKOIO CAosl
OBBIIHO NMPeHeBperaloT, TPaHMLYY ra3odHHAMUYECKOH 0ONacTH coBMe-
WAOT ¢ MOBEPXHOCTDBIO TEN3 U CYHTAIOT ¢ NOBEPXHOCTHIO Pa3phbiBa.

TNpueenem pe3yapTaTH YMCIEHHOTO PELICHMA KUHETHYECKOTO
ypasdenus BoabumaHa and T M 71— TEMOeEpaTyphi M TUIOTHOCTH
YHCAA YACTMLU [apa HA IPaHUIE KOHAEHCHPOBAHHOM MOBEPXHOCTH
© ra3ofqMHaMHuccKoi obnactsio [18):

T = 0,657, 7 =03ln, (2.14)
3acch 1, — NUIOTHOCTE HACHIUEHHOIO Napa, KOTOPYIO ofipeae-
ASIOT KaK GYHKUMIO TEMITePATYPEl MOBepXHOCTH Ty AN 3MHWITeH-
HOBCKOM MOJENIU TBEPAOTO Tena:
L 1372
mk8y
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I =, 2,15
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[image: image9.png]e 8y = (hv,)/k — ReGaesckas TeMnepatypa; vy — 3deKTHBHAA
nebaepckas wyacToTa KonmeBaimit aTroMoB; A, — 3HEprus cBAaM

KPUCTALIHYecKON pelueTku; # = 2xh — noctosHHag [lnaHka.

3HadeHHE MACCOBOM CKODOCTH ¥ TIPM X - = ONpedemsIeTca
YCJIOBUSIMM PACUTHPEHUST B CaMOM NOTOKe. Ecmu HUCXOAUTh M3 TOrO,
4TO UCNAPSHUE MMEET HEPABHOBECHHIA XapaKTep M NMPOMCKOOMT B
yonoBHsX, OMM3KMX K BakyyMy (a 3TH JONYLWIEHHMS ABILIOTCS
CHEACTBHEM OCHOBHBIX MPHM3HAKOB "ABYX(PA3HOTO" MEXaHHIMa MC-
NapeHHA), TO MOXHO NOXAraTh, YTO

P 172
[ dp] . (2.16)

&

U=c¢=

rAe ¢ — MecTHas CKOPOCTb 3BYKa B rase.
Ansa OAHOATOMHOIO HIAEANLHOIC rasa

% =¢= (5kT/3m)"2, @217

Mpumeyanue OrHomenue M = u/c (ancno Maxa)
Ha BHELIHEH CTOPOHE KHYJICEHOBCKOIO CIOS SB/SETCH BAXHCHILIMM
TIApaMeTpPOM B JOKPUTHYECKOH OBRacTM COCTOSIHMA BEWIECTEY,
X2PaKTePU3YIOWHM AMHAMUKY basosoro mepexona. I1oTok Bemect-
Ba Wepes TpaHMLy pasiena a3 npu 3QJAHHOR TEMIEpaType TOBEp-
XHOCTH T, 3aBMCHT OT CTENEHH HEPABHOBECHOCTH (ha30BOIO mepe-
XOZd M HAOCTHIAST MaKCHMyMa B PEXAME DasBUTOIO HCMApeHUs,
Koroa uueno Maxa Ha rpanune pasfena paswo 1. Ipu dazopom
PABHOBECHH TIOTOK BCUIECTBA HEPE3 TPAHMUY PapBeH HYmo u M = 0.
B obueM cnaydae uncno Maxa MoxeT MeHATBes or § mo | u gaxe
TIDUHYMMATE OTPMUATENbHBIE 3HAUCHMA. CyIecTBYET psag pabor,
NpenarajolinXx METOMKY eIo pacdera (Hanpumep, [46]), oaHako
HAaM TPEACTABNSETCA, YTO JaHHas npobnema CyleCTBEHHa NS
TaKMX MOZeNe]i NCTIAPEHHUS, B KOTOPHIX TIPEANPUHUMAETCS MONBITKA
pacdeTa rasoXHHAMUYECKOTO PEXMMA ¢ SBHBIM BBEJICHUEM rpa-
HMIBL pa3fena nmapoBo H KoHaeHcHpobBaHHo#M ¢a3s. ITockoneky 8
AAHHOM CNyYae MBI HE DPACCUMTHIBAEM TIa30XMHAMIMECKHE Xapak-
TEPHCTHUKK Tiapa, JIPHMEM, KaK 3T0 0GOCHOBBIBANOCH BRILIE, M = |.

Coornomenus (2.14) cocTaBASIOT OCHOBY MOJCAH HEPaBHOBEC-
HOTO KHYACEHOBCKOTO cnosi. KaK YKaiblBaloch BBUUE, MHOTAZ B
pacyeTax YIOTpeGAAIOT DABEHCTBA AN KWHETMKM MCHApeHWs NO
MOZENH M30TEPMMYECKOTO cKauka. OHM MMEIOT crefylonmit BuA;

T=7Ty P=P(Ty, n=n(T), (2.18)
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Puc. 2.4, 32BUCHMOCTE TOMUMHH
HCHAPUBIIENOCS  CAOH XCAE3HOM
MUIICHH OT IACTHOCTH TOKA HO-
HOB YII¢poga ¢ HauaNbHO IHEp-
rueft wactun | MaB u gautens-
HOCTBIO uMnyaeca 120 He, pac- .
CMMTAHHAA [TO PASMHUHBIM MOAC-
NAM: CHNOWHAS THHKT — mofens 0,6
"KHYCECHOBCKOIO CJIOH" C COKpa-
WCHHbIM  YPaBHEHHeM aHepruy;, 0,4
WTPUXOBAST — MOACNL "KHYACE-
HOBCKOrO cnioft” ¢ MONHBIM ypas- (o
HEHHEM 3JHEPIMH, RYHKTHD —
MOASHE "H3OTEPMHUCCKOTO CKAd-

Ka" ¢ COKPAICHHDBIM YPaBHEHHEM 0
3HEpruM  (346Ch M JaNee O
TIOTHOCTBIO TOKA MYYKA MOHUMA-

©TCA ¢¢ JHAYCHUE B MAKCHMYME

HMIYJBCa).

Zugn, MEM
10

T.€. WCNApcHUC [IPOMCXOAMT I[IpH TEMIIEPaType KUIIEHHA Tﬂ u
AABACHHH HaCBIUCHHOrC napa P"(T) Takoe ormMcaHNe COOTBETCT-

BYET PABHOBECHOMY COCTOSHHIO BEIMECTBA, [IO3TOMY HAM MpPEICTaB-
JISIETCA, YTO B CyJae DPAcCMATPHMBAgMOTO HEPABHOBECHOIO HCMa-
peHHsT OHO HenorudHo. OJHAKO NPOBCACHHBIE HAMH DaCueThl
TEIUIOBBIX NPOLIECCOB, MPOHCXOAAIIMX B XENCIHOH MUILEHH mnoa
ACHCTBHEM MOIIHOIMO WMIIYJABLCHONO MOHHOIO MYYKAa € MOTOKAMM -
3Hepruy, BEI3HIBAIOLUIAMY "IBYX(a3HKA" PEXHM UCTIAPEHMS, ITOKa-
3214, HTO 06e MOJENY MCNAPCHMs AIOT OYeHh GIM3KME peay/isTa-
TH. 9TO BUAHO M3 PUC. 2.4, [AC NPUBEASHA 3ABUCUMOCTh TO/IIMHEL
WCIHAPHBILETOCA CNOS XENC3HOM MMLIEHH OT IUIOTHOCTH TOKa
VMOHHOTO IMyYKa ¢ HayanbHOW aHeprueit yactuu £ = 1 MaB.

IMoMuMo 3agaHMsA COOTHOMIGHHH MNA ONMCAHMA KHHETHKH
MCTApeHs, Ha IPAHUIE Pas[ena MapoBOH M KOHASHCHPOBAHHOH
a3 HeoOGXOAMMO 3aIMCaTh BEIPAXECHMS JUIA 3aKOHOB COXDAHEHMS
Macchl, UMNYAbCa U 3HEpruu. B cHeTeMe KOOpAMHAT, CBA3AHHON ¢
(POHTOM HCMAPEHMS, 3aKOHBl COXPAaHEHHSI MAacChi M HMMIYAbC
umeror By {35]

vyey = (U — WP 2.19)
Py + Vdpy = P+ (g - D). (2.20)
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[image: image10.png]3aech Uy, — CKOPOCTh dbpotra cnapenns (U«b > 0); ¥ — maccoBag
CKOPOCTh NApOB HA [PaHMUE paspbisa (¥ < 0); pg u Py —
NJIOTHOCTE W AABJICHUE KOHACHCUPOBAHHON a3, 7 P —
MNOTHOCTh W JABJEHME NAPOB HA IPAaHWLIE Pa3phIBa.

Tag_kak Mpl TIONAraeM Nap vICMILHBIM [a30M, TO A5 HAXOX-
2eHna P MOXHO 3amucaTh 3aKoH MeHzeneesa—Kianeitpona:

P=2p7, @21

rae p# — MojApHas Macca; R — YHMBEPCAIbH2A ra30Bas MOCTOAH-
Hasg.

B cucreMe KOODAMHAT, CBABAHHOH € BONHOM McnapeHus,
ypaBHeHue GamaHca sHepruu umeer sua [35]

=™ = _
[—9‘— + Ep + P/p] (ORI Y-

2
o 7
| = g
[2 + ETo + Po/po}(lq,pa =F+ AW’ (2.22)
rae ETo — TeIJIOBas IHEPrus KOHACHCHPOBAHHOIO BEILIECTRA;

E; - Temnopad 3Weprua Mapa BOAM3M IpaHMUbl paspeisa; F —

TIOTJIOIEHHAsA BO d)pDHTC HCNapeHns A0THOCTh noToKa, rnadaro-
IEro Ha MOBEPXHOCTb M3NydeHns; A — ko3dGULHMERT TemIoTpo-

aT,
BogHOCTH (4 Eﬂ — MOTOK TEMIA YEPE3 MOBEPXHOCTb, O6YCHORIEH-

HBIA TEIUIOIPOBOAHOCTEIO) .

Oanako B ¢caydae "ABYxa3HOLO" HCMAPEHMS HEBBICOKOHM WH-
TEHCHUBHOCTH KHHETHYECKast 3HEPIHSI MONCKY M 3Heprusa, obyc-
JIoBIeHHas paGoToil CXaTUs, Malbl MO CPaBHEHMIO ¢ Teniosol. B
3TOM Clydae MOXHO 32fMCaTh COKPAWEHHOE YPIBHEHUE SHEPTHH,
YUUTHIBAKOUIEE GANAHC TONBKO €€ TEILIOBOIO KOMIICHEHTa!

T,
ax

i

+ F = vypg(Ep - E7) = Oyeol(Tg), (223

rae L(Ty) ~ remora ¢azoBoro mepexoaa npu Temmeparype 7.

6o

U3 puc. 2.4, Ha KOTOPOM M300DKEHBI 33BUCHMOCTH TO/LKHMHbE
MCTIZPMBILErOCA CNOSI OT IUIOTHOCTH TOKA NPH OGNYYCHHM XKENnes-
HOM MHILEHM MOLIHBIM MMIYNBCHBIM HOHHBIM IYMKOM C 3Hep-
TETHYECKMMH XapaKTEPUCTHKAMH, MPUBOAAILMMH K “IBYXdasHomy"
PEXUMY UCTIAPEHMS, BUOHO, YTO MCNONB3OBAHME YPABHEHMH 3HCP-
™H B dopme (2.22) u (2.23) He NPMBOJAMT K 3aMETHO DasNMuil-
IOINUMCS pE3YaAbTaTAM.

BhipaxeHue [1s TeniroThi (Hha30BOro Nepexola KOHACHCAT—Nap
HMMEeT Pa3HEI BUI MPH WCTIONBIOBAHUH MOAE/IM H3OTEPMUYECKOro
ckauka (2.18) ¥ MoZeNM ¢ KHYACEHOBCKMM croeM (2.14—2.15).

VaenbHas Tennopas 3HepTHA KOHACHCHPOBAHHOIO BelUECTBA
onpenensietcss BeipaxenweM (2]  Ep = ¢pT = 3nkT; Temiopan

z 5
sHeprusa mapa Ep = ¢pT + Ly = 3T + Ly (L, — renuoma
cybnaumaumu npu 0 K; # — IMOTHOCTh 4acTHII, MM KOJNWYECTBO
YacTHL, B eAMHMIE MAcChl; Cp — YASAbHAA TEIMNOEMKOCTh NpH

TIOCTOSIHHOM IaBneHnu; k — nocrosaHHas Boabumana). Toraa ans
$al0BOrO MEPexoia ¢ MCIOAB3OBAHNEM MOJENH H3OTEPMHMECKOrO

CKayKa MOXHO 3alucaTh
-E - 5 - —7 1
L(Ty=E; - ETu = Ly + 5 nkT, = 3nkT, 2 kT

2.24)

A B CAYUAE MOACAM © WHYACEHOBCKMM CAOSM

L(Ty = By - By = Ly + 3 kT = 3mkT,.  (225)

Ha puc. 2.5 B koopauratax T u £, wn3obpaxeH®l NyTH

nepexofia BellECTBA M3 KOHACHCHPOBAHHOIO COCTOSHMA B Iap
COracHO COOTHOMWEHMHIM (2.24) H (2.25). Buipaxenne ann L(T) B

El s onkT + Ly, p=D
-
-
.
Puc, 2.5. Tlytn nepexoma pemtect- Ly I 1,7
Ba M3 KOHICHCHPOBAIHHOIO COCTO- 12 -
- 1 3nkT, p=p,

AHWS B ITap COIIACHO MOISAH "H30- i H °
Tepmmuueckoro ckauka' (1) u mo- ! :
Aean "KHyaceHvscKoro cos’ (2). : i

o

' .

T T T
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[image: image11.png]Buze (2.24) ucromb3oBaNoch, HampuMep, B pabote [18], a B BuAe
(2.25) — B [34].

B urore And MONENH WCNApEHMs C KHYRCEHOBCKUM CHOEM
YPaBHCHHME 3HeprHy (2.22) npuMeT BUA:

T,

d.

i

- R |5+
+F = U¢p“(HU¢ s B, R [E T- 370]), @26)

a ypaBHeuue (2.23) —

R (55

+ 4 [5 T -~ 3T0D. (2.27)

C_06€pCM BMCCTE BCE€ COOTHOIUCHHA, COCTAB/LIIOIUME MOACIb

TETUIOBBIX TIPOLIECCOB, MPOMCXOAANIMX B MHIIeHW NpH ee obmy-

YeHMM MOIMHBIMH MUMIYIECHBIMH NOTOKAMH HOHM3HDPYICUIMX H3Ny-

'-ICHH]‘:[, YYMTHIBAIOILYIO AKTHBALMOHHOE MCMAPCHKE ¢ MOBEPXHOCTH

B OBYX(ba3HOM DEXUME.

PacnpocTpaHeHWe Temna B KOHAEGHCHPOBAHHOM CPElE OMMCHL-

BaeTCA YpaBHCHUEM TEUIONPOBOAHOCTH B BUAC
aT aT 8 , 4T
el —u -~ = —A_ -+ W(x, 1. 2.28
Po “[ar Mx] ax " ax D (2.28)

B ar0if mocTaHoBKe Hauago KOOPZHMHAT CBA3LIEAEM C [IOABHX-
HOM mepenHel NOBEPXHOCTDIO.
OGpaTHa® CTOPOHA MMIUEHH ¢ KOOPAMHaTOH X, Teruo-

Ko
H30IUpOBaHA, [MOITOMY

x=x,
Kou

Ha rpanmire xoHAeHCHpoBaHHas cpega — ra3 (x = 0):

Pty = P(U, — W) (2.29)

Py + ph = P+ p(u, - B (2.30)

- ,1"% = Ud,po(l.u + f B? - 37'0]); (2.31)
T = 065T,; (2.32)

7 =03lp; (2.33)
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mk8? 1
-l .
Px TehT, exp ( *T, l], (2.34)
P = £RT: (2.35)
W=¢= (SkT/3m)'%; (2.36)
M=1 (2.37)

NMpumewanwue 1. B ypasHeHnu 9Hepruu (2.31) oreyr-
CTBYET WICH, PABHBIA MOHIHOCTH TIOTOKA 3HEPTHM M3NYUEHMS 4Yepes
MOBEPXHOCTH F, TaK KaK B YPABHEHUH TEILIOMPOBOTHOCTH MMEETCS
C/IaraeMoe, BRIPAKAIOUICE OGBEMHYIO MOLIHOCTb 3HCPrOBbLICACHUS
TNPH OPOXOMAECHUH WITYYCHHS YEpE3 BEWESCTBO.

IIpuMeuanuc 2 [InareHne u 3arscpicBanve B (2.28)
He oTMeyeHo. OHO LODKHO YHUTHIBATHCS TAK XK€, KAK 3TO OMMCAHO
BBIILE.

BapAnHe 3PO3HOMRLIX MApOB H MNa3Mbl HA KOHXEHCHPOBAWHYIO
ﬂDBéprOch TMPOSBAAETCA B TOM, YTC OHHM 3KPaHHPYHOT €€ OT
TIOTOKa ME]IY‘{GHm M MOTYT OKa3pIBaTh HA HEE TEINOBOE H Me~
XaHWYECKOE BOACHCTBHE.

CHavana paccMmoTpum 3thdekT 3kpaHmposky. I[Ipum pacuere
MOTEph IHEPTHK HM3MYyYEeHUsI B Tapax WK IUa3Me GYJISM HCXOQHUTh
U3 CHeNYIOIMX co0GpaXeHHH.

1. [MockoneKy OOAY4EHHME MaTepuana IPOBOAMICH B BaKyyMe,
fasma M MapH COCTOAT TOJNBKO M3 MOHOB M MOJNEKYA Marepuana
MULIEHM.

2. MoxHO BBAENHTE ABA TIPEACAbLHBIX PEXHMa hOPMUPOBAHMS
M pajnera fUIa3MBl M TapoB. 1) €cHM AAMTEIBHOCTh HMMYNbca
T,n CPABHMMA CO BPEMCHEM Dal/ieTa MapOB W3 30Hbl NCHCTBUST

OY4KA ., TO UX B3aMMOACHCTBHE C NyIKOM HaZO PaccMaTpusarh B

ABYX- WIM JaXe TPEXMEDHOM BapHaHTe ra3ofHHAMMYECKOH 3amayu;
2) €CNM T < £y, TO PadIeTOM IUIA3MBl M (APOB MPH pacieTe B

HHX TTOTEPh SHEPTMM MIIYYEHWA MOXHO MpeHeOpeus M cuMTaTh
ocnabneHHe MAJAIOWETO HA KOHASHCUPOBAHHYIO TIOBEPXHOCTD MO-
TOK2 M3NYYCHUS TaK, KaK eciiu (4154 nepen Hell Haxomwrcs 3KpaH M3
MaTepuaa MUIIEHU TOMIMHOH (B MAacCOBBIX EAHHMIAX) M. =

= 2,09 (Z,; — TONUMHA HCIIAPUBUIETOCA COA, Py — HAYAIBHAS
[UIOTHOCTh BEINECTBA MMILEHH).
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[image: image12.png]Bpems ynera rnasMbl u3 30HBI deficTBUA NydKa f = a/v, rae
@ ~— paauye MATHA obayyeHns (@ ~ | cM), v — cKOpOCTh pa3jiera
NapoB WiH TasMbl. B Hamem cnysae v ~ 10° m/c. Toraa

fon = 107% ¢. Tak KaK MIMTCABHOCTH obnyuenust T, NEXUT B

auanazone 1078—107¢ ¢, To MBI MMeEM 4610 cO BTOPHIM BapHaH-
TOM PeXHMA IKPAHHPOBKH.

YTo KacaeTca TEIUIOBOTO BO3AEHCTBHMS MNa3Mbl WIM [apOB Ha
KOHJCHCHPOBAHHYIO MHIUEHb, 3A¢Ch HAXC BBIACIMTH ABa Me-
XaHM3MA OOMeHA TEMMOM MEXAY NapaMu M KOHACHCHPOBAHHOM
MHIICHBIO: ) 33 CYeT TeIVIONPOBOAHOCTH, 6) NyTeM H3NYYeHHA.

CorjacHO 31eMeHTapHOl KuHeTHyeckoit Teopun [47, c. 210]
k03¢hhHUMEHT TENIONPOBOJHOCTH B [A3aX paBeH

i = %qucu, (2.38)

e

,

IAC ¥ — CPEIHSA CKOPOCTb TEIUIOBOTO OBIDKEHHS MONEKYN; 1 —
Cpeanas AluHa ceoBoaHoro npobera; p — WIOTHOCTB asa; €, —
YAesnbHAs TEIUIOEMKOCTh Ta3a IIPH MOCTOAHHOM o6beMe.

OuennM K03QPULMEHT TEILICNPOBOAHOCTY B HCTAPUBLIEMCH
MaTepuane AdA Hamiero ciydas. CPeIHsisi CKOPOCTb TENOBOTO
ABIDKEHHA MOMNEKYR paBHa u = V2F, rac £ ~ Ly (Ly — Temrora
cyOnMMalMn BEWIECTBA MMIICHH Npy Temncparype 0 K), Torma
u ~ 10° m/c.

Cpeanaa amuHa cBoGORHOIO TpoSera MONEXYR paBHa A =
= l/ﬁnoa, rOe #y — YMCIO MOJICKYA B enWHMLIE obbeMa raza;

o — 3(deKTMBHOE MoNepedHOE CeYEHME MOJIEKYN; o ~ xd?, Tae
d — atpeKTHBHBIA AMAMETP MONEKYIH! [47]. YaenbHas Temmoem-
KOCTb Ta3a NpM TMOCTOSHHOM oGpeMe paBHaA (2]

3
. ¢, = 5 kng, (2.39)
rae k — nocrositHas Boabumana. Torza koadduumeHT Teronpo-
BOJHOCTH B Mlapax paBeH

uk

A, A 1072 Br/(M - rpag). (2.40)

DTa BenudMHa Gonee 4YeM Ha 2 NOpAAKa MeHblIe Koad-
buLMeHTa TEMIOTIPOBOAHOCTH B AM3NEKTPUKAXx M omee deM Ha
3 mopsiaka MeHbille koo ¢HMuUMEHTa TEIUIONPOBCAHOCTH B METAI-
Jax. CJISROMTEJH:HO, TEMAOBLIM NOTOKOM 3a cuer TENROTIPOBOA-
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HOCTH B CHCTEME Nap—KOHASHCHpOBaHHas (asa MOXHO NpeHEO-
peub.
OLEHUM BETHYHMHY NOTOKA TETLIOBOTO U3NYMEHMS.
MIHTCITPUPOBAHHEI! MO CIIEKTPY OXHOCTOPOHHMH MOTOK TEILEO-
BOIO M3Ty4deHws €CcTh [2]

S = BT, (2.41)

e B = 567 1078 BT/(MZ - rpag?) — yHumBepcanshas NoOCTOSH-
Has Credana—bonsumaHa.

B ycnoBHsX MCTIONb3OBaHMA PacCMaTpUBaeMoli TennoBoit Mo-
Jlen¥ B3aNMOAEHCTBHS 3apAXCHHBIX YACTHIL C BEWECTBOM Temnepa-
Typa mapos He mpeesimaer 10* K, torma Sy < 5,67 - 10° Br/m2,
yro Ha 3—4 MOPAIKA MEHbIUE BEAWYMHBI IIOTOKA PHEPTHMM Ny4Ka
3apAKEHHBIX YacTHII MM DPEHTICHOBCKOTo manydyenust. Cnemosa-
TCABHO, TCILIOBEIM M3MYYCHMEM TUIA3MHE M TIapoB TOXE MOXHO
npeHebpeyb.

MexaHHYeCKOE BO3ASHCTBHE NApoB HA KOHICHCHPOBAHHYIO
a3y omMCHIBACTCS YPABHEHWAMMU CIUIOIIHON CPeAb! Y XapaKTEPHO
5 THAPOAMHAMMYECKOTO MEXAHN3MA IPOSHH.

2.1.3. Pacuer TepMOMEXRHAYECKHX HANPAKEHHUH
B PAMKAX JHHEAHOH TEOPHA YNPYTroCTH

JlpHaMHYecKHE HANPIKEHHA. 3aBHCHMOCTD MEXJY TepMOYIIPYTHMR
Hanpsokesusmn K aedopmammami. Kaccieckas Teopus yIpyrocTi
nocTymupyer 3akoH [YKa, YCTaHABIWBAIOMMM JIMHEHHYIO CBA3b
MeXIYy TEH30paMH HANpSXCHWH o, ¥ medopMaunsmu & i [48]:

ik = 2 Cinjln (2:42)
ik
tae Cyy;; — YBPYIHC TOCTOSIHHBIC.

Jlist u30TPOIHEIX MaTepHalloB He TpebyeTea TaKoro KOJAMYECTBa
VIPYTHX MOCTOAHHBIX — IOCTaTOMHO BCero aByx. Hma Hux 3a-
BHCHMOCTL MEXIY ¢ M £, TIOJYYeHHass Ha OCHOBE 3aKoHa COXpa-
HEHMA SHEPTMH IIPH WCIIONB3OBAHHM HonymeHuil muHeHHOH Teo-
PHH YHPYTOCTH, WMEeT J0BOTBHO Ipoctol BHA [49]:

o, = 06 + 2, — 3y + )8, ;a(T = Ty),  (243)

e y, 4 — Koapdimmenter Jlame (ynpyrue noctosinmmie C)) 5y = 7,
Cu,u =2, Cyy= Cu,zz = Cyuy= 2t 7) a— Koaddmng-
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€HT JIMHeHHOro TeMIepaTypHOTO PaciIHPEHHA; a {

= 1+ 3); 4 — CMEIIEHUS; €, = &, + £, + €,

Ileprble fBa uaeHa 3TOTO BHIPAXEHHS CBS3bIBAIOT HANPAXEHMs
M pedopMalMU MOCPENCTBOM OBBIMHOrO 3akoHa I'yka u3oTepMmye-
CKOM JIMHEHHON TCOPMM YIDYTOCTH, TPWUYEM NEPBRI W3 HMX
OMMCKIBAET AeDOPMALMH CKATUA-DACTIKEHNA, 2 Bropo#t — gecdop-
Mauuu coeura. IMocnensuit uneH B (2.43) cBA3aH ¢ paBHOMEPHBIM
pacIIMpeHHeM, NPONOPUHOHATBHEIM MOBBIHECHHIO TEMIIEPATYPhL.
Tax Kax Jisi M30TPONHBIX MATCPUATOB 3TO PACIIMPCHUE OAMHAKOBO
BO BCEX HaNpaBieHWsX, TO TIPM 5ToM BOSHUKAIOT TONBKO HOPMAJb-
Hble AeOpPMALMH, PaBHbIC B JII0GOM HanpasneHmn aAT.

B CBOMX pacyeTax Mbi BOCIIONB3YEMCH ONHOMEPHBIM MpPH-
OMIDKEHNEM B HampaBiCHHM, HOPMANTBHOM K TIOBEPXHOCTH MU-
HICHH, KOTOPOE SIBIACTCHA KOPPEKTHEIM TIPH CJCAYIOIIMX AOITy-
MIEHNAX:

a) MyYOK NAJaeT HOPMAIBHO K MOBEPXHOCTH;

6) muaMerp IyuKa W XApakKTCpHBIC PasMephl M3MEHEHHS WH-
TEHCHBHOCTH MNTYYeHHS HAMHOTO GONbINE TOJIMMHE! 06pasua;

B) IIWpUHa obpasua Muoro Gojbille €ro TONIIWHEL, TaK ¥TO
OCHOBHOM addekT B Nole AMHAMUYECKHX HANpPSKCHHA Oymyr
BHOCUTH BONHBIL, OTPaXKaeMBIe OT NepeRHel M 3agHell TOBCPXHO-
cTen.

B ognomeproM cnyyae (2.43) mpuMer ciefylomui BUI:

=+ W - Gyt 2T = Ty). (244
3aMeHuUM B (2.44) xoaduumeHTs! Jlame COOTHOMECHUSMH,
cofgepxamumu v — xoadduiment IlyaccoHa u €, — NMpononbHyio

CKOPOCTb 3ByKa. TaK Kak, cormacHo [2, 49], v = 72(71#)’

K + 4/3G
C; = /T = /L*‘Tzﬁ, rae K — MOAyIb BCECTOPOHHErO

cxkarust, a G — MOJyNh CABHIA, TO

Clev _ Cla(l ~ 2y
T-v#~ 20—
Toraa BrpaxeHMe (2.44) MOXHO 3aNUcaTh KaK

o= Clp . Cpitlor -1y, 245

y =
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WM, €CTH YYECTB, MTO AN YIPYTHX Tel 1 aCZ/c =T ([ —
xoadduument I'ploHaliseHa, ¢, — yncmmax TEMIOEMKOCTE TIPH
nocToAHHOM obbeme), BrrpaxeHue (2.45) mpeobpasyercs B cremy-

OLLYI0 bopMy:
o= ~Toe,(T = Ty) + Chp 2 (2.46)

IonyrHo OTMeTHM, dTo Amst makoctedt I = anC2/cu, Tae
ay — xoadduument oGreMHOIO TerIoBOro pacmupeHun, C —

CKOPOCTb 3BYKA B XHIKOCTH.
JUIs M30TPONHBIX TBEPAIX TeNM AABASHHE U HaNpKEHUS CBSl-
3aHBI MEXIY cobol caeayiommm obpazom [50]:

3
2 (2.47)

wl-—-

o, =~P+ S, i=1-3 (2.48)

Ifle P — JXaBNeHMe, BOSHHUKAKOUWICE 3a cyeT AeopMalMit cxarus-
pacTsxeHusT; S ; — ACBHATOPBI HAMPIXEHWI, BO3HUKAIOLINE BCJEM-

cTBHe JedopMaliii caBmra:

(2.49)

at

rae V = py/p — Ge3pasMepHBIi obbeM.

JUisl OXHOMEPHOIO Chyyast B TPHHATEX HAMH TEPMMHAaxX B
BeIpaXeHHU (2.48) uMeeM

P = Fpc(T - T, (2.50)

S =22 @s1)

rae y + 2u = Clzp.

Taxum 00pa3oM, B JaHHOM Cllydac JABACHUE NpeICTABIAETCS
ABYMSA COCTAB/AIOIIHMMHU. TIePBOE CHAraeMoe — TEIUIOBOE JaB-
JIEHUe — OIUCHIBACT TEIUIOBOC IBHKEHUC BCLUECTBa, BTOpPOE —
XOJNIONHO¢ JABJICHWE — OMUCHIBAET YIIPYTME CBOWCTBA XOAORHOTO
Tejla, CBA3AHHBIC C NMPOJOJBHBIM CXATHMEM-pacTsxeHueM. Hanps-
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[image: image14.png]JKEHME OTMMYACTCA OT NAWICHHMS Ha KOMIOHCHTY, OMNpEelendcMyio
COMPOTHBICHMEM TeNa AcOPMALHIM CABNTA.

BonHoBoe ypaBHEHHE PACNPOCTDAHEHHA IHHAMMUECKHX TEpMOMe-
Xaundeckux Hanpsxenwit. N9 HaxOXEeHMA TMONs TEPMOMEXaHH-
JecKHX HaMpSXeHMH o (X, /) HeoGXoAMMO 3HATh MOJLE TEMNEPATYp

. SU "
T(x, t) ¥ TPAIUEHTH! CMCILCHIA v TeMIepatTyphl MOXHO HAHTH

W3 pelieHUs ypaBHeHMA TEIVIOMpOBOmHoctd (2.6), a 3HaueHMR
cMeleHUH OTTMCHIBAIOTCS BTOphIM 3akoHOM HoloToHa:

plUEn  dotel) @52
hlg 8x

TakuM 06pasoM, Mbl MMEEM CHCTCMY M3 TpEX YPaBHCHMI
ypaBHEHMs cocTosiHus B (opMe (2.46), ypaBHEHHMS TEIUIONPOBOA-
HocTM (2.6) W ypaBHEHMS ABIDKeHMn (2.52) ¢ Tpemst Heu3gecT-
Heimi. TIpeoBpasyeM ypasHenust (2.46) u (2.52) B omxo. Mg aroro
npoaudbeperumpyem (2.46) ABAXAB N0 BPEMEHH:

P 2 P
da(x, 1) - GCa T );,t + j_ C]; @ u'x22 r)‘ (2.53)
a? o at ax af
2
Torma, NOACTABMB BMECTO % ero 3HaueHue M3 (2.52), nomyuum

YPAaBHEHHE PACMPOCTPAHEHHMA TEPMOYTIPYTHX xoneBaHuit B OAHO-
MEPHOI MHOTOCIOWHOM MMIIEHH:
3t PT(x, t
- 228D < ey e TR
(2.54)

Havanpuoe M rpaHMYHbIC YCIOBMA OISl 3TOCO YPABHEHHA:
o(x, 0) =0,
o0, t) = - P, (2.55)

Bae?

1) = 0 — ycnoBue cBOGOJHON MOBEPXHOCTH
MDY OTCYTCTBUY BHEUHEro HABNEHMUA.

7 (Xyons

P 33M3€TCA M3 cheayomyx coobpaxennit. Ilpu Bo3acit-

CTBHM Ha TBEDAOTENBHYIO MHILEHE H3IAYHUCHUS, CO3JAIOLIETC IHEP-
TOBBIAEJIEHUE, NOCTATOMHOE AJId TOTO, yTOGEl BEI3BATH UHTCHCHMBHOE
MCITapeHyc IOBCPXHOCTH, HeoOGXOLMMO 3aJaBaTh Ha MULEBOM no-
BEPXHOCTH KOHACHCMPOBaHHOM a3kl naBneHUe TIapoB. Pacuyeth no
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AByxdasHolt Moge M UCOAPEHUA MOKAIATH, YTO P s COMIMEDMMO

€O 3HAYCHWAMM TEPMOMEXAHMYCCKMX HanpskeHuit. STo JaBreHue
PACCYMTHIBACTCA NP PEATH3aLMH ABYX(Da3HON MOIERU UCTAPEHMS,
onucaHHoi 8 m. 1.4.2,

B HekoTopeix paBotax (Hanpumep, [S1]) paccmarpuBactes
BO3MOXHOCTb [EHEPALMH YIPYTHX KOReBAHUI Mepeaadeit MMITYasca
HaIETAOLLIMX JacTHLl aToMam Mulenu. JapieHne, cosfaBaeMoe 1o
TaKOMY MEXaHH3MY, PaBHO

Py = m VO,
Tae m, -~ Macca Hanetalomieit vactuue; ¥, = \IZE/m‘l — ee
ckopocTh; £ — 3ueprus; @ — NIOTHOCTH NoToka wacTiL. B

HallleM CAY4ae, NPM HAYATbHOU 3HEPrMM YacTHUH B COTHH KMIAO-
SNEKTPOHBONBT, AAKE NPH BOACHCTBHM TTYYKOE TAKEIBIX HOHOB
3Ta BeAWuMHA He npesbinraer 10° Ta. TloaTomy B pacuerax 3TOT
MEXaHM3M HE YMUTHIBANCA.

CneayeT oTMETHTD, YTO Bhpaxetue (2.46) M ypaBHeHHe (2.52)
CTIPABEUINBLE M AAST PACTIPOCTPAHSHMS! MATBIX MEXAHUMECKHX BO3-
MYWCHUA B XUIKOCTAX, KOIAa W3MEHEHHME IMIOTHOCTH BelllecTBa

u
Ap Majio 10 CDaBHEHAMIO C pg, @ MACCOBhIE CKOPOCTH o Maasl o

CPABHEHHIO CO CKOPOCTBIO PACTIPOCTPAHEHHS AKYCTUMECKUX BONH C
[2l. B xuakoctsax moayms cisura G paBeH HYmo, NpM 3TOM

1
u=0uv= 3> & CKOPOCTB pacpOCTPaHEHHs BOMH CKATHS-pas-
[PY3KM ONPEACAACTCS TONBKO CKMMAEMOCTBIO MATEPHANA M PaBHa

C= \/§ = \/% (2.56)

(TMoaToMy ckopocTs 3BYKa B KHAKOCTAX BCeraa MEHBIIE CKOPOCTH
NMPOAOABHEIX 3BYKOBBIX BOSH B TBepaoM cdase.) Kpome toro, ang
XKHMAKOCTER B YpaBHCHHM (2.48) ¢ = — P,

Ecam caBuroBble 1ehopMALMM ¥ HANDSUKEHMS TIPeBBICMAM
HEKOTOPOE KPHMTHYECKOS 3HAYEHME, TBEpPAOE TEAO MEPEXOANT E
TEKY4e¢ COCTOSIHHE W B HEKOTOPOM OTHOIUEHWM CTAHOBMTCH IIO-
DOOHEIM XuAKOCTH. OOHaKko, B OTIHUHME OT KMIKOCTH, Tekydee
COCTOSHUE TBCPAOTO TENAa XapaKTEpPM3yeTcsi HE NOMHBIM OTCYT-
CTBUEM KACaTeNbHBIX HANPDXEHHI, HO OTCYICTBMEM BO3PACTAHMS
KACATENBHLIX HANPAXKEHUH [P YBEIMYEHHH CIBMTOBRIX Iedop-
mauuit. [loatoMy sl pacueta Hampskenwit Tpebyercs 3afanue
YCNOBHIA TeKydecTH. CKOpocTh PaclpOCTPaHEHMA TAK HASHIBAEMBIX
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[image: image16.png]TMIACTHYECKUX BOMH ONpEIENsETCA TaK Xe, KaK M BOJIH Me-
XaHHYECKHX BO3MYIICHHH B. XMIKOCTAX, M, CACAOBATENBHO, 3Ta
BeIMYMHA MEHBIUE CKOPOCTH DAaclpPOCTPAHEHHs YIIDYTHX BOJH.

Taxum 06pazoM, IPH BOSACHCTBEM Ha TBEPAOTENBHbIE MULICHA
MOHHM3MPYIOIMX M3NYYEHHH, BBISBIBAIOMIMX NBIDKEHHE CIUIOLIHOM
CpelBl YMEDEHHOM HHTCHCHBHOCTH (KOTMa HM3MEHEHWIMM ILIOT-
HOCTH MOXHO NpeHebpedb), A HAXOXKACHMA NONeH HaMpaXeHUH
(WM JAaBIeHWH B XMAKOCTSIX NPU BO3HMKHOBEHMH IUIABJICHMA)
6yneM UCNONBIOBATh BOJNHOBOE YPaBHEHME PaCIPOCTPaHEHMs Tep-
MOMEXAHMMECKHX HanpsokeHmit B dopme (2.54) ¢ rpaHHMYHBIMM
yenopusaMH (2.55), pelsaeMOe COBMECTHO € YPABHEHMEM TEIUIOIPO-
BOIHOCTH ¢ a30BEIMKM NepexomaMu (2.6).

Hannas 3agava GhUla pelieHa KOHEYHO-DA3HOCTHHIM METOZOM
1o HesBHOM cXeMe. TTOMyqeHHBIE DE3YNBbTATH! MPUBEACHBL HIDKE.

Ipobiema CBA3AHHOCTH NOJEH TEMINEPATYP i AHHAMHIECKHX HADps-
Wennil. M2 3aKOHAa COXPAaHEHWS 3HCPTMM [ HEPaBHOBECHEIX
CUCTEM, B KOTOPHIX THCCHMIATHBHAA JeOpMauMa OTCYTCTBYET,

o, g oE
il v 2.57
PTa T, T P 37)
rae E — IUIOTHOCTb BHYTPEHHCH 3HEPTMM 3eMeHTa MaTepHalla,

dg,/9x; — IHEPIUA, TIOABOAUMAST TTYTEM TermooOMeHa, HCTIONb3YA

ROMYILEHHS TMHCHHO! TEOPHM YNIPYTOCTH, MOXHO TONYYHTh YpaB-
HEHHe 3HCPrHM JMHENHOK TeopuM ympyrocth [49):

22 .
»T = pc T 2E
a P + W = pc, of + (3y + 2yaTy . (2.58)
3mech A — x03hGMUMEHT TEIWIONPOBOAHOCTH, €, — YAENbHai

TEIVIOEMKOCTE. Bes MOCJIeAHET0 WICHA 370 YpaBHEHHWE NPEACTaBiA-
er coboit ofemMHOe ypaBHeHue TerutonpoBonHocTn Oypre. Io-
CICAHWA YNeH BIEpBhc Obul nonydeH B paborax ioaMens u
COOTBETCTBYET B3aUMHOMY IPeBpalleHUKD TEINOBOi M MexaHHYeC-
Kol 3HeprHy. JaHHOe YpaBHEHNME HA3BIBACTCH CBS3AHHBIM YPaB-
HEHHEM TEIUIONIPOBOAHOCTH. OHO IOKA3BIBACT, YTO €CNM BHELIHES
BOZNEACTBUE BHISHIBACT U3MEHcHHE AcQOPMALINY BHYTPH TENa, TO B
obimeM caydae 3TH M3MEHeHus AchOPMAllMU COMPOBOXIAIOTCS
HIMEHEHMAMH TEMIICDATYDH M, CNENOBATENBHO, MOABICHHEM TEM-
JOBOTO NOTOKA. ONHAKO MHTYUTHBHO KaXCTCH OYEBMIHBIM, UTO
BIUSHHE yXa3aHHOM NedopMaumy Ha TeMIepaTypy He MOXeT GBITh
canmxoMm GormpminM. CheiasM OLEHKY BKIala 53TOr0 WicHa B
061Kt TEIWIOBOH MOTOK.
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MepenuuweM (2.58) B BHIE

52
T T +2u | 3E ar
AL s w = L Xt Zuj 9 LEN ,
ax? PG o [l + a[}y + 2u a// |l (259,
3y + 2m)%?
,azc"C,Z
B aToM ypasneHMH WieH, coepXalluit 6, OTPAXAET BIHSHU
CRSI3AHHOCTH M MM MOXHO MpeHeGpeus, ecau

rae & =

at at Sy 42 (2.60)

2
4 a7t [
GE [a ﬂ] « 173
UrobH MPOBECTH YHCACHHOE CPASHEHHME, HaiiieM NpaByio 4acTk
HepaseHcTBa (2.60), Hanpumep, ms xenesa [17]: y = 1,152+ 10! TIa
p =787 10 k/Md, u = 0,585 101 Ma, ¢, = 447 [bx/xx - K
a =12 107°K™!, Ty = 300 K. OHo BhmonHsercs, xoraa

3E T AE s9T =
F/3"F< 59, ?/;« 2,12 - 1073, (2.61)

Takum 06pa3oM, TpeHeGpeub BIMAHMEM U3MeHeHMs aedop-
MaiM¥ Ha TEMIIEPATYPHOE FONE B XC/IC3¢ MOXHO [IPH BHITONHCHUH
HepaBeHCTBa (2.61).

Ilpu pacuerax AABNCHHIt ¥ TeMMepaTyp TYTEM PENICHUS Ypap-
HEHHA CINOMWHON CPeAM yueT RIMSHMsI BONHBI AecbopMaLmii Ha
TEMIIEPaTYPHOE TOJE MPOUCXOMMT aBTOMATUYECKH.

Pacuersl MOKA3aiM, uTe Aaxe MPM PAcTPOCTPAHEHHMH BOMH
AaBneHUi ¢ aMmATYaoi okono 10'! Tla AameneHue TemiepaTyphl
HE NPEBBIIACT HECKONBKUX AECATKOB IPagycoB. Ipu pelueHmm xe
TCPMOYTIPYTO# 331a4d BNWIHMEM NCODMALIMM HAa TEMMepaTYpHOe
nosie TeM Gonee MOXHO IpeHeSpess.

Kpurepuii onpenenesiua rpamun mpumenuMocTH MoTefiedl pacdera
IARAMHYCCKUX TePMOMEXAHHYECKHX Hampaxenwii. Mogens pacuera
HANPSKCHHA B PaMKaX JTMHE/HON TEOPHM YNIPYTOCTH TIPEANONATAET
JIMHEHHYIO CBSI3b MCKAY TEH30DAMU HAMpAXEHMH M AebopMali.
TIpy HanpsXCHUAX, NPEBBILAKILNX NPEAE YIPYTOCTH MATEDHANA,
37a CBA3b Hapymwiaercs. Ecm ofpatutecd K M30TEpME XOMOMHOTO
cxkarmsi Bewectsa P, {p) (Hampumep, Ha puc. 2.6 TIPUBEIEHA M30-
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Puc. 2.6. Hsotepma xonogHoro cxarus Meau [56]. Ha otmeueHHoM yuactke
(8,65 10° s p = 9,3+ 10° kr/m’) oMa sRnsiercs NumeHnok dyHKTMEl.

TEPMa XONOAHOTO CXKATHR MEAM), TO MOXHO 3aMETHTh, YTO B
HEKOTOPOH OKPECTHOCTM HOPMAIbHOW INIOTHOCTH 3aBHCHMOCTh
MEXIY TUTOTHOCTBIO U JABACHMCM JIHHEHKHad. BTo H €CTh obnacTh
COCTOSHMS BEIUECTBA, B KOTOPOii BHIMONHSETCH 3aKOH I'yka. Cre-
JOBaTeAbHO, NS YCJIOBHM OBNYYeHRd, IpM KOTODBIX H3MeHEHME
TUIOTHOCTH BCHIECTBA HE BBIXOAMT 32 YKa3aHHbie MPeReasl AHHEN-
HOW 3aBMCHMOCTH Px M p, MOXHO IIONIb30OBATLCA PAcYETHON Mo-

ALK, MOCTPOSHHOM B paMkax nuHelHoM Teopuu ynpyroctd. Ipu
BLIXOAC 32 ITH MNpeACHb JMHEHHAS 3aBUCHMOCTL Mexay P, 1

£ HapyllaeTcs, CNeAOBATENLHO, 3ajlady of oGpa3oBaHHM W pacTipo~
CTPaHEHMH O HYXHO PEllatTh B PaMKaxX TCOPMM ABHXEHMS CIUIONI-
HOM cpeasl.

Pacyer cratmiecknx Hampskenwii. HecMoTps Ha To uro BOIHA
JAMHAMMYECKUX HAMPSKEHMH OBICTDO 3aTYXAET, OCTAIOTCA YCIOBHUS,
TIPY KOTOPHIX BO3MOXHO CYLIECTBOBAHME CTATMYECKMX HANPAXKEHUH
B TIONEPEYHBIX K HaNpaBNeHMIO NajcHMA M3nydeHus (ock X)
IJIOCKOCTAX. DTO, BO-IIEPBHIX, CYWIECTBOBAHMC HEKOTOPOE BPEM:
TPagMeHTa TEMIEPaTYp BAONL X, a BO-BTOPBIX, ISl MHOTOCHOWM~
HBIX MHUuIEHEH, HEOMHOPONHOCTD MEXAHHIECKHX CBOMACTB BELLIECTBA
Baoab X.

B [49] noxazaHo, YTO B 3THX YCNOBUAX KOMIIOHEHTBI HaNps-
XKEHHA OYQyT UMETh CIEAYIOWMI BHA:

0, = 0, = f(x); (2:62)
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G = 0y = 0y =y = 0. (2.63)
OTIMMHBIE OT HY/SI KOMIOHEHTE! HarpmKEHHs PasHEI
ax)E(x
oy =0, = fx) = _I—L_Lv((;)l T@x) + C, + Cpx. (2.64)
3mech @ — Ko3QQUUHEHT TEIUIOBOTC pacliupenws; E —
momyns IOmra; v — xoadduumenr Ilyaccoma; €, n C;, —

KOHCTAHTHI, KOTOpble HY)XHO BEIOpaTh TaKUM 00pazoM, 4ToBHI s
KaXaol TeMmmepaTypsl 7(x) PpE3yIsTHDYIOIIAA CHAR M pe3yAb-
THPYIOIIMA MOMEHT, OOYCIOBNEHHbBIE HANPAKEHWIMH 0, K 0,

GBUIM PABHAI Hynto Ha GOKOBEIX MOBEPXHOCTAX 06pasia TOMWMHON
2h, T.€.

2h 2k
Jodx =0, [o,(x~ hydx=0 (2.65)
0 0

u adajormdno anA o,,. Hatlgennoe TakuM obpazom peuneHue
HMMEET BUI

2k 28
(x = b
0, = 0, = —k(M)T(x) + ﬁ{de + A—(;TQ{T(x - hydx,

(2.66)

rae

Temnepatypa 7T(x) paccUMTHIBA€TCA C MOMOILIO YPABHCHMA
TETONpoBOAHOCTH (2.6).

Jdo Tex mop moka npodmib TEMIEPaTYp He BRIPOBHAETCH,
SMOPHL 0, U T, Gyayr MeHaTbea. Korda Becs ofpaselr paBHOMeEp-

HO Tporpeercs, o,.(x) K ayy(x) 6yOyT OnpeAensThes TONBKO
PasnUEM B TEPMOMEXAHMUECKMX CBOMCTBAX MATCPHANIOB, COCTAB-
JISIOMIX MHIUEHb.

2.2. MogenupoBaKie npoLEeccoB AACCHIALIMYM IHEPrUy
BbLICOKOMHTEHCHBHLIX MMITYJIbCHbIX
PAXMALHOHHBIX MOTOKOB B TBEPAbIX TENaX

B npenplaylieM pasfiesie NOKa3aHO, YTO OCHOBHOM MEXaHW3M
ZMCCUITALHM BHEPIVM B TBCPAOM Tese NPY BO3IEHCTBIM MMIYJIbC-
HEIX TOTOKOB M3IyYEHMSA yMEPEHHOH MHTCHCHBHOCTH — 3TO DPac-
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[image: image18.png]TPOCTPaHeHNe TeTuia B IyGh MUICHH IYTeM TeIVIONPOBOAHOCTH U
WCIIApEHNe BEIIECTBA. BoasielicTBIE Xe BBHICOKOMHTEHCHBHEIX HM-
TyIbCHBIX W3MYYEHHH XapaKTePH3YETCS TeM, UTO CYWECTBEHHYIO
POib HAYNHAKT MIPaTh NPOLECCH], CBA3AHHBIE C BO3MYLICHHEM
TUIoTHOCTH. ClenoBaTebHo, 36Ch AMCCHNIALMIO HEOGXOAUMO pac-
CMATPHBATh B PAMKaX TEOPMM ABIDKCHHS CIUIOLIHON CPEeAbl COBMe-
CTHO C YPAaBHEHMSIMU COCTOSAHUS. PaccMoTpmM noapoGHee MeTOAb!
YHCICHHOTO PEelLIeHHs 3TOR CHCTEMB! YPAaBHCHMH.

VpaBHenua (2.1)—(2.4) zanucanel B dopMe Ditnepa, koropas
OTHKCHIBACT IIOBCAEHHE CIUIOMIHON cpelbl B TNPOCTPRHCTBEHHOMN
ceTke, QuxcuporaHnoi B naGopaTopHON cHCTEMe KoopauHar. B
AIBTCPHATHBHO#M dopMe JlarpaHka KBIDKCKHE CPEABI PACCMATPUBA-
€Tcd B CHCTEME KOOPAMHAT, CBA3aHHOM C ABMKYLIMMCA BEILECT-
BOM. C TOUKM 3pEHHA YHCACHHOTO PEUICHUS YPaBHEHMIT CILUTONIHOM
cpeltsl 0be GOPMEI AN KAaXIOro KOHKPETHOIO CAiydasd HMEIOT CBOM
NPEeHMYIUECTBA M HemocTaTku. Popma Jlarparka XOpolio 3apeKo-
MeHzoBana ceGs NPy PEIICHUM OJHOMEDHEIX 3ajad MApU yMEDCH-
HbIX AebopMauMax BewecTsa (nampumep, [SO, 52)). Omuako B
Cry4ae nepexofa K MHOTOMEDHLIM 3ajlavaM, a TakoKe B YCJNOBHMAX
CYNIECTEOBAHUS CHIBHEIX AeOPMALMIT NarpaHXesB Nomxod Npu-
BOAUT K GOJBIIMM BBIMHCIMTCIBHEIM TPYIHOCTAM.

Baxwoe npenmylnecTBo Metoaa Ditiepa cocTOMT B TOM, YTO ¢
€I0 IOMOLIbIO pacyeThi NPOM3BOAATCA 63 Kakux-nmbo 3aTpym-
HOHMI [PH HAIMMM B CPEle CHbHBIX Aethopmaimit. OmHaKo npy
€r0 MCHONb30BAHHM BO3HHKAIOT NDOGNEMbI HPH PacyeTe CHCTEM,
HMCIOUIMX TPAHMLBI Da3geaa CPel, TaK KaK WMEET MECTO TEH-
JASHIUMST K ABIDKEHHIO M NEPEMENIMBAHMIO BEILCCTBA YePe3 MOBEPX-
HOCTH PasiieNna ¢ pH3HYECKH HEPCANbHEIMU cKopocTaMu. [103ToMy
pa3paboTaH DAL METONOB, HA3BIBACMBIX METOAAMM PACIIEILIEHMS,
KOTOpBIE [Jisi KOHKPETHBIX CNIY4acB JBIDKEHHS BEWECTBA COYETAIOT
B cebe Mywnide Kauecrsa MICAnBHLIX cxeM Jitnepa w Jlarpamsxa,
HANPHAMEp MCTOH YacTHIl B suelikax Xapaoy [53]. Ilpu pacuetax 1o
METOly 4acTHLl B AYeHKax XMAKOCTh pa3buBaeTcg Ha Gobloe
HHMCIHO 3IIEPOBBIX AYEEK, KOTOPHE OCTAalOTC B Tokoe. OIHAKO,
KPOME TOTO, 3fleCh PaccMATPHBACTCH JNarpPaHXeBa CETKA HACTHIL,
TIPEACTABIONMX OO0 IMEMEHTHI XUIKOCTH, KOTOPHIE NBHXKYTCHA
4epes aiiepoBy CETKY fMceK. DInepoBa ceTka MCMONB3VeTcs NS
pacyeTa MONeH# NABNCHYS M SHEPTHH, B TO BPEMS KAaK YACTMLIbI
CHYXAT [/ OIMCAHMsS ABIDKEHMS BELIECTBA. DTOT METOA MOXET
OBITb YCMEWHO NPHMEHEH IR 33724 TMAPOXMHAMUYECKOLO Iepe-
MELUBAHMs. THaBHEI €TO HEJOCTATOK COCTOMT B TOM, YTO €O pea-
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nusatma Tpebyer Gonpioro ofbema namath HBM M BpeMenu

cyeTa.
B paBorax O.M. BenouepkoBckoro 1 10.M. JdaBmaosa maes

pacuienTeHus ABIKEHUA Ha SWIEPOB U JArpaHXeB OTambl, 3alo-
XeHHait B OCHOBY METOJa HACTHI B siueikax, GhUIa peannsoBaHa
AN OMUCAHM ABIDKCHMA TOMOTEHHBIX CPen [541], a cam pa3p360“-
TAHHBIA MMH METOIX MONYSW1 Ha3BaHUE METOJA "KPYNHBIX HacTHL .
OH 6L VCTEIHO TIPUMEHEH /TSl PENICHHUS 3224 B3AUMOACHCTBHS
MOILIHOTO IA3epHOTO Manydenws [23], a TaKke MOIIHBIX MPOTOHHBIX

myukoB [38] ¢ BewlcCTBOM.
MeToR KPYIHEIX YACTMIL C HEKOTOPHIMM MOAMMUKALMAMY, O

KOTOpbIX BYAET YNOMSHYTO HIKE, MCIONBIOBAH H HAMU.

2.2.1. MeTon peuiesiun ypasHennli CIAOWHOA cpesbl

PaccMOTDHM DCIIEHUE 33JaYd B OAHOMEPHOM MPUOMMXECHMM,
AOTIyCTMMOCTB KoToporo ofcyxaanacsk B m. 2.1.1. CucremMa ypaB-
HeHWi crloliHoM cpenst (2.1), (2.2), (2.4) roraa sanmimierca B

CceAYIONIEM BHIC!

o, dEp) _ g @.67)

af ax

L 2.68

w T T TP (2.68)
WE | L lpl gy 2.69)
o T T PPax+ . (

Tak kax
E(p, 1) = Eq{p, 1) + Ei(p, 1), P(p, ) = Pr(p. 1) + Pyp, 1)

(noa E; W Pj moapasyMeBacM CyMMY COCTABNSIOLIMX, OIHCHIBA-
JOLMX TENIOBOE ABWKEHUE aTOMOB M TCILIOBOE BO3GYXACHHC
3NeKTPOHOB), a No ompefeneHmio [2] dEy = — PdV, e V —
YAENBHBIA 06beM, TO GYAET CIPABCAAMBO YPABHEHNUE, BEIpaXaKollice
3aKOH COXPaHEHHA TENJICBOH SHEPIHH:

3E, oF. 1 o
—L —L - P, =+ W (2.70)
w T ° Prox

ByoeM peliath CHCTeMY W3 YPABHEHHI (2.67), (2.68), (2.70),
JIOTIORHEHHKYIO YPABHEHMSIMH COCTOSIHMS, OTMCAHHBIMM B CENYIO-

mem naparpade.
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[image: image19.png]Ha nepsowm, aitneporom, sTane pacucroB Bemectso nomaracros
HCTIONBIDKHEIM  OTHOCHTENBHO CETKM, HM3MEHSIIOTCSI TONBKO Be-
JIWYHHEL, OTHOCSILMECH K sdeiike B I€AOM. DT 3HAUMT, YTO B

ypaBHeHMAX (2.67), (2.68), (2.70) omeparop u_i Tonaraercs pas-
ax

HbIM HYIIO. YDPaBHEHHS PEIIAIOTCH KOHEYHO-DAIHOCTHEIM METOA0M
SlueHKM KOHEYHO-pasHOCTHO! ceTxku 6yneM HaswlsaTh ﬂlleﬂKaMY;
oHepruu. IleHTpaM sucek NPUNUCHBAIOTC 3HAYEHMS JaBRIEHUS
VAENLHON BHYTPEHHEH SHEPrUM K WAOTHOCTH. MaccoBhie cxopocrv;
OTHECCHH K yanaM cerkM. Takoe pacnofoXeHHe MCKOMBIX Mepe-
MEHHLIX Ha KOHEYHO-DA3HOCTHOMN CETKE XOTA U YCHOKHSCT pacue-
THl Ha JlarpaHxeBoM 2Tafne, OAHaKo CYIISCTBEHHO IIOBLIIIAET
YCTOMIUBOCTS PEIICHMA NO CPABHEHHMIO CO CXEMAMM, MCIIONb3ye-
MbiMK B paborax Benouepkosckoro, Hasbinosa u Xa;;noy [23 }5,3
54], rae 3TH Aveiikn coBMelleHbl. KoHeyHo-pasnocraas ann;)oK:
CHMALIVSl YPABHCHUH NBIDKEHUS M 3HEPTMM UMEET BHI

P Af
U, =u, (P~ P) m; 2.71)

i

Ep, = Ep, + ﬁ/. -In

(2.72)

e 3)15“ HCHAZICPKHYTBIE BEAMYMHBI OTHOCATCA K MOMEHTY Bpe-
M !, HaAMEPKHYTBIE TNPAMON NUHMeir — K MOMEHTY ! + Af.
s

HaJ4CPDKHYTbIC BONHMCTOM JHMHMEN — K MOMEHTY ! + A

=1 7 ’
=3 (# + @)); At —mar no BPEMCHM; AX — pa3Mep pacueTHOH
CeTKM; m,

o

( « =7 MACea BEINECTBA, HAXOUAIUETOCA B AYCHKAX MMIyNBCa
OHV;]];HVCHOJIO)KEHH ye)mx UEHTPaMU s14yeeK 3Hepruu).
cnie pacueta 4 n k. mepexoauMM ko Bropomy, AarpaHXeBy,
Z::\ny Ha neM paccMatpusaerca nepewoc Macest
v TLyALCA MEXAY SHeHKaMH, 0BYCIOBNCHHLIN ABMXEHY
a OEOCHTCJ[!:HO SWIEPOBOI KOOPAHHATHON ceTk,
Momo;;_[:;:o;; OchLl;CTBMlCTCﬂ NEPEXOIl OT YAENBHBIX BENUMHH ~—
» YACABHON SHEPIMH M CKOPOC
TH — K JKCTEHC] .
nors p HBHEIM:
”IE Hu ”l‘,l (COOTBCTCTBEHHO B A9eHKax SHEPTHH U umnlebca)
TIONHOM Te: ] ’
TUTOBOH aHepruv £, u uMnynbc:

SHEPIrHY M
€M BELIECT-

A ¢ B AYeiKax MMMyeca:

2.73)

= Epig 4 = 4M

Jlanplle HEOGXOAMMO BEMUCHHTD CKOPOCTh CPEAbl OTHOCUTEND-

HO Tpayll SYeeK ¥°, TAK XAX KONMYECTBO BCIIECTBA, SHEPIUM H

WMMMynbca, Mepeliesee U3 OAHOM suelikn B Apyrvio, Oyner
PaccymTaHo Mo dopmyie

. .

WAL i ecau u; > 0,
_ war = k) i 4
AS,-—S,{AX, rae k i+ 1, e ou; < 0.

(2.74)
3jech oA S TIOHMMAIOTCS Macca, AMIIYILC, TEAI0Bas SHEPTUd.
OnHAKO TpEeABapUTENEHO OBCYAMM CHEAYIOIYIO npobnemy. B
PE3YLTATE TETIOBOIO PACIIMPEHHA BEIECTBO M3 MOBEPXHOCTHOR
sueliky Ha4yHeT NepeTekath B MPEACTOAIMYIC, MYCTYIO, M, €CAM HE
FPEINPUHATS COELUATBHBIX MEP, OHO «pasMaXeTc» NO Beeit
SYEHKE, YTO TMPHBEAET K PE3KOMY YMEHBIICHHIO ILIOTHOCTH Bellle-
cTBa, OBYCHOBACHHOMY TONBKO CMOCOGOM KOHEMHO-PASHOCTHON
aNNPOKCUMALMH, 2 He (HU3MIECKON npupofoi asnenus. Koxeuno,
I 33449 Ta3OAMHAMMKM 3TOT ekt BPAN AU BYACT CYIECTREH-
neiv. TlosToMy AaHHas mpo6ieMa He paccMarpueanach B pabotax,
[OCBAIEHHBIX M3yMeHMo IBKCHUA CIVIOUIHOW CPEAB [OA Aehi-
CTBMEM CHEPXMOIIHBIX M3AYYCHMH W CBORAMIMXCA X PeHICHHIO
rasoMMHAMAHMECKMX 3ajad (Hampumep, [23, 38]). OmHako nac
MHTEPECYET "MepexofHBIR' AMANa¥oH SHEPTHH HITYHEHMA, Koria
KOHAEHCHPOBAHHOE BEILCCTBO MPOCTO PACcLIMPSETCH WIH OHO Ha-
uyMHAeT MCMapaThca. TToaToMy O4eHb BaXCH KOPPEKTHEIA pacteT
TUIOTHOCTH BELIecTRa BONM3H KOHICHCHPOBAHHOM MOBEPXHOCTH,
N yero GEUTM NPEANPHHATHL cieayomme Mephl. Ha kaxkiom miare
1O BpEMCHM ONPENEACTCH [PAHUIA KOWACHCHPOBAHHON MOBEpX-
HOCTH (IaHHAS TIpONefypa ONMcaHa Hike). B aTod Touke Gyaer
HAXOAMTBCS HYNEBOW Yaea (Hauaio MepBod aveiiki). Bes pacdet-
Has CETKA DACTATHMBAETCH WIM CKHMACTCA Takum 0BpasoM, 4ToGb!
pPa3Mepsl Beex sveek ObUIM OAMHAKOBEI, T.€. KAOXIBIK y3en HOBOH
SWACPOBOH CETKH MMEET CKOPOCTh # ;. CKOPOCTb ABIKCHUS Bellle-

CTBa yepe3 y3is! HOBOM 3/NEpOBOH CETKH ] (a UMEHHO OHa HaMm
HYXHa juis1 pacuetoB 1o bopmyne (2.74)) paBHa

w =, - g (2.75)
MNpu s10M
L, —u
e =ty + B - g @
" o
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[image: image20.png]TIpit BEIMONMHEHHM STOH NPOUCAYPH CKODOCTH BEIECTBA OT-
HOCMTRJIBHO NOBEPXHOCTH KOHAEHCHPOBAHHOM a3kl GymeT pasha
Hy/Io, 9To M TpeboBanock ofeceunTs.

Tlap 3aHHMaeT AYEHKM C OTPUUATENLHEIMK Homepamu. s
HETO 331310TcA OOLMHEIC IIS 3144 ras0BOY THHAMUKM [PAHHIHEE
YCNORMSL.

Tlpu oxoHYaHMM pacueToB Ha NAaHHOM Irare Mo BpeMeHu or
TIOCYHTAHHHIX Ha JIAIPAHXKEBOM 3TANe SKCTEHCHBHBIX BeMYUR
HEOGXOMMMO TieDEHTH ONATH K HHTEHCHBHBIM: ILIOTHOCTH, yaenb-
HOM TENNOROI 3HEPIHH, PACCUMTEHIBAEMEIM B LEHTPAX Aueek HoBoj
9MNEPOBON CETKM, B X MAaccoBOh CKOPOCTH B e¢ yanax:

Py = my /Ay Epp o= Epi/mg u,= q/my,. (277)

U3 ypaBHenwit cocTOHHA BEMMCIHEM Pru P (P= P+ P).

Takum 06pasoM, HalifieHE BCE HEM3BECTHBIC BE/HYMHEL MoxHo
FIEPEXOSIUTL K DACYETaM Ha CIEAYIOLIEM IUare IO BPEMEHH.

Bpume  ynomueanocs, UTo noMmmo o6NAacTH, 3aHSTOM KOH-
ACHCHPOBAHHBIM BELECTBOM, BIEPENM M C3agH Hee BHAENMIOTCH
CBOGO/THEIC SMeHKM AU PACYETOR ABMKEHMA naposoit a3kl Ilep-
BOHAYANBHO B HMX 33JaeTCH OYeHb MANCHbKAS IITOTHOCTH
(~107% kr/m%), 3HaueHue KOTOPOH HE TORNMSIET Ha pEIUCHHS
Jagaumn. Kommuectso croGogmbx smeex BHIGHPAETCS TAKMM, YTOGHI
JaNbHEHlee YBETHYCHHE MX 4HCAA HE OKa3bIBANO 3aMETHOrO
BIMAHWS Ha O6ulylo KapTHHy mponecca. Bemectso, KoTopoe nepe-
TEKAeT 32 IPAHMIIBI CeTKH, Ge3BO3BPATHO TEPALTCH W3 cHcTeMEL Ha
TPAHMIIAX CETKH JARICHUE NONATacTCsi PABHBIM HYIIO.

TonoxeHne mnoBepxHOCTH KOHACHCHPOBAHHOM (aspl Hymem
HaXOAMTh M3 CSAYIOWMX COOBpakeHMit.

Anst monHoro wucnmapenns Bemecrsa HeobxoauMo, 4TOGH! ero
TCIUIORA 3HEPIMA JOCTULA 3HAYEHHUA TEILIOTHI CYGnUMALyK L 1na
JaHHOM IIOTHOCTH p (IpH p < Po). L mpencraBnser coboit snep-
THIO, KOTOPYIO HYXHO 3aTpaTMTh, YTOBH Pa3BeCTH BCE ATOMbI
CAUHULEI MAcChl BelllecTBa Ha GeckoneuHocTs. Oua pasHa

Ltp) = Ly - E(p) mna p < p,, (2.78)
rae Ly — Temnora mcnapenus Tpy a6COIIOTHOM Hysle TeMTIepary-
Pbl, KOTAA IUIOTHOCTH BEIIECTBA paBHa Pos E.(p) — "xonopnas"

COCTARIAIOMIAA BHYTPEHHEH SHEPIHH BeliecTra. I'paHHMueH KoH-
HACHCHPOBAHHOH pa3er GydeM cuMraTs AMHUIO pasgena Mexay
obmactamut ¢ Er(p, T) = L(p) n Er(p, Ty < L(p).
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Eciii BELIECTBO HAXOZMTCA B CXATOM COCTOAHMU (p > pg), TO

KpHTepHeM €ro nepexosa B map Oymer yenoBME IOCTIKEHUSL
TeMIiepaTyphl BhIIIE WAK PaBHOM KpUTHHECKOM!
T > Tyom

Taxum 0Bpa3oM, Mpeanaracmas MOAU(UKaLHMS mnec’moroxr::
Tola KpPYNMHBIX YacTHI MO3BOJAET PaccuMTaTh no.vu:oxe|-11/1:Kam‘I
JIeHCHPOBAHHOM MOBEPXHOCTH MUIIEHH, NPH 3TOM HE ROTIY aetes
He MMEIOIETo (HIMYECKOIO CMBICHA NePeTEKAHHA BEllECTBA 21-
Hee. VIHBIMH CIOBaMK, JaHHBIA METON ABIACTCA HAAEXHBIM r;x:“ -
DPYMEHTOM JUIsi pacdeTa 3pO3HH B rmponuﬂammecxorg ﬁomﬂ-
ncnapenns. Ha ero ocHOBE MONYYEHb! PE3YABTATH, OMYOX Kosar
Hele B [44, 70]. JIByMepHEIA BapHaHT 2TOH MoZMbHKALH Jaer
BO3MOXHOCTh PACCUMTHIBATL THAPOAMHAMUYIECKOE NCPEMEUIHB:
peinecTBa mMumeny [55]. .

2.2.2. YpaBHeRHA COCTOSHHA BeleCTBA

TlpenBapuTenbHEC OLEHKM MOKA3ATM, 4TO TPy Boaneﬁcr;‘mf
BEICOKOMHTECHCHBHBIX MMITYIBCHBIX NIOTOKOB MOHUSHPYIOLIMX n“ b};_
yeHMil B [PHIIOBEPXHOCTHOM OGJACTH MHIICHH PA3BUBAKTCA

M€ HECKONBKUX ACCATKOB THICAY IDAAYCOB,
MepaTypbl, JLOCTHIAIOLI e ey
fIpM 3TOM B BeIISCTBE BO3HMKAIOT Aapienua 10°— - Creno-
BATENbHO, YPABHEHUS coc-rom-mufb HOTXHBl ONMCHIBaThH KOHI

H TApOTUIa3sMEHHYIO a3kl

cﬂpog:ﬂny:ecmop [2], ymenbHY0 BHYTPEHHIIO JHEPIMIO M ):(an;
neHHe TBEPOOTO TeNa WIH XUIKOro BEIECTBA MOXHO npcncrasm"e
B BUIE CyMMBI TDEX COCTABMSIONIMX, KOTOPRIC OMMCHIBAKT ynpa);[rOM
cBojteTBa xomopHoro Tena (E,, P,), onpeacnacMbie MOTCHIIM:
MEXATOMHOIO B3AMMOJCHCTBIA, TETUIOBOE [BIKCHKE aToMOB (£, P)

U Tennosoe Bo3GykacHye anekTpoHos (E,, P,). Takum obpa3oM,

3IHEpPTHA U JaBJICHUE PaBHbBL!
E=E(p, T) + E(p, T) + Ep.T), (2.79)

P =P p,T) + Efp, T) + P(p T). (2.80)

Jing onucaHms BCEX TPEX KOMIICHEHTOB RABICHMA U BHyTpEI::
Helt 3Hepruy GHUIM BHIOPaHE MHTCPIO/ILIMOHHEIE ypgm-lcugm Jclzn_
TOSHMA METAUIOB, NpeAcTaBIeHH e B [56]). BuGop 6wt o ycaso-
JIeH TEM, YTO 3TH YPaBHEHHMA COCTABNCHH AN mugoxoro zm:n o
HA [ARNEHUN W TEMIEpaTyp, BKAKOHYAIOWIEro OONAcTH KOMA
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[image: image21.png]CHPOBAHHOTO, ABYX$A3HOIS, ra3006pa3HOTO U MAAIMEHHOIO COCTO-
AHMA. OHM MOAPOGHO ONMMCHLIBAIOT MOBEZEHME MeTanna BOIMIY
KDHTHUECKOHA TOYKM ¥ B OONAcTM NIIOTHON HU3KOTEMIepaTypHOH
TA3MEL.

BL{pa)erm AU SHEPTHH U JAB/EHHA JAIHCHBAIOTCS B TIPMBe-
HeHHoiT opMe:

-n

o =4 [1 e ma"’s)J, 6=p/r Q81

7, = rkA 3(mmf - [smart — gy, (2.82)
e =2tz _ I 2.83)
=T e ] )

y +z/3
T = Ty 2 Kot (2.84)
z g
e =g ch(’;—'), B = B (2.85)

Z + vexpla(e - 1))
Z = o (2.86)

1+ pexplalp - 1))’
2
7 = 3 Kee,. (2.87)

IIpuBeneyHbIe TIRPAMETPRL T = P/Pk — HaBNeHue, p = p/ g —
TWIOTHOCTL, t = T/T, — Temneparypa, ¢ = /AE(% RTkJ — BHYT-

benan sHeprui. MHpekc & oTHocHTesl K KpuTMueckoit Touke.
Bxoasuwme B ypapuenus xoncrantit A, X, r, B, BBMUCTSIOTCH U3

dbopmyn
3
A= An/3RTy, K = 2RTyp P,

r=py/ P By = /'kak/% R

[0 MCXOAHBIM AAHHBIM: A — TemioTa cybmumaunst npu T = 0 K,
b — anexTpoHHan TemioeMKOCTE, paccunTEIBaCMag JUIS BRIPOXAEH-
HOTO JICKTPOHHOrO rasa. KoHeTauTsl m, n, v, I, k, @ — ToAroHOY~
HHIE.
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Ynpyras cocTaBisiolllas JHEPIUM M AasieHMa B Gopme (2.81)
¥ (2.82) xauecTBEHHO OTPaXaeT BUF HYJEBONH W30TEPMRI, NMpUHEM
paboTa pacIHPEHMs BEINECTBA OT HOPMaJbHOW IVIOTHOCTH A0
HyNeBOY COBMANAET ¢ Terorod cybauMMauuy Jas mobrx m M A
TIpn eeibope m 1 1 yCNOAB3OBANMCh pekoMeHgalmm [57, c. 269].
Kak okasbisaeT CpPABHEHHC ¢ IKCHEPHMEHTANBHBIMH AaHHEIMK MO
XonoaHoMy c¥aTMio [58, 59], dopmyma (2.82) ¢ BHIGpaHHEIMH
3HAYEHMSAMU M W A YAOBNCTBOPUTCILHO OIMUCHIBACT YNPYIVIO CO-
CTABNAIOLIYIO JABNCHUA NTPUMEPHO A0 ABYKPATHOIC CXAaTUsl MeTan-
JIOB.

HurepnoaguuoHtas GopMyaa TEILIOBOI COCTaBMAOILIEH 3Hep-
rMd 06EeCHedrBACT ACHMNTOTHYECKUE 3HAYCHUA MOIBHOM TEMIOEM-

KOCTH IS MieansHoro rasa C, = EY U A KOHIEHCHPOBAHHOTO
v o2

cocroanma C, = 3R. [IpK 2TOM MHOXMUTEND B (OPMY.IC TEILIOBOTO

JABICHHSA MMEET COOTBETCTBYIOIIME AacHMNTOTHL 2/3 m xoadibu-
uieHT [proHaitscHa.

VIHTEPIONFLMOHHOS YPABHEHUE AN 3NCKTPOHHOR COCTABNSIO-
weit npexnoxeo 8 [60]. Tpu Gonswiolt MIOTHOCTH W CpaBHHTENB-
HO HEBBICOKHX TEMIEPATYpaX OHO MEPEXOAMT B U3BECTHYIO dopmy-
7y BHYTPEHHEH SHEPTHU BHIDOXACHHORO 3/EKTPOHHOIO rasa

e, = %,512, (2.88)

Tlpy# ManbIX IUIOTHOCTHX W BHICOKMX TeMieparTypax ¢opMyna
REPEXOANT B YPABHEHME DHEPrUM MICANBHOFO raza (IUTasMel):

6, = Z/1. (2.89)

B npenenax ouelip BBICOKHX TeMilepatyp Z COBMajaceT, o4e-
BHAHO, ¢ 3apAfOBLIM 4icinoMm anpa. Oamaxo dopmyna (2.85) He
APWroAHa OIS cAyyas HM3KOTEMIIEPATYPHOW IUIa3Mbl Manoif mnor-
Hoctu. JIns paclimpeHMs ee obmacTd NPUMCHEHUS MCIIOMb3YeTCH
uHTepnonsuvornas dopmyna (2.86), KoTopag Npu BHICOKMX NAOT-
HOCTsAX obecmeunsact Z - 1, a B CAydac MalblX IUIOTHOCTEH
obecrnieunBaer nepexod Z K CPeAHCH CTENEHM WOHM3auMu Z,.

PaccuursiBaercs Z, no ypasuenusm Caxa [2, c. 168]:

am fo T2 I

s My Hpyy 2 B mal
=2 b ex| X 2.90
", u, n» P ke, T ( )
rae n, — MNOTHOCTh MOHOB C 3apAnoM m; #, ~ IUIOTHOCTh
INEKTPOHOB;  #, — SNEKTPOHHAA CTATHCTMMECKAs CyMMa Qs

81




[image: image22.png]mM-MOHM3HUPOBAHHOTO COCTOSHMUS; m, — Macca BACKTPOHA, kB -

nocroaHHas BonbliMana; A — mnocrosiHHad Ilnanka; I — mo-
TeHIMall HOHM3aUM; Z, — YCPeIHCHHAs MO BCCM aToMaM BeILE-

CTBa CTeNEHb HOHH3ALMA.
Bro ypaBHEHHE aNNpPOKCHMHUPYETCA NPOCTEHIM TPAHCLEHACHT-
HBIM YpaBHEHMeEM [2, ¢. 176]:
1) _ AT3?
I(Zc + 2] - kT ALZ @90

f3

2am k.
3nech A = 2«7;—5 = 4,8 10 cMT3 K2
Jlnst onpeAeneHUs KOHCTAHT &, /, a, y B dopMynax (2.81—2.87)
HCTIONB3YIOTCS. TEPMOAMHAMUYECKHE YCIOBHSI KPHTHYCCKOM TOUKM:

m=1; on/dp =0; Pn/dp’ =0mpur=1, p=1 (292

M JJAHHBIE U OJAHOTO COCTOSTHHS Ha KPHMBOH XMAKOCTb—IIap.

KpuTudeckue nMapaMeTpel METALUIOB IIPHHATHI 10 AAHHEIM [61,
62].

Ha puc. 2.7 npupegeHBl U30TEPMBl MM, PacCYUTAHHEIE IO
NMPEHCTABMCHHEIM Bblllle hOpMynaM.

TIpu pacuere NPOIECCOB TAKMK SHEPIETHYECKUMX MAacluTaboB,
MPH KOTOPBIX BELIECTBO HHTECHCHBHO HCMapAeTcs, 3bgeKToM IUias-
NIEHUsT MOXHO TpeHeOpeys, Tak KaK TEINOTA TUTARICHMA ropasfo

P.Na
1,2:10™
1-10" 4
8-10"
3
610"
410"
2-10'°- 1
04
_2,‘0“7_
~4-10% T T T T BN
0 2000 6000 10000
p.arind

Puc. 2.7. Y1301¢pMbl MCAR, PACCYHTAHHEIC IO YPABHCHHAM cocTomHuA [56].
OHY cooTBeTCTBYIOT Temueparypam, K [ — 300; 2 — 5000; 3 — 10 000;
4 — 20 000.
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MEHBLIE TEIUIOTH MCHAPSHMA, MAN0 U MIMEHEHHe oObeMa MpM
TUIZBICHUH.

MareMaTHYeCKMe MOJENM JUCCHIIAHHM SHEPTMM HMITYNbCHEIX
TIOTOKOB M3NYYCHWS B TBCPIOM TeNE, ONHCAHHBIE B MPEABLIYILHX
pasfieNax, PeaAU3OBaHLl B BHAE NAKETa KOMIIBIOTEPHBIX NPOIPaMM.
B COBOKYNMHOCTH JaHHEIC KOMIIBIOTEDHBIE MOZENM OXBATHIBAIOT
BECh MMEIONMI MpaKTHYECKOE 3HAYCHWE [MANa3oH MOLIHOCTH
uanygenua. IIpemnaracMble KpHUTEpHK 13 pasa. 2.1.2 u 2.1.3 mo3go-
JSIOT BHIGMPATE Ty MAM HHYIO MOJENb B 3aBUCHMOCTH OT PEXHMOB
ofmyuenus.

TIOCKONBKY XapaKTep MEXaHU3MOB JUCCHNALMH 3HEPTHH MO~
HBIX MMITYJECHEIX M3TYH4EHUH B TBEPAOM Tele ONPCACAAETCS TONb-
KO TIPOCTPAHCTECHHO-BPEMEHHBIM DacHpeleNeHHEM MOIHOCTH
IHEPTOBBIACNCHUA, MOAENH ABNAKTCH JOCTATOYHO YHUBEPCANb-
HBIMH.

2.3. 3aKOHOMEPHOCTH TeILIOBLIX, IPOZHOHHBIX
U TepMOMEXAHHIECKHX NPONECCOB B TBEPABIX TeNax
NpH BX 00JYYEHHH MOWHbIMH HMITYIbCHBIMH TyYKaMu
3APSDKEHHBIX 9ACTHLX

B 3ToM pa3fiefie TIPEACTABACHBI DE3YNETATHI PACHETOB OCHOB-
MBIX XapaKTEPUCTHK TEIUIOBBIX, IPOIHORHBIX M TEPMOMEXaHHUECKNK
TPOLECCOB B METANIaX NPH WX OONYYCHMM HAHOCEKYHAHMLIMK
yuKaMu (nurenbroctsio 10781076 ¢) sapmkeHHEX YacTHI Mow-
HocThio B amamasore 107—10° Br/em? B cayuae uomos u 10°—
10" Br/cm? B ciyuae anextpoHos. HawankHas 3HEpIMs ¥acTHR
cocraBnser 0,1—2 MaB. Takum o6pasoM, cpeaHas IUIOTHOCTh
3HEPTOBBIJE/CHHS B [IPHMIIOBEDXHOCTHON OBNaCTH MMILEHM LOC-
Trraer 108—108 Jk/kr.

Bce npeicTaBiseMble PE3YASTATH MONYYCHB 10 DACHETHEIM
MOZENAM, OIMCAHHBIM B NPEABYILMX Pasfenax.

2.3.1. Ipoctpancreenno-Bpemennan QGyHxuus
IHEProBELICNICHHS

B ocHoORBe Haniux PpacueTOB JI€XaT JaHHKE O NMPOCTPAHCTBEHHO-
BPEMEHHOM DPacrpele/IeHHH MOLIHOCTH 3JHEproBblienenms Wix, f).
ViccneloBaHUA NOKA3a/M, YTO B HAHOCEKYHAHOM peXuMe o0my-
YE€HMA 3aKOHOMEPHOCTH TMPOTEXaHMA TEINNOBBIX W TEPMOMEXa-
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[image: image23.png]HUYECKHX TIPOLIECCOB B TBEPOOM Telle ONPEAC/TIOTCS KaK MOHIHO-
CTHIO BBOJA SHEPTHK U JTMTEABHOCTBIO MMITYNbea OBNY4eHHA, Tak
M NPOCTPAHCTBCHHOM (opMOl BYHKIIHKM IHEPTOBBIACACHAR.

Ilpn onpeseneHyy GYHKLHKE IHEPrOBBIICACHMSL AnA TYHKOB
3aPKEHHBIX YACTHUL MCCACAYEMOTO NMANA30HA MOLIHOCTH MOXHO
He yuuThiBaTh 3(GEKT KOMEKTHBHOTO B3aMMOAEHCTBAA YaCTHL
My4Ka. DTO AOMYLECHHES OCHOBAHO Ha PO3Y/BTATAX, HIIOXCHHBIX B
paBote [63], KOTOPHE CBHACTEABCTBYIOT O TOM, 4TO IaXe INpH
IUIOTHOCTAX TOKa NOPANKAa COMHWIL MEraamiiep Ha KBaapaTHbif
CaHTUMETP 2PEKTaAMH KOMIEKTHBHOTO B3AMMOAENCTBHSI YACTHIl B
Ty4KE MOXHO MpeHebpeub, a (YHKUMIO SHEProBRIACNCHMS pac-
CMaTpUBaTh B OJHOYAacTMYHOM NpHOMDKeHun. Ecam npuuarh rax-
e UL FPOCTOTHI, YTO CMEKTP HYACTHIL HEU3MEHEH HA NpOTSXKEHHH
MMINyJbca (XOTA JIEIKO MOXHO YYECTh M 3TC), BPEMEHHOE H
HNpOCTPAHCTBEHHOE PAcnpefeNeHus (yHKUMn 3HEPTOBBICTEHHS
MOXHO CHYHTAThb HE3aBUCHUMBIMH.

Wi, =100, 2.93)

Te e — 3apdi MeKTpoHa; j{f) — BpEMEHHOe pacripeicieHUe
TUICTHOCTH TOKA B UMIynbce, Q{x) — NPOCTPaHCTBEHHOE paclipe-
ZeneHMe MOTEPL IHEPTUM IIPH MPOXOKACHUN ONHON YACTHUBI Yeped
REUIECTBO (YAENbHBIE MOTEPH SHEPTHM).

@opMa UMIY/ABCa TOKa j(f) B oblieM Cryuae 3aBHCHMT OT BUIA
YCKODHTEIIS, peXHMa €T0 PaGoTEl M NApaMETPOB ITyUKa, ¥X SHeprun
M UIOTHOCTH ToKa. OJHAKO MPaKTHKA TIOKA3aNa, YTO JUIA PAcyeToB
BIIOJHE YAOBICTBOPHTENBHO IIOAXOAWT TPEYTONBHAA ATHIPOKCH-
Maupst j(f) BMIa

i =

3neck j — MAKCMMAJIBHOE 3HRYEHHE IUIOTHOCTM TOKA B MMITYJBCE;

Ty — ATMTENBHOCTS MMITYIbea; £y — TIONOXEHWE €r0 MAKCHMY-
Ma, 3aMETHM, 4TO NP AAHHON ANNPOKCHMALMU OOMIAs BHLACACH-
v
o

Hasi 3HCPTHs f J{1)dt He 3aBucuT OT e
[i
B pacyetax MBI mpeneOperany akKyMyRAUMEH M HepeHocoM
3HEPTHH 3NCKTPOHHOM MOZCHCTEMOM TBEpaoro Teda. Jto crnpa-
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Pue. 2.8 CnexTp InEKTPOHHOIO 1, MoB™!

TY4Ka HAHOCCKYHAMOIO yCKope- 4
Hua “Tonye" [64, c. 83].
3
BEANIMBO, TOCKOJIBKY Xapak-
TEPHOE BpeMsi oGMEHA 3Hep- 5

THEH MEXIY 3ACKTPOHHOM M
MOHHOM TIOACKCTEMAMU B Me-
Tamax coctasnser ~1072¢ 1
[4], a BpeMst cymiecrBoBaHHS
HMOHM3MPOBAHHEIX  COCTOS-
mii — 10712107 ¢, rTe. L A S A
MeHbHIe, YEM War No Bpe- 0 02 04 06 08 10 12
MEHM B PacHeTHBIX CeTKax. £ MoB
Ilnsi MOAENBHEIX PACYETOB MBI NOAATAAM NYYKM MOHOXDO-
MaTHYeckuMH. B ofweM ciyyac CIeXTpanbhoe pacnipeaeieHme
PEAILHBIX 1TYMKOB MOXET ObITh JIE[KO Y4TEHO, OHAKO 3aMETHM,
9TO0 BO MHOFMX CNYYafAX pPacyeT IO CPEAHEN SHEPTUMM MydKa
ABIACTCS XOpOIe)i aImPOKCHMALMER (CM., Harpumep, puc. 2.8, 2.9).
BbrMcneHMe TIPOCTPaHCTREHHOTO pacrpejencHua sHeprun Q(x)
JAnS MOHOB MPON3BOAMACCH Mo moaenn Bpaiica [65, 66], manoxern-
Hot B mi. 1. B paccMarpupacMoM IuanasoHe 3Hepruit (0,]—
2 MaB) HeofXOIMMO YYMTHIBATS KaK SACPHOE, TAK M 3NIEKTPOHHOE
TopMOXeHue. SIepHBlE M SACKTPOHHblE TOPMO3HBIE CNOCOGHOCTH
AnA yrrepola n Golee TSKENBIX HOHOB PACCYMTHIBAIMCE B PAMKAX
Teopun JInnaxapiaa—Illappa—1llnorra {67). [ns nerkMx MOHOB He
CYIIECTBYST HAAEXKHBIX TEOPETHYECKMX METOAOB PACYETA INEKTPOH-

Puc. 2.9. Tlpoduns yaeabHBIX
MOTEph 3HEPTUR B METHOM 06~
pasue npu obnyuenuu ny4kom
anekTporop,  CrmomHan an-
HU — PE3YNBTAT, TIONYIEHHbIN
© YYETOM CNEKTPANBHOTO Pacti-
PCACACHUA OHEPIHH B IydKe,
NpUBEAEHHOrO Ha  pHc. 2.8;
WTPUXOB3A — YACHBHBIC MOTe-
PU 3HEPIMUM MOHOIHEPFETHYHO-
TO Ny4Ka ¢ HAYAnsHOH 3Hep-
rucit, paBHOIl cpeaHel dHepTHM
B cnekTpe (£ = 0,878 MaB).

Q. MaB/cm?

a 100 300 500
X, MKM




[image: image24.png]HOHM TOPMO3HOH CHOCOGHOCTH, MOITOMY MpPH pacyere noTeph
9HEPrMU NMPOTOHAMY Mbl MCIONb30BANX IKCMEPHMEHTAIBHO MONY-
YeHHHIE TAGIHYHEIC 3HAYEHMS DTEKTPOHHEIX TOPMO3HEX CTOCOG-
Hocrel {68].

TIpocTpascTBeHHas COCTABNAIONIAS SHEPIOBBIICIEHYS Q(x) npn
NPOXOXACHUH AMEKTPOHA UCPE3 BELIECTBO PACCUMTHIBAIACH METO-
JIOM aHATUTHYecKo# annpokcnmaiym B.B. Maxapora [69).

PaccMOTPHM XapaKTEDHEIE OCOGEHHOCTH IPOCTPAHCTBCHHOIO
pacTipeieNeHysl YASABHEIX NMOTEPh BHCPTUM B TBEPAOM Tene MpH
OBIIYHCHUHK 3MEKTPOHAMH ¥ CPEIHUMHN (YENEPOA) # NEFKHMU (FIPo-
ToHM) Mokamu (puc. 2.10),

Tpoduns (G(x) KAXA0H FPYNIIL YACTHIL OTAHYAETCS HE TONBKO
BENMYUHOM YACABHBIX NOTEPh JHEPTMM, HO M (POPMOI, a TaKke
pasMepaMi 30HH NOTMOMIEHUA M3MYYeHusl. MakcHMyM SHEPrOBbI-
JIENEHUA ¥ CPEAHMX M TAXCIBIX HOHOB NEXUT Ha TIOBEPXHOCTH, Y
NPOTOHOB OH HAxXOZMTCK B KOHie Npobera, ¥ 3MCKTPOHOB — Ha
PACCTOSHMM OT TIOBEDXHOCTH, COCTARNSIOIIEM MPHOIHIUTENBHO
YeTBEPTH Mpodera. INyOHHA MPOHNKHOBEHMA INEKTPOHOB HA ? no-
pAIKa NpPeBHIUACT MIyOMHY TNPOHMKHOBEHHSI MOHOB ¢ TOH Xe

Q, MaB /e a Q, MaB/em 6
25000
40
1 20000
30 2
15000
» 3 10000
10 5000 ] 2 3
T T T T T T T i1
[ 500 1000 1500 2000 O 65 10 15 20
X, MKM
2500 ¢
1
2000 2
1500 3
1000 Puc, 2.10. YiensBwe  norepu

BHEPTUM B MeH NpY NPOXOX-
500 JeHuU anekrpoHa (a), MOHa yr-
nepoga (6) M npotoa (8) ¢ Ha-
qanbHOM sHepruch, MaB: 7 —
05 2—~1;3—2
. MKM
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3HEPTUCH H MPHUMEPHO Ha | MOpAROK — MpPOToHOB. TaxuM ofpa-
30M, ¥ KaXIOM M3 DPACCMOTPEHHBIX TPYIUI YacTHI JO/MXHEI GHITH
0c00EHHOCTH NPOTEKAHMA TEIUIOBLIX, SDO3HOHHBIX H TEPMOMe-
XaHHYSCKUX MPOLIECCOB,

2.3.2. TennoBsie npouecchi

Ilpu nccne0BaHMM TEMNOBHIX IPOLECCOB B TBEPABI TENax 101
ACHACTBHEM MOIIHBIX WMITYIECHBIX MY4KOR 3apSDKEHHBIX YACTHIL,
TAaBHEIM 06pa3oM, NpEACTaBNSIOT MHTEPEC CNe[yIOMMe Xapak-
TEPUCTHKH:

2) MpOCTPAHCTBEHHO-BPEMEHHAA KOHQUIVpaums noeit TeMmne-
paTyp;

6) CKOPOCTH HarpeBa M OXNAXKICHUS;

B) DasMepHl OGNACTH TIPOIVIABICHMS M BPEMCHA CYIECTBO-
BaHUA XUAKOH (a3sr,

I) KOMMYECTBO HCNADMBUIErOCA BEILECTBA M AOASA SHEPrUM
Ty4Ka, YHOCUMAs TapamH.

PaccMOTPMM 3aBUCHMOCTH STHX XapaKTEPHCTHK OT COPTa dac-
THL, ¥X HAYANBHOY SHEPIMM, IUIOTHOCTH TOKA B NyYKE W IUTUTENb-
HOCTH MMITY)Ibca OGIIyMeHHS.

Hnsi comocrasienus KOHGHUIYpaUHY HONEH TeMIepaTyp, Bos-
HUKAIOIMX B TBEPIOM TERE TIpU 0BIYuCHMH 3JIEKTPOHAMM, MpPOTO-
HaMW M MOHaMM yriepofa Ha pue. 2.11—2.13 npeacraBieHH pe-
3YALTATEL PACYETOB ¢ TAKMMM ApaMETPaMU OBAYYeHMS, IPH KOTO-
PbiX B MOMCHT TNpEXpalieHMs MMITYIBCA TOKA MAKCUMANBHBIC
TEMITEPATYPsl NPUMEPHO PaBHBL IlapaMeTphl o6mydeHust ¥ OCHOB-
HBIC XapaKTEPUCTHKH TEIUTOBEIX TOEH JUIA 3TUX CYYREB CBEAEHHI B
Tabn. 2.1.

7K
2000.
Puc. 2.11. Tipoduu Temmeparyp
B MeaHom ofpasue, obayyaeMoM 1500
OYyYKOM HOHOB YIIepoja ¢ Ha-
yanbHolt 3neprueit 1 MaB, nior-
HOCTBIO TOKa 50 A/CMZ, JUIHTENE-
HOCTBIO UMITYNbca 100 HC B Mo-
MEHTH BpeMeHu: [ — 100 nc 500
(MaKCHMANBHOE  POTABICHME);
2 — 210 He (nonHOe 3aTBepAcBa-
Hue),

1000

X, MKM
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Puc. 2.12. Tpodmnu Temneparyp
B MOIHOM ofpasue npu obay-
YEHWH CTO MPOTOHHBIM MYIKOM
€ HajanbHOM#  9Hepriei  dYac-
a1 MaB, mioTHOCTIO TOKa
140 A/em? & AnuTeABHOCTBIO HM-
mynbca 100 HC B MOMEHTEI Bpe-
menu; I — 100 He (MakcHMank-
HO¢ pofiasneHue); 2 — 850 ne
(nonoe 3aTBepacBatine).

T T T T
0 250 500 750 1000

Z, MKM
Pue. 2.13. PacnpeficncHne TeMnepa-
TYD B MeIHOM ofipasne npu Bo3-
IeHCTBHY HAHOCEKYHAHOTO — JMIEKT-
poHHore fyuka (1. = 100 He) ¢
HAYAJIbHON aucprucﬁ BNEKTPOHOB
1 M3B M nnotxocTeio TOKa & ch/cMZ
B MOMEHTB BpeMeHm: 7 — 100 He
(xoHen uMnyneca); 2 — 2,8-10“5 <
(nanfonbiee mpomfaBlenue); I -
1,65+ 03¢ (nonsoe 3aTBepAcBaHHE).

Tabanma 2.1

OcRoBAbIE NAPAMETPR TELIOBLIX NPOLECCOB, NPOTEKAKUDIX NPH O6NYICHHE MeNHOI
MHUICHA MOIMHBIMH HMAYARCRHMMA TYSKRMY IBPSKSHHDX HRCTHU

W3 pucyHKOB BUAHO, YTO HauCOALMIMI pa3orpes MUILEHH B
MOMEHT TIPEKPAICHHUsT OBIYUCHUA HAXOAUTCS B 06racTH MaKcHMy-
Ma 9HEPrOBELACNCHHA. [IPH 3NCKTPOHHOM M NPOTOHHOM BO3-
HEHCTBISAX NPOQRIM TEMICParyp B KOHUE HMIYAbCA ITOBTODSIOT
dopMy aueprosbencHud. B caydac Xe oBnyueHHA MOHAMHM yrie-
POJA TCIIONPOBOTHOCT: CKA3HIBACTCA YKE B TEWCHHME HMIYIbCA
HINYUCHHS.

Tlocne mpekpaulenus OGAYYEHMs! 32 CMET TEINONPOBOLHOCTH
MPOMCXCAMT GBICTPOE OCTBHIBAHKE TIOBEPXHOCTHBIX M MPOIPEBAHHE
DIYOMHHBIX croeB (puc. 2.14, 2.15). VIHTEHCMBHOCTH TEILIOBBIX
IIPOLIECCOB OMNPEHOENACTCH CKAAABIBAIOIIMMHUCSA K MOMEHTY = ‘EMI
TPaNMEHTAMH TEMIIEPaTypHBIX Moneil. CaMble BEICOKME TDANMEHTHE
XapaKTepHbl RMA OBIYUCHMA TKENBIMY M CPEJHMMHM MOHAMH
(~10® K/m), 2 nipd 3MeKTPOHROM OBIYHEHUM OHM CaMble HUIKHUE
(~5 - 108 K/m). TloatoMy M CKODOCTH OXNaXAEHMS WMEIOT HaK-
Gonburve 3maveHmst npu Momuom (10°—10'% K/¢) u mpoTonHom
(108—10° K/c) obnyuenns. B cryuae Xe BO3NEHCTBHA SIEKTPOHOB
MOXHO JHOCTHHb JMLIbL 3HAYCHUA CKOPOCTH OXIAXICHHMS MOpPSAKA
105—10% K/c.

Vonst yincpora | Hporomss Inerporas
XapukTepucrinar TemioBtx E=1MsB, | F=1MB, | £=1MB,
nponicceos J =50 Aje?, |j = 140 Ajer? ) = 6000 AJerc’,
Tyusen = 100 exc Taun = 100 ne T = 100 wuc
MakcHmanblas TeMOeparypa B
ROHUC ofityrenna, K 1996 1990 1998
TIOIOHENHE MAKCHMYMA TeMIICPA-
——— 0 35 175
Pasmep ofnactit  1iponaasicHus,
ot 2 6 370
BpoMs cylllecTBOBAnns  KMIUKOH
pasmt, ne 210 850 1651073 ¢
MaxcHMATLHAR CKOPOCTh  Paso
pesa, Kfc 4. 1019 36 107 3,7 wi
MaKeHMinlias CKOPOCTD OXIaK-
neans, K/c 2,29 - 101 7,35 - 10° 6,5 10
Paamep obiactit “Heprossitene
s, MEM 1,01 767 718
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T 1
600 £ He

¢ 200 400

Pyc, 2.14. WsMeHeHNe TeMmepary-
PBI B MEAHOH MUIICHH, obnydaeMon
NYMKOM HOHOB YINEPOaA ¢ SHEPrueh
1 MaB, miotHocThlo Toxa 50 A/cM2
W JUIMTEJBHOCTHIO uMIyabca 100 He!
I — Ha noBepxHOCTM; 2 — Ha
rybuHe 2 MkM; 3 — Ha myGuue
5 MKM.

T T T
o 50104 15103 te¢

Puc. 2.15. JBOMOUMA TEMIIEPATYP B
MCIHONH MueHu npu olnyuenun
SNEeKTPOHHBIM MyYKOM € BHQPFHCﬂ
1 M3B, miomHocTsio Toka 6 KA/cmZ
B ANMMTeNbHOCThIO BMynbca 100 He:
! — Ha mosepxHocTH, 2 — Ha IIy-
Bune 138 MxM (MakcuMaTbHaa MIOT-
HOCTL HEPIOBbLUCTCHMA), 2 — Ha
raybuHe 534 MKM.
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Puc. 2.16. Tipodnis ckopocreit s~
MEHEHNS TEMICPATYDEL B MEIHOM
ofpasle npH ero oGnyYeHWH myd-~
KOM HOHOB YIICpORa ¢ 3HeprMeit
1 M3B, nnotHocThio ToKa 40 A/mZ
¥ IIMTENBHOCTBIO UMiynsca 100 me
B MOMCHTHI Bpemenn: [ — 120 uc;
2 — 150 He; 3 — 200 ne.

Z, MKM
Puc. 2.17. TNpoduns cropactelf na-
MEHCHHS TEMNEPATYPH B MCIHOM
ofpaslic B MOMEHT OKOH4aHMA obmy-
HEHUA NPOTOHHHIM MYYKOM € 3HEp-
et | MaB, nnotHocTbIo Toka
140 A/cm2 U UIHTENLHOCTBIO HM-
nyasca 100 we.  TMonoxurensHue
SHAYCHHA COOTBETCTBYIOT CKOPOCTAM

—dT /it Kic
—dT/dt Kre ,
3-10° 12-10%
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10
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810
310 410"
210"
2
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Puc. 2.18. DBoMmoNNE CKOPOSTH OX~
NEXACHMST MeIHON MMIICHM B 06-
NACTH MaKCHMATLHOTO 3HEProBblac-
NeHus (CIUIOMIHAS THHHA) M HA 50~
pepxnocTd (ITpHxoBas) npu obny-
GeHMUW  IEKTPOHHEIM MHYyuKOM ¢
sneprucit 1 MaB, mioTHocTEIO TOKA

Puc. 2.19. DBomoLna CKOPOCTH OX-
naxaewwus Ha noscpxHoctn () U Ha
mybuae 2 MEM (2) B Memuod Mu-
weHn, obnydacmoll MyMKOM HOHOB
yrnepopa ¢ uepruci 1 MaB, naor-
HOCTBIO Toxa 40 A/ch W JUTMTENb-
HocTbio HMAyabea 100 He.

HAIPEBa, OTPHUATENBHEIC — OXJIAX-
ZeHus.

CKOPOCTH OXTaXZEHWA MMEIOT HAMGONbLINE 3HaueHuss B OG-
JIACTH MaKCHMAIBHOTO pasorpesa (cM. puc. 2.16—2.19). C yza-
JICHHMEM OT 5Toft o6sacTH OHM GHICTPO YMeHBIIAIOTCH, TPUYEM
Haubonee peskoe yGmiBakne d7/d! XapakTepHO it HMOHHOLO
OGyeH sI.

MaxcUManbHbte CKOPOCTH OXIAXIEHUA CYMIECTBYIOT B XHMAKOR
daze. Hampumep, npu obnydeHHM MOHAMH yriiepona {puc. 2.19)
onu mocturaior 10°—10'" K/c, a B Tmepnoit daze Bpemectso
OXIaXZaeTeA co cKopoctsio 106107 K/c.

PazMep 0ONACTH, OXBauCHHON CBEDXBLICOKHMM CKOPOCTAMM
OXNAXACHUS, B Cllydae OOMyueHHs MOHaMu HeBenuk. OH cocTaBns-
€T oMM MHuKpomeTpa (puc. 2.16). IIpH NpoTOHHOM BO3AEHCTBUM
CKOPOCTH ONIAXACHUS TIPHMEDHO Ha MOPAZOK HIDKE, OIHAKO OHH
MMCIOT MECTO B 06MACTH, B HeCKONbKO pas Gonbmieit (puc. 2.17).

TIpn uonHoM obnyueHM HauGonbuMe CKOPOCTH OXJMaXIEHMs
TIPUXOAATCH HA MOMEHT OKOHYAHMS MMIYABCA TOKA, a NPU 3MEKT-
POHHOM — 4e€pe3 HECKONbLKO MHKPOCeKyHA nocae {pHc. 2.18, 2 19).

C pocToM IUIOTHOCTH TOKA PacTYT M CKOPOCTH OXIAXLSHHA,
TaK KaK YBENVYMBACTCH TDAIMEHT TEMIIEPATYDhI.
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61(A/<:M2 ¥ ARUTENBHOCTHIO KM=
nynbca 100 He.

3apucuMocTh byHKuMM d T/dt O HauaIbHON SHEPIUH HacTHL
HeTpuBHaNbHa. TIpH oGXYMEHHH THXCABIMU M CPEIHVMU HOHAMH C
yBemmueHMeM E pacTer M yAEMbHAs MOUHOCTh SHEPIOBBIACTCHMA
(cM. puc. 2.10), T.€. PACTYT M IpaIMEHTHl TCMIIEPATYP, @ SHAUT K
CKOpOCTH HarpeBa M oxiaxaerus. JUid 3NeKTPORHOre M MPOTOHHO-
ro oBNyMeHUs XapakTepHa o6paTHas 3aBUCHMOCTB YASKbHOTO SHEP-
FOBBUIENEHUS OF HAYANBHOW BHeprum wactHil. IToaToMy ¢ pocrom
HAYAJIBHOH SHEPTMU SRCKTPOHOB CKOPOCTH OXIAXICHWS —YMEHb-
matorcs. Ma puc. 2.20 BUAHO, ¥TO €CIU APU HAYATBHEIX SHEPTHAX
anekTpoHoB mopafka 0,1—0,3 MaB MoxHo mocTiris CKOpOCTEM

oxmaxaeHns (2—4) - 10® K/c, To mpu E = 1—2 MoB dT/d1 yxe
Ha FOPAJOK MEHBLIE.

TIpM COMOCTABACHMM XaPAKTEPUCTHK NPOLIECCa TUIABNEHMS Mit~
HIEHHM PAMIMYMA NIPH MEKTPOHHOM H HOHHOM BO3IEHCTBUAX BECh-
Ma 3HaYHTENbHBI.

Bo-IIePEbIX, 3HAYEHNT TOMLMH PACTIABICHHEIX CIOCB {, TIDH
0ByHeHHH HOHAMM YIEpOja TPMMEPHO Ha 2 MOPAIKA HUXE, YEM
JUTS DIEKTPOHOB ¢ TOJ Xe HAYANBHOA SHeprueh. Tlo cpaBHEeHUIO C
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Puc. 2.20. 3aBucMocTs MAKCHEMANb-
HOI CKOPOCTH OXTAXIAEHUA MEIHOMO
40 06pasa OT HAYAIBHOM  BHEPrHn
3NeKTPOHOB. TINOTHOCTE TOKa B Myu-
e Bubmpanach  Takoh,  uTO-

20 3.
[ (—E) -j = 1,7-10" BT/cM’.
ox
max
JnuTeNnbHOCTE UMIYIBCA BE3AE PaB-
Ha 1077 ¢. MakcumansHbrit pasorper
0 05 1,0 15 TAXKE BO BCEX CNYYAsX OAMHAKOB.

£ MaB

TIPOTOHHEIM 0BayueHHeM /|
MEHBIIE.

Bo-BTOPEIX, TUIaBIeHHE 06paslia 1IpH BO3AEHCTBHK IYMKOB
CPENHUX M TSDXEJBIX MOHOB Ha4YHHAETCA C TOBepXHOCTH. ' [Ip
06/Iy4eHUY MOHOXPOMATMYECKMMH 3NEKTPOHAMM B IIMPOKOM AMa-
nazoHe auepruit (£ > 0,1 MsB) u nporonamu ¢ £ > | MsB
TUIABNEHME HauMHaeTcss B MIYOMHHBIX croix obpa3ua, B ofnactu
MAaKCHMMAJbHOTO 3HEPrOBHIACACHUS, TIPHYEM, BO3MOXHEI Takue pe-
KUMBI OBlydeHMs (Mo j M 7. ), MpH KOTOPHIX NAABICHHE A0
noBepxHOCTH He JoxosuT. Ha puc. 2.21—2.23 npuseacHm 3a-
BHCHMOCTH TPaHMI paciuiaBa Z, . OT MNOTHOCTH TOKA 3AEKTPOHHO-
TO M INPOTOHHOTC IYYKOB C DaiIMYHON HAYANBHOM 3HEpPTHEH
wactul. YIpu ofnygenus nporoHamu ¢ E < 1| MsB mwmappenne
BELIECTBA MMIICHH HAYMHACTCH C MOBEPXHOCTH, TAK KAK MPOLECC
TeIUIONPOBOAHOCTH OBICTPO CIMAXMBAST TCMAEPATYDHEIA TMK, Ha-
XOISIMMACS Ha PAacCTONHMH HECKOIBKHX MUKPOH OT MOBEPXHOCTH.

B-TpeTeMx, BpeMs CYLMECTBOBAHMS XWAKOH (bassl feq TPH
3NMEKTPOHHOM OBNYYECHNM HA HECKONbKO [IOPSAKOB MpeBhlLaeT
!4 NPHM WOHHOM M NMPOTOHHOM BO3AEHCTBUM (cM. Tabl. 2.1). Sto

PasnuMe CBSI33HO € TEM, YTO 3HaueHMe Y)K.Lb NpPONMOPLHOHAJILHO

pasMepy obaacTi TIPOIUTABACHNA M CKODOCTAM OXNAXICHUS.
CyWecTBYeT ¢IIe OQHO pasiuiMe B OCOGEHHOCTAX TUTABNEHUA
TpY OGAYICHKY MOHAMM 1 3ICKTPOHAMH. B mepsoM ciyuae MOXHO
AOCTUMD pacTiaBleHus C10S TOALIMHOHN, MpHMepHO B 2 pa3a
NpeBBIUAIOIIEH TIDOEKTUBHAIA NIpOGEr HOHOB B JAHHOM BEHIECTBE.
Ans snexTpoHHOro BO3NENCTBHA XApaKTEpHO pACILIABIEHUE CAOS

AJSl MOHOB yriepoga B 2—3 pasa

un
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300
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4 6 8 10
Ji kA Tem?

Puc. 2.2]. 3apHCHMOCTb NONGXEHU
IPaHEN  OPONNABNCHHA B MeaHoH
MEICHY OT IUIOTHOCTA TOK2 NpH
PazAHYHbIX HAYANBHBIX BHEPTUEX
aneKTpoHHOTO Myuka, MaB: [ —
0,25; 2—0,5 3— 1. [nurens-
HOCTh HMITY/Ibca paHa 100 He.

Z,

an

300

MKM

200

100

1 2 3 4 5 6
J. kAIcm2

Puc. 2.22. 3apMCHMOCTb TIONIOXKE-
HUS TPAHHI NPOMIABJEHHS B ke~
nNe3HOM MHUINCHW OT NOTHOCTH TO-
Xa TIPM DA3NKYHEIX HAYaAbHBIX
JHEPTHAX  MCKTPOHHOro  IydKa,
MaB: 7 — 03; 2 — 0,6, 3 —
0,9 MaB. JnuresbHocTs UMIynbea
paema 100 ue.

TOMLMHON, He NpeBRIUAIOWIEN pasMepa obnacTu >HeproBblIe-

JeHUA.

PaccMoTpHM Bofee MOAPODHO 3aBUCHMOCTb TONLIMHEL pac-
IIARIEHHOTO CJI04 OT IUIOTHOCTH TOKA [MyYKa j, HavanbHOH
SHEPruM YacTHU E 4 JMUTeTbHOCTH MMIYIBCA Tuvm. )

JIlna moboro THNA 4YACTMIl XapaKTePHO, 4TO C pOCTOM J
TOALMHA PAcILIABICHHOTO CTOA CHAYAA PacTeT, 4 3ateM UCTHTH-

BaeT HACHILIEHHE M JaXe HECKOMb-
KO yMeHbIIaeTcs (puc. 2.24—
2.25), TaKk KaK WHTEHCHBHOCTH
NPOLIECCa MCMapeHMs BOApacTa~
er A Bce GOJbLIas JONSL JHEP-
UM TYUKa YHOCHTCA NapaMm.

Puc. 2.23. 3aBHCHMOCTD TIYGHHEI
npoTNaBNcHUA MeaHoro obpasua or
[UIOTHOCTH TOKA IPOTOHHOIO fydKa
© PasIMMHON HAYANBHOM SHEprued H
JNWTENBHOCTRIO AMIynbea 100 He.

Z, M
£=2MaB
-5
2510
2-10°
15-10° )
1-10° :
5.10° %
0 100 200
J Alcm?
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J Alcm2
Puc. 2.24. 3aBHCUMOCTL TOMMIMHEL
PacINaBiIeHHOTO Clog B MeAHOM
ofpasite OT MNOTHOCTH TOKA My4Ka
HOHOB YIJIepOZa ¢ LIHTEIBHOCTLIO
100 He 1 HavansHOR SHeprueti uac-

Ji Atem?

Puyc. 2.25. 3aBHCHMOCTD TONUMHGL
PACOIARNCHHOIO  CHOSL  MEIM  OT
IUVIOTHOCTH TOKA [IPOTOHHOTO MY4Ka
¢ amrenbrocThio 100 He ¥ pasHol
HayankHoM SHeprueit.

Tin 0,5 (1) u 1 MsB (2).

C pocToM SHEpIMM 4YacTHL| TOMIIMHA PACIUIABIEHHOTO CHOS
Iux BO3pacTaeT BO Beex cayuasx. OHa HE MEHAETCA TIPH yBe-
JMIEHHU JUTUTCIBHOCTH HMITY/IbCA JJIEKTPOHHOTO MYYKa OT COTHY
HAHOCCKYHJ| 10 €AMHMII MUKPOCCKYHI (IIDH YCIOBUM OIMHAKOBOTO
¢dmoerca P). UM HOHHOTO Xe BOIZEHCTEMS M3-33 OLIYTMMOCTH
rpouecca TCIONPABOAHOCTH B TEY4EHUE HMOAYABCA LTHTCABHOCTHIO
Haxe B COTHM HAHOCEKYHI XapaKTepHO YMEHBUICHHME Jpx TIpU
YBCAHYCHNH Tumn OT HECKONBKMX ACCATKOB OO HECKOJBKMX COTCH
HaHOCEKYHI (puc.  2.26)
{@ = const).
3aBHCHMOCTH BPEMEHU CY-
LIECTBOBAHMA  XUIKOH  da3sl
3 typ OT j u E onunaxosel mis
moboro copra wactun.  OHM

i

e

4

MKM

n

Puc. 2.26. 3aBUCHMOCTD  TOMUMHBL
PACINABMICHHOrO €O MEIHOro 06-
pasua OT UMTENBHOCTY KMIYAbCa
HYIKA HOHOB YDJIEPOA C Ha4albHOMH
auepruedt 1 MsB u ¢ dmocHeoMm

3Heprum 7,5 Z[x/cuz.

[ 200 400 600 BOO
Tiwn: HE
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f‘m‘ Me

Puc. 2.27. 3aBHCHMOCTD Bpe-
MeHH  CYMISCTBOBAHHA  XuA-
Ko#t dasst B MeaHOM ofpasie 2
OT HAUANBHON BHEPrHU DBACKT-
poros  ppH  YOIOBMM,  4TO
[ﬁ “j = 1710 Brien?. 1

ax
max

JnUTENLHOCTD HMITYZIBGE BO  BCOX.
CNYy4anaX paBHA 1077 e
0 025 050 075 1.00 125
E, M3B

6muakm K 3apucumocram f. (f) m 1 (E). ot npuMepa Ha
puc. 2.27 npuseneHa ynkuus f, . (E) [ a/exTpoHOB mpH

AE .
YCIOBHH - ©J Tom = const.
max

B 3aKmIO9CHME OTMETHM, YTO B 3TOM pPa3fciic [PUBEACHH
pE3YABTATH [UBI MY4KOB YMEPCHHOM HMHTEHCHBHOCTH, KOTOPHIE
GRUIM MOMYMEHHl TIYTEM PEIUCHUA TEIUIOBOM 3aJadH.

2.3.3. Dpo3ug

PaccMOTpHM 3aKOHOMEPHOCTH 2DOSHM FIpH OBNYYCHWH 3JEKT-
POHaMH, CDEIHMMM H TOXCANMYA MOHAMM M NMPOTOHAMK B OTACIb-
HOCTH.

Onextponn. Ha prc. 2.28—2.29 npeacrammess! 3aBHCHMOCTY
TOMLMHEL MCTIAPHBUIETocs caos Z, MenHoro ofpasa OT IUOT-
HOCTH TOKA 3NEKTPOHHOTO MyuKa JUIMTENBHOCTBIO 7., = 100 HC M
¢ HayaJpHO# aHepruest yactnu 0,5 u 1 MaB. Kpueas I Ha oboux
PHCYHKAX paccydraHa mo aByxdasHok momenu ncmaperms (2.28)—
{2.37), crpaBeANMBOM NpH BONCHCTBHY ITOTOKOB MU3NYYEHHA yMe-
PEHHOM MHTEHCUBHOCTH. OXHAKO € POCTOM j MEXaHM3M MCIapeHus
MeHAeTes. OHO CTAHOBMTCH HACTOMBKO MHTCHCHBHBIM, YTO MCTIaps-
JOLIMECS MOJICKYNB He MOTYT GHICTPO pasnereTscs, NMOSTOMY MX
B3auMoeicTBUEM YXe Hemb3d npeHeGperars. Yerkas MexdasHas
fpaHUIa CMCHACTCA IUIABHBIM (HA NPOTAXEHMM COTEH MHMKPOMET-
POB) [IEPEXOIOM OT HOPMAJBHOI TUIOTHoCTH Do Hyns. Kpome Toro,
B pe3ybTaTe TEPMOMEXAHMYECKMX MPOLECCOB IUIOTHOCTE KOH-
IEHCUPOBAaHHOTO BelllecTBa BOAM3M IIOBEPXHOCTH TIpETEpIeBaeT
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Puc. 2.28. 3asucumMocts Tomumum
HCMNAPUBINCTOCT CAOH MEAHOrO oG-

Zo MKK
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Puc. 2.29. 3apucumocts TOMmMHN
HMCTIAPUBILEIOCS CAOS MEAHOrO 06-

Pa3Ua OT MIOTHOCTH TOKA SNCKT-

POHHOTO Ny4Ka ¢ HAYANBHOIW IHEpP-~

ruch 0,5 M3B, murensHocTbio

ummyneca 100 uc. Kpumas [ pac-

CquTaHa mo AyxdasHol Momenn

MCIapeHns, 2 — Mo IMAPOAMHAMU-
HeCKOM.

Pa3La OT MAGTHOCTA TOK2 3NEKTPOH-

HOrO My4Ka ¢ HaYaNbHOW 3HEprucit

! MsB, mmrensHocThIO MMnynbca

100 ne. Kpueas ! paccumtana no

ABYXa3HOI MOAENM MCTapeHnsT, 2 —
O THOPOAMHAMHYCCKOM.

SHAMMTCNbHBIE M3sMcHenus. Hanpumep, npu o6ayyenuu 3NEKTPOH~
HEIM TiydkoM ¢ £ = 0,5 MaB n j = 50 KA/CM B MOMEHT OKOH-

HaHMA MMIymskea (1., = 100 Hc) mioTHOCTS KOHACHCHPOBAHHOTO

BOILCCTBA BOIM3H TOREPXHOCTH YMOHBLIASTCH TIONTH B 2 paza
(puc. 2.40). Pacyer TEMIIEPATYP HA OCHOBE YPABHEHMA TEILIONPO-
BOLHOCTH, NPENTIONATAIOWMH TIOTHOCTS KOHIASHCHPOBAHHOLO Be-
IMECTBA JTOCTOAHHOH, NPHBOAMT K  GOMBIUIAM TIOTPEUTHOCTAM
{puc. 2.30).

Ansa pacyera npouecca UCTADEHHA TIpy GOABIUMX j HeoB-
XOIUMO DOINATH CHCTEMY YPaBHEHHIL CILIOUIHOM CPEBI COBMECTHO
€ YDABHCHUAMM COCTOSHHSR BELCCTBA (KpuBas 2 Ha puc. 2.28—
2.29). Peskuit ckayox Z,(j) (sanpumep, npu £ = 0,5 MaB,

J = 17 kAfecm?) obwachsercs ABYMS aKTOpaMu: TeM, YTo npo-
GuIb YIETBHRX NOTEPs dHEpIHM SMEKTPOHOB B BCLUECTBE HMEeT
MakcuMyM B IiyGuHe o6paslia, M TeM, “To B pacueTax He pu-
HUMANC B0 BHHMAHWE aKTUBAUMOHHBIN TEINIOBOH MEXAHMAM MCHA-
beHust, peammsyommitcs mpu BHYTDCHHEH 9HepruM, MeHblLuei
JHEPrMM CYORMMALMH BelliecTRa. JaHHRBIA MeXxaHM3M 3ameTeH npH
MANBIX MIOTHOCTAX TOKA MyHKa, HO IPH GOMBLIMX J Ha ¢one Gypro
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Puc. 2.30. TIpodann TeMnepa- 257(;'00
TYpP B KOHNCHCHpPOBaHHO#H ¢asc
MegHOK  MHIICHM B MOMEHT 0000
OKOWGAHHS HMIyIbca MeKT- 2 1

ponroro obmyzenns (100 ke) ¢

HayanbEO#  SHEprued wuactHm 19000

0,5 M3B ¥ IUIOTHOCTHIO TOKA B

nyaxe 50 xAjem?, paccumtan- 10000 ;

HHIC MO DASIMYHEIM MOJEMSM:

1 — ypapPHCHHS TCINOIPOROA- 5000

HOCTH ¢ ABYXGasHOH MOmensio 0

HCNapeHUA; 2 — peleHHe YpaB-
HeHuil CIVIOMHOH CPOAH. -100 0 100 300 " M'EZSO

Pa3BHBAIOIIETOCH] WCMAPEHMSI B IMAPOAMHAMIYECKOM pe)xm; o_x;
CTAHOBWTCA HecyllecTBeHHbM. Hachmnenme 3apucumoctH Z,(Jf
BEI3BAHO IKPAHMPOBKOH KOHZEHCHpOBaHHOM ba3ml ofpasua ma-
AMH. )
P Takum 06pa3oM, B ciiyyac OONydeHHs MemHONU muugﬂsn IJI/IMB
IYMBCHEIM ACKTPOHHEM IY4KOM € 7, = 100 HC u £ = 0, 3
IDAHHUA MPUMEHHMOCTH JBYX(asHON M IHAPOIHHAMIMECKON MO-
2
enet coctaBmaer 17 xA/om”. )
8 BiusEMe HAYANBHOW SHCPTMM SJICKTPOHOB HA TIOPOIOBYIO f
HAYana MCTIAPEHUsS M IPAHML TPUMEHMMOCTH MOZENeH HCIIapeHMsT
oM E HECKONBKO YMEHBIIAIOTCH
OIPefCHSeTCs TEM, YTO € DPOCT!
IHAYCHMA YOENBHEIX TOTEPh JHEPriM B oOMacTH Ha%oghmzl:
BHeproBrAeneHHs (puc. 2.10). CreaoraTeabHO, ¢ POCTOM al;n -
HOCTH TOKA, COOTBCTCTBYIOUIHE Ha4aNy HCIIApCHWS M 1;'{p El:;xu
NMPUMCHUMOCTH Mogeneit ViciapeHHA, GyAyT YBOIH4MBAThCA. "
mpu E = 0,5 M>B wcmapeHue CTaHOBMTCA 3aMETHEIM B CIIyda
j = 7 KA/cM?, a rpaHMLIA TPHMCHMMOCTH JBYX MOAENCH paBHa
17 kA/em?, To mpu E = | MaB 3mM napameTps! paBHB 10 n
2
20 kA/cm?. !
TIepexoA X My4KaM MHKDOCCKYHAHOM IJIWTENBHOCTH NPH YC
nosuM E = const M omuHakoporo ¢moeHca @ He wusMeHser
pasmepa 0BNacTH BEIIECTBA, NICPEXOTALIETO B NApPOBYIO d)a:g‘,mr::;
XaK TEIUIONPOBOXHOCTS 33 BPEMS MMIYABCA INPH SACKTIX >
BOICHCTBHM HE YCIEBAeT CYWIECTBCHHO TOBIMATh Ha TONE TEMIK
parylglmu OcoBEHHOCTH 3PO3MH TBEPAOTO TeNa NPH oﬁmemm
NMYYKAMHM CPEAHHX M TSOKSARX MOHOB ONPENENMIOTCA TeM, 4TO

97





[image: image30.png]TPOCKTUBHEIN MpoGer B BewecTse rpu £ < 2 MaB e TIpEBEILIACT
2 MKM, TIpH 3TOM MAKCHMYM 3HEDIOBBUIGICHHA HAXOIMTCH Ha
noeepxHocTy. IIpu mnoTHocTsax Toka j < 800 A/cm? oueHoumHsIH
kpurepuit (1.12) gaeT ckopocTs pocta meperperoro cnost, GIH3KyI0
K TOpOTY NPUMEHMMOCTH ABYX PACYSTHEIX MoOJeNelt (mecsTKu
METPOE B CEKYHAY). ClefoBaTeNbHO, HeOGXOAMMO NPOBCCTH yToy-
HSIOWME pacueThl NapaMETPOB JBIKEHMS BEWECTBA H Ha WX
OCHOBE CAEJaTh BBHIBOJ O BOSMOXHOM MEXaHU3Me 3DO3MU H COOT-
BETCTBYIOWIEH IS HETO MOJENM MCIAPEHHS.

Ha puc. 2.31 npeacraBieHa 5BOMIOMA IUIOTHOCTH B MeJHOM
obpaslle, oGIy4aeMOM MOHAMH YINISDOIA ¢ HAZTANBHOM 3Hepruet
uacril E = | MaB, mioTHocTHI0 Toka j = 300 A/eM? u anurens-
HOCTBI0 MMMTymbea 7, = 120 ne. M3 pucyHka BHAHO, uTo B6MM3M
TOBEPXHOCTH  CYNIECTBYeT 4eTKasd IDaHMIA MEXAY Naposoil M
KOHACHCHPOBAHHON (a3aMi, UCTIAPEHHUE UMEET SPKO BEHIPAXCHHEIH
TIOBEPXHOCTHBIH XapakTep. Ipi HAPAIMBAHMH MONIHOCTH 3HEpTO-
BBIICNCHUA AKTHBAUMOHHBIH MEXaHU3M HCIIAPEHMA TIEDEXOAMT B
THAPOXMHAMUMECKHIT, ONHAKO BEIUCTHTENBHEIA 3KCIEPHUMEHT 110~
kasall, YTO, TAK KAK MCNIAPSIOTCS OYEHh TOHKHE CNIOM BOLIECTBaA,
addexraMu B3aMMonEACTBUA MoTeKyN napa MOXHO TpeHeGpeus M

p. xr/u®
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7000+
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Puc. 2.31. Tlpodnmu mnortocTs B MeaHoM ofpasue npu cro obnyaeHun

TNYHKOM n;mos YIIEpoAa ¢ HavanbHol sHeprreft 1| MoB, maorHOCThI0 Toxka

300 A/em”, npmrennrocTbio uMnybca 120 HC B MOMEHTHI BpeMeHM: [ — A0
obmyyenun; 2 — 60 He ¢ Hauana obnyqenua; 3 — 120 He.
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PAaCCYMTEIBATS MCTIAPEHYE 110 ABYX(a3HON MOZENM, a He MO ropas-
7o Gonee CNOXHOM TMAPONMHAMITIECKOM.

Ha puc. 2.32 NpeACTABNEHH DACCHUTAHHBIE TIO ABYx(dasHOH
MOJENH 3ABMCHMOCTY TOJUIMHE! MCTIAPHBIIETOC CIOS Z, MEAHOTO

06pa3ua OT IUIOTHOCTM TOKA MydKa MOHOB yIIEpOJa NpH pa3-
JIMMHBIX HAYAIBHBIX SHCPTHAX HacTun. Kpussie Z,(j) mmsa seex E
KCTHITHBAIOT HACHILICHWS, KOTOpoe OBYCIORICHO KPaHMPOBKOH
KOHACHCUPOBAHHON MMIICHM e¢ TapaMy, o6pasylommicsa B pe-
synbrare obxydeHnA.

MaKCHMANBHO JOCTIDKMMAS TIPH HApallMBaHMM  TUIOTHOCTH
TOKA B Ny4YKE TONML(MHA WMCTIADHBUICIOCH CNOS, KAK IPABWIO, HE
Gonee weM Ha 20 % MOXET IIPEBBICUTH TIYOUHY MpPOSKTHBHOTO
npofiera HOHOB B BeluecTBe. 10 OBYCHOBNEHO TEM, YTO bYHKIMA
3HEPTOBbIIEACHHS TIPH NPOXOXICHNH CPEAHHMX M THDKE/EIX HOHOB B
TBEDAOM TeJle uMeeT hopMy, HIU3KYIO K cTyneHbke. Hocnenosanie
JMHAMMKH MCHApeHMsl [OKA3ajJjo, YTO OHO IIOYTH TONHOCTBIO
3aKAHYMBAETCA K MOMEHTY 3aBEpLICHHA MMITYNbca oONydcHus, B
OTAMHE OT cJydas 3NEKTPOHHOTO BO3ACHCTBMA.

Ha puc. 2.33 NMOCTPOSHA 3ABMCHMOCTD TOMIMHEI MCTIADHBIIE-
rocst cnost Zy OT UIMTETBHOCTH MITYbCa OOMYYEHUS IPH YCIOBHE

Zg, MKM Ze, MKM
20 1,2
E=2MaB
15
1,0
1
1,0
05
08
0.5
T T T T T T T T 1 0‘6 T T T T
0 200 400 600 800 [¢] 05 1,0 15 2,0
i Afcu? T MHE

Puc. 2.32. 3aBUCHMOCTh TOMWMHB

HCTOAPUBLICTOCA CNIOA OT INNIOTHOCTH

TOKa Npu o6NydeHHWH MeaHoro ob-

pasua My4KOM HOHOB YINEpOJa ¢

JJATCASHOCTRIO UMOyibea 120 He u

PA3NMYHBIME HAYAIBHEIMA IHCPIHA-
MH HOHOB.

Puc. 2.33. 3aBHCMMOCT>  TOMMUHEKL
HCMAPURMIETOCS €O OT ATHTENEHOC-
TH WMIYIbea NpH oGIyuCHHH Med-
Horo obpasua IYYKOM HOHOB YTJie-
pona. HavansHas sueprus E u dmro-
enc @ mocrosuHu (£ = 1 MsB,

© = 30 Ax/jem?).
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Zy € POCTOM 7., CBA3AHHOE C CYWIECTBEHHO
NPOBOIHOCTH B PacTpeAencHue TEINOBOU ¢
MMITYNIBCa O TyYeHms.

Hporons. @yHKUMA 3HEPrOBEENCHU Q-
ofmydernm (puc. 2.10) MMeeT MakcHMyM B T
3TOM [MyOMHA TNPOHMKHOBEHHA HPOTOHOB 1
[NANA3OHe 3HepIyi HE NPeBEIUACT HECKONLKA
ITo3ToMy Mns FPOTOHHOTO BO3HCHCTEHS M
APOMEXYTOMHHIN MEXIY CITyJasiMK 3IEKTPOHHC
YeHHA XApaKrep HCHAPSHUA,

Ob6HapyxeHo, WT0 TpM BOSICHCTBMM Ip:
E < 1 M3B 3po3ds NpoTeKacT aHASIOTHYHO Y.
CNYIaKO BONEHCTBUA CPEAHMX H TDXEIbIX HOR
o65acTy PHEPrOBHIASNCHMS MaNa, HCTIADCHHE
MEHMENA MTOBepXHOCTHHIL XapakTep. Hamwmaie
BHAENCHMA B KOHIE TIpo6era MPOTOHOB HY
XapaKrep HMCHapeHHA MOTOMY, YTG TPOLESC
GHICTPO CINAXHMBACT TEMIEPATYPHEIM TMK. E
HAMUMCCKME TPOLICCCH! He YCNEBAOT ceba |
33BMCHMOCTb TONIIHHBL UCTIADHBLIETOCA CIOA
st IPOTOHHOTO HydKa ¢ 3Heprueit 0,5 MsB,
prc. 2.34, a, Gsula paccumrada no Ibyxdas
DPeHMA. 3JaMETHOC WCHADEHME B 3TOM CITyu3
J = 300 Afem?. Hapaumsas TIOTHOCTS TOKa
TH4b PASMEPOB MCHApACMOH OGNacTH, npes
TIPOHMKHOBEHHA TIPOTOHOE B BEICCTBE MM
Zg(j) cBi3aHO ¢ TeM, YTO NPOLIECC MCTIAPEHYU
32BEPIIASTCH K MOMCHTY OKOHYAHUA UMIYIKCa,
YCTICBACT 3aMETHO DPACIPOCTPAHMTBCA B Iybh
e ofpasylolecss Maphl BemlecTsa IKPAHHPYK

TIpu Gomee BHICOKMX IHEPIrHAX MPOTOH!
E = 2 M3B, xapakTep HCTApeHMs CXOHEH ¢ YA
CHyMasMH 3MCKTPOHHOrO Bospeictua. Ha pmc
JICHA 3aBHCHMOCTB TOMNIMHBEI MCTIapUBLIETOCS
HOCTH TOK2 MPOTOHHOTO NMYUKA ¢ HAYANBHON 3F
¥ IMTENIbHOCTBIO MMITYbe 7, = 120 He. K

To ABYxbasHON MOJEM MCHApEHHA, a KPH

100

Z,, MkM a Z,, MKM 6

4 20
/ 2

3 15
2 10
1 5

T T T T L T T T
bl 1000 2000 0 1000 2000

J Atem?

Puc. 2.34. 3aBHCAMOCTL TONIIMHH MCTIADHBIIETOCS STI08 METHON Mumesn
OT MACTHOCTH TUK2 NPOTOHHOTC MYHKA ¢ HAYaNbHOA SHeprHeit 4acthy 0,5
(a) 1 2 MaB (6), AmmrentHOCTEIO yMmynbea 100 (@) u 120 ue (6); @, 6
(I) — paccuutaHo No AByxda3HOH ofenn ucnapewws; 6 {(2) — no ruapo-
* IAHAMEYECKON.

poxuHaMudeckoll. B obnactu f mo 500 A/eM? HemapeHHe MMeer
noBepxkHocTHMY xapaktep. Hanpueiimiee ysemmuenvie MONIHOCTH
HINYMCHHS CO3JACT B 0BMACTH MAKCHMAIBHOTO SHEPrOBBLICICHUA
(p mamHOM cryvac Wa mnybume k.. = 16,8 MxM) ycmosms mua
TEIUIOBOro BapHIBA. HascTpedy myuxy ABMxercs "Kphitxa” oBpasna
romuukolt ~A ... Tpu j < 1000 A/cm? (pHe. 2.35) oHa Bo3Bpa-
HIAETCA Ha MECTO 33 CYCT CHUN YIPYTOro B3ayMONEHCTBHA, a NpH
6oMbIIHX j [ONHOCTBIO McNapsercs (puc. 2.36). BeaeacTsue toro
YT0 APKO BBLIDAXEHHBIA IMK SHEPTOBLIAENCHMS HAXOTUTCA B Iy~
Gume mineny, Zg(/) B TMIPONMHAMMMECKOM PEXMME HCTIAPEHMAT
{xpupad 2 ua pHc. 2.34, 6) Mmeer crynenbky. Ee HacpnueHue ¢
POCTOM j OOYCIORICHO Te€M, 4ro OBICTpo obpasyiolrdecd Tapel
MMIICHU ITOTACLIAOT MOYTH BCIO SHEPTHIO ITYYKA.

PacueTst 3po3uM XBaplida MpH MMITYIBCHOM HOHHOM BO3Neti-
CTBMM, NPOBELACHHEIC To ABYxha3HOH MONEAM MCMAPEHMA, CpaB-
HHUBAJINCDH ¢ PKCTIEPUMCHTATBHBIMKA AAHHBMMH, NPSACTABICHHEIMU B
{13}. Ob6myuenue ofpa3ioB APOBOMMAOCH HA VMITYIBCHOM YCKO-
purene "Bepa” HUM sanepHolt duaukm I. ToMcka. CpenHsas suep-
TMH YacTUL NIPH ofmyqenw cocraenana 0,5 MaB, anmurensHocTn
MMITYIh¢a MOHHOTO TOKA B OCHOBAHMH paBHsuiachk 150 He, Mpumep-
HEDX cocTaB mydka — 50 %H* 3+ 50 %C*. Tomuuua ucnapusme-
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Puc. 2.35. Tpopunn mwiotHoctn B MednoM ofpaste npu ero oGnydeHun
TMPOTOHHKIM ITYYKOM MIMTCNBHOCTHEIO 120 HC ¢ HavanbHOM SHeprueit gacTu

2 M3B ¥ mioTHOCYBIO ToKa 500 A/cm2 B MOMEHTH! BpeMeHH: [ — 1o oby-
uerma; 2 — 120 He; 3 — 1 Mke.
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Puc. 2.36. Ipodwra INIOTHOCTH B MeJHOM oBpasne mpH cro ofTyIcHAW

TPOTOHHDBIM NYYKOM MIMTENBHOCTBIO 120 HC ¢ HAYANbHON SHEPrUCH YACTHL

2 M>B 1 miotHoetslo Toka 2000 A/ eM? B MoMeHTH: BpeMenn: I — 1o
obnygenun; 2 — 60 He; 3 — 120 me.

MKM

lucnv
12

Puc. 2.37. 33BMCUMOCTE TOMILUHB
MCUapHBIUErOCs cllos OT IIOT-  gg
HOCTH TOKA IYYKA CMEUIAHHOTO
coctasa (50 HC + 50 %H) ¢ Ha-
yansHoON 3eprueit yactun 0,5 MaB

¥ UTHTENRHOCTEIO HMIyTbca 150 He: g
1 — 3KCICPHMEHTANBHO MONYHEH~

Hasl KpnBasi; 2 — JAHHDBIE PacHdeTa.

0 100 200 300 400
J Alem2

rocsd cNosi onpefeNanach ¢ IOMOMIBO Ipodmrorpada-npodwio-
merpa dupmbl Taylor—Hobson “Tallysurf 5—20". Ha puc. 2.37
(xpuBasi 1) TIOCTpoEHa 3KCIEPUMEHTAIBHO TONYYEHHAsd 3aBHMCH-
MOCTE CpemHeH TOMIIMHE MCITAPUBIIETOCS CIIOS 33 OAMH MMITYIhC
OT FAOTHOCTH ToKa WoHoB. Ha 3ToM Xe pueynxe (kpuBaaz 2)
TIPUBECHE! PACUCTHEIC 3HAYEHMS DAYOHHBI SPO3MM IOBEPXHOCTH
KpUCTaliia AN 3THX XK€ TIAPAMETPOB ITydKa. DKCNePHMEHTANBHEE
JaHHEIE YOOBNCTBOPUTENLHO COBNAZAIOT ¢ pacyeTHRIMH. Hexoro-
POt PACXOXIEHUE PE3YJIBTATOB, BUIMMO, CBA3AHO € HEJOCTATOM-
HBIM 3HAHUEM 3HEPTETHYECKOIO CIEKTPA MOHHOIO IIy4Ka H EIo
COCTABIIAIOLIHX.

2.3.4. TepMoMexaHHYeCKHE MPOUECCHI

JluHammaeckne HanpAxeHAs. IIpH of6nyuenun TBepmoro Tena
MOLIHBEIMM MMITYABCHBIMM ITYMKAMM 3apPSKEHHBIX HACTHL! U3 30HEI
SHeproBhUICACHM BeaeacTBie adibekra TepMOyZapa pacnpocTpa-
HAETCA BONHA MEXaHWYECKOTO ¢XaThA. Popma 3TOH BONHBI Onpe-
JENSAETCH TPOCTPAHCTBEHHO-BPEMEHHBIM DACTIpefieleHHeM MOL-
HOCTH 9HEPIOBRUISICHHA IIPH TOPMOXEHUN HATYICHAS B BEILECTBE.
IIp MTHOBEHHOM BBoJE HePIUH $OpPMa BONHBI CXATHS TIOBTOPS-
er GopMy oHeproBbuaencHHA. OIHAKO B PeaNbHOCTH BpeMeHHas
Pa3BepTKA MONIHOCTH BBOJA 3HEPIMHM MMeeT KyNoxooGpazHylo
dopMy, mnosToMy IABIDKyIUasgcs BOJNHA cxaTud B oflleM ciyyac
ABRASCTCA CYICPHO3NLMENR YNPYTHMX M TUIACTMMECKMX BOJH, MMe-
IOLIMX Pa3HBIE MEXaHU3MBI M CKOPOCTH PacTipOCTPaHEeHWA.

XapakTep TepMOMEXaHMHECKMX TMPOLECCOB OMPEHCIACTCS COpP-
TOM HYaCTHIl, MX Ha4aNbHON 3SHEPrHEHd, IUIOTHOCTHIO TOKA TIyYKa,
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[image: image33.png]IUTATENLHOCTBIO MMITYIbea. B HEeKOTOPOM AMAnNasoHe HEBBICOKMX
MOIHOCTE! OONYYEHMA JBIDKEHHE BEUISCTBA MMIUEHM HBISETCH
MCKIOMMTEIBHO  ynpyruM. Hapanmmeanue MOLIHOCTH HAEydeHMs
TPHBOAMT K NOSBIEHHMIO IVIACTHYECKMX TEYCHMIt, a Takke K BO3-
HUKHOBEHMIO YIAPHOBOJIHOBHIX SBIEHHIA.

Ha npumepe BSMeKTPOHHOTO BO3ACHCTBMA PAcCMOTPMM, KAk
BIMAIOT [APAaMETPHl OONYMEHHA HA XapaKTep TEpPMOMEXAaHMYCCKHX
TIPOLIECCOB B TBEPAOTENMBHEIX MumeHsax. Ha puc. 2.38 mpepcramne-
Ha 9BOMIOUMA JaRIeHMH B METHOM o6pasue TOMMHoH 1,2 MM IIpH
TAKHX TApaMeTpax OGMYYECHHS, KOLJa WMEKT MECTC TONBKO VII-
pyrue MexaHwdeckue mpoueccH (E = 0,5 MeB, j = 800 A/em?,
Tpa = 100 HC). B IaHHOM CAy4ae MCTIApeHMe MOBEPXHOCTH 06pa3-
ua OTCYTCTBYeT. B muyGe ofpazua OsibkeTcs He TONMBKO BOMHA
cxaria. CneioM 3a HeWl MIET BONHA paipexeHus, KoTopas o6pa-
30BIACH B DPC3YNETATe PadIPY3KM NepefHeil MOBEPXHOCTH (KPH-
Buie I, 2) ¥ MMCCT aMIUIMTYRY, DABHYIO AMIUTUTYAE BOJNHHI II€p-
BIMHOIO CXaTést P,, TaK KaK JBUXCHHC BCIECTEA SENSETCH

ynpyraM. IlepBHuYHas BOMHA CXaTMA, NOCTHTAS 3amHElH CTEHKU,
orpaxaerca ot Hee. CopMHpOBaBmascs TakuM o6pa3oM BOMHa
PaspexXeHHs MMEET aMIUIMTYAY, TAKKe DABHYIO aMILIATYAS BONHEL
VCPBMMHOTO cXaTist P,. I[IpM HaloXeHHM BONH paspexeHms,
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Puc. 2.38. TpodHma mapneHudl B MegsoM ofpasue TomuuHoH 1,2 MM mpu
obnyzeHun MGKTPOHHI:;M UYIKOM ¢ HayankHol 3Hepruci 0,5 MaB, mnotHo-
creio Toka 800 AfoM“, mHTenbHOCThIO EMOymEca 100 He B MoMel
B HThI
BpeMenn: I — 100 ue; 2 — 200 nc; 3 — 375 Me (BcTpeua BONH pasrpysku
©T Repeanelt ¥ 3aTicll nobepxHocTelf). Paccumtaso no THAPOTHHAMHYECKON
MONCTH (CIUIOWHAT JIMHKA) M YPABHCHMIO YHPYTOCTH {IYHXTHP).
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ABVDXYILMXCA HABCTPeYY APYT APYTY, dopMupyeTca pazpexeHue ¢
amrumuryzoit 2P,. Kpusag 3 — npoduis P, ABRIAOUIGICA Pe3yls-
TaTOM MHTephEPSHLMU BOJH DA3PEXCHMS OT TepeHei W samHeit
TIOBEPXHOCTEN.

PesynsTaTh, IPCACTABNCHHBE Ha puc. 2.38, moxyueHs no
PasHEIM MOZNENAM — THAPONMHAMWMECKOH ¥ Tepmoynpyroif. Fix
XOpolee COBNANEHHE KOCBCHHO MOITBEDXAAET KOPPEKTHOCTH 06¢-
X PacUeTHLIX MOZE/eH B OGMACTH YNPYTOTO JABIDKCHMS BELLECTEA.

TIpu Tex ®e £ M 7., HO IPH TUIOTHOCTH TOXA j = 50 xA/cM?

IBOMICILIAST TEPMOMEXAHMUECKIX NPOIIeccoB B 06paslie MPOHCXOINT
vHaye. V3aMeHeHMs AaBIcHHII M IDIOTHOCTH I 2TOrO caydast
NpHBeseHE! Ha puc. 2.39, 2.40. JaHHEN! pexuM oGnydeHHMs Xapak-
Tepuayercst TeM, YTO OH CO3MAET MHTEHCHBHOC WCMapeHue Ha
TOBEpXHOCTH 06paslia, KOTOPOE MMEET TMAPOAUHAMMIECKHI XapaK-
Tep. Kpusas I Ha puc. 2.39 COOTBETCTBYCT MOMEHTY BpEMEHHM
50 Hc ¢ Hayana obMydeHMa. OHa IIOKA3EIBAET, YT0 B 30HE IHEPIoO-
BELIETEHMA GOPMUPYETCS MMIYNBe cXatus. Ha chedylomem 3ramne
O6IyyeHHst TUIOTHOCTh TOKA YMEHBUIAETCS, OTHAKO HA MOBCPXHOCTH
MUILCHA HaYMHAETCS WHTEHCHBHOC Mcmapenue. Ofpasyomuecs
TUTOTHEIE NMapHl AABAT HA MEPEXHIOK CTCHKY MMIIEHH, MPEraTcTBYS
pasrpyske. ITo3TOMY K KOHIY OOMy4eHHA BONHA Pa3peXeHHA OT
mepexHelt IMOBEPXHOCTH Tak M HE TNodBWiac: (kpusax 2 Ha

P.Ma
10

~1-10'2

2

—2.101n T T T T T T
-1500 -1000 -500 O 500 1000

Puc. 2.39. NIpodwm NapncHuii B MeAHOM ofpasuc tomuuuoi 1,2 MM mpH

BOIIEHCTENH UMIYNBCHOTO INCKTPOHHOIO My¥KA € HAYanpHOH 3HeprucH

uyactnu 0,5 M3B, miorHOCTBIO TOKa 50 xA/cMz, JJATENBHOCTBIO HMITYABCA

100 go B MoMeHTH Bpemenn: | — 50 He; 2 — 100 me; 3 — 430 He (scTpeva
BONIK PAsTPY3KH OT NepelHEH B 3aXHCH NOBEPXHOCTCH).
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Puc. 2.40. Npoduny JasneHuit B MEAHOM ofpasie TomumuoR 1,2 MM npu
BO3XEHCTBAM HMITY/IBCHOTO SMEKTPOHHOIO TNyYKA ¢ HAYANLHON 3HEprHelt

wactun 0,5 MaB, miotHocTsIO TOKa 50 x(A/t:M2 » JUIHTENLHOCTBIO HMITYNIBCA.
100 me.

puc. 2.39). IIpu sToM K 3afHEil cTeHKe ofpaslia ABIXeTes BPOHT
YAAPHOM BONHEL ¢ aMITTUTYZOA 2,5 + 10'° Ma, uro coorBeTcTBYET
cXatWio BeutecTsa B 1,13 pasa (eM. pme. 2.40). Iocre npekpa-
IWEHNA OGMYYCHUS MHTEHCUBHOE MCTIAPEHUE ¢ MOBEPXHOCTH Mpo-
Aomxaetes. Ilo Mepe pamiera Napos ux AaBNeHHMe Ha TIepemHIOK
CTEHKY OCabeBacT, YTO MPHBONUT K €€ DasipysKe {kpuBan 3 ma
puc. 2.39). AMIVIMTYZa 3Toif BONHBI IOPA3Z0 MEHbIIE AMILTHTYABI
TISPBMYHOM BOTHEI CXATHSI, TIOTOMY MTO, BO-TEPBHIX, MAPH IABAT
Ha MEPEHION0 CTCHKY MMIUEHH, H, BO-BIOPHIX, ABIDKEHHE BEILECT-
BA He SBICTCA YIPYTMM. BTa e KpuBam AEMOHCTDHDYET, uTO
BOJIHA CXaTHA AOCTHIIA 3aHSH IOBEPXHOCTH M OTPAXAETCA OT
Hee. Hopast BomMa paspexeHMA Takke GyZeT MMeTs AMIVIHTYAY,
MeHbIlyIo, weM P,. Yepes 430 HC UPOMCXOAMT HANOXEHHE BOMH
PASPEXCHUT, WAYLUMX OT MePefHEil W 3aiHEN! OBEPXHOCTEN (KpH-
Bas 4 Ha pHe. 2.39). B sror mMomenr co3gaercs Hauboabllas
ONACHOCTh HAPYWIEHMS CIUIOIIHOCTH oBpasua. B jaHmom cnyuac
3TOr0 HE TPOM3OLLIO, OAHAKO C/CAYeT MMETH B BUAY, 4TC B
DacyeTax KPMCTATMECKAsA CTPYKTYpa BELIECTBA TIPEANONAraach
HACAUTSHOH UM IMHAMMMECKMM IDEAEN NPOMHOCTH ONpeaesica
H30TCPMAMI  CKATHA-PASPEXECHNUS BEIIecTBa. B peaNsHLIX Mare-
pHATaX IMHAMWMECKUH NPENEN NMPOYHOCTH MOXET GhITh TOPa3no
HIDKe (K COXAICHHIO, HHGOPMALMM O 3HAYCHMSX JOVHAMHYECKHX
NpEACNOB NPOYHOCTH Pa3/MYHbIX BEWIECTB B HAHOCEKYHIHOM De-
KMME HarpyXeHud B HaydHOM surepaType odeHp mano). Kpome
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TOTo, OGHAPYXKEHO, IO CTOMKOCTh 06paslloB K MEXaHHYECKOMY
Pa3pyUIEHHIO 3aBUCHT OT KX TOIIMHBIL Ecmu TOJIIAHA 06pa3ua
MEHbIIE UIMHBL NMpofera YacTHil B BEWIECTBE, TO MaKCHMAIbHLIE
PAacTSTHBAIOIIME HATIDOKCHMS BO3HMKAIOT B OGJAcTH CHIBHOTO
PATVALIOHHOTO Pa3Orpera. A ANA HapyLIeHMS CIUIOWHOCTH, T.o.
pa3pbiBa MEXaTOMHBIX CBSI3¢H, HAarpeToro BEIUECTBA TpebyeTcs
3ATPATHTL MEHDIlE SHEPTHH, HEM IS XONOZHOrO. Hanpumep, npu
ofmyyeHuM MeaHoro obpasua TommmHoM 0,2 N;M HapyleHUe
CINOUIHOCTH HaGMofaeTcs yxe npu j = 15 kA/eM® (E = 0,5 M:-)B:
Tom = 100 He, pHc. 2.41), B To BpeMmst KaK 0Gpasell TONUIMHOM
1,2 MM COXpaHsieT LETOCTHOCTh (KOHCYHO, B npenno?[oxenuu une;
anbHOM KPUCTANNMMECKON CTPYKTYpH) M mpH  j = 50 kA/eM

(puc. 2.40). )
3aMeTHMM, WTO B OTAMMME OT ciydas ¢ j = 800 Ajem? mpu

j=50 KA/(:M2 aAMILIMTYOA MAaKCHMAJILHOTO PaspeXeHHd MEHbLIC
2P,. Bro obycnoBACHO, BO-NICPBEX, AARNEHHEM TIapOB HA NOBEPX-

HOCTB M, BO-BTOPBIX, TeM, YTO ABIDKCHUE BEIICCTBA HE SABLISTCA

YTIPYTHM. .
BOCHOAB30BABIINCE KPHTEPHEM M3 pasa. 2.1.3, Halinem miz £

M T, TPCAET ANA TUIOTHOCTH TOKA jy., HIKE KOTODOrO ABH-

KeHHe BElllECTBa SBNseTCH YIPYTHM. PacteTbl Iokasamu, uro MpH
; ) e

E=05MaBur, = 100uc j= 1000 A/em®. TIpn j > j,., B
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Puc. 2.41. Tlpodunu WioTHOCTH B MeTHOM obpasue TonuwHoN 200 MKM
npH €ro oGIyIEeHHH NCKTPOHHBIM MYYKOM C HayankHOH 3Heprueil YacTHI

0,5 MaB, mioTHOCTBIO TOKA 15 KA/ch , GHTENGHOCTLIO MMIybca 100 He
: B MOMeHTH Bpemenn: [ — ao obmysenus; 2 — 100 He; 3 - 200 He.
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Puc. 2.42. Bonma paBneHmit B mex-
A HoM ofpasue Tomumzok 1,2 MM
2-10 1 B MOMEHT OKOHMAHHS HMIY/bca
° ANEKIPOHHOIO  IYYKa AMHTCIb-
5 Hoctele 100 He, ¢ HavanbHoMt
-2-10 2 dHeprueit wacTHH 0,5 MbaB,
TJIOTHOCTREG  TOKa 10 KA/CMZ.
—8-10% Kpueas ! paccunrana no ruapo-
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BEIIEOTBE MOSRMISIOTCS IUIACTHYECKHE TCYSHMA M YIADHBIE BOJHEL
A 3TO 3HAYMT, YTO [T PACUETA TEPMOMEXAHMUECKIX TIPOLIECCOB
MOXHO HCTIONB3OBATh TONBKO THAPOIMHAMMHYECKYIO MONCHD, TOCT-
POCHHYIO B DAMKAX TCOPHH CIUIOMHOH cpeftl K mpmmepy, ma
PHC. 2.42 TpHBeAeHBI TpoduAH JaBREHUH B MelIHOM ofpasue B
MOMCHT OKOHYAHMS MMINyIbea obmydeHns ¢ j = 10 kA/cm? (£ =
= 0,5 MaB, Tiom = 100 He), momyuenmme ws pemenus THIpO-
AMHAMIMECKOR (kpuBag 1) M TepMoympyroH samag (KpuBas 2).
VpaBHenwe ynpyrocTu CymecTBeHHO 3aBHILACT 3HAa4eHHWE P B
BOIHC DPasTPY3KM, HOTOMY WYTO [BHXCHHE BEINECTBA BHIO M3
YIpyro#t ofnacti u 3akoH I'VKa 3mece He paboraer. IIpH rmior-
HOCTH Toka j = 800 Afcm? M Tex xe 3HAaMeHMsx E w1
PE3YNIBTATEl ZABNEHMI, PACCHUTAHHAIX 110 0GEUM MOACILIM, XOPOIIO
coBnajaior (cM. puc. 2.38).

Benuuima Jyny 32BUCHT OT E 1 Tam SABHCHMOCTD jy"p or £
TIOYTH JIMHEHHO pacTeT ¢ yBe- j Alcm?
awaeHneM E (puc. 2.43), Tak 2000
KaK B PACCMaTPHBAEMOM Auana-
30HE  9HEPIMH  MICKTPOHOB 1500
3HaHMA  JIMHEHHBIX  noTeps
3HEPrHM TIPH TOPMOXEHMM B 1200

BEIECTBE MMUICHA oﬁpa'mo npo- 800

Puc. 2.43. 3apucumocts Jymp(E) 400

LA cydas BOSACHCTBHS 31eKTPOH-
HOIO Oy9Ka WIMTCARHOCTEIe 100 He
Ha o, H ob: o [ 05 1,0 1.5E Mzéo
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nopumoHansHel E. C pocToM . TpH TocTosHCTBe (moeHca
SHEPIUH MITYSCHHUS 3HAUCHHA Jj,,, TOXe OYAYT BO3pacTarh, Tax Kak
MOIIHOCTb BBOJA 9HEPriH GYAEeT YMEHBIIATHCS.

Tipu j < Jp $a30oBEIE TIEPEXO/BI B BEIECTBE MMIICHM ELIE HE
JOCTUIAIOTCH, CACAOBATCABHO, OTNANAST HEOSXOIMMOCTL BKIIO-
YeHMS B TEPMOYNPYTYIO 3allady IPAHMYHBIX YCAOBMH H IIPOUMX
TOTIPABOK, CBASAHHEIX C IUIABNEHMEM M HCTIADCHUEM BELIECTBA
MHIIEHH.

PaccMOTPUM, KaK BIMAIOT Ha aMIUIMTYAY BOMH cXatus P, u
paspexeHuss P_ IVIOTHOCTH TOKa MEKTPOHOB, HX HaYabHasg dHep-
THA X JIHTEIbBHOCTE HMITYJIBCA.

3aBUCHMOCTE 3HaYeHul AaBnenus HamGomswero cxatns P, u
paspexeHus P_ oT IUIOTHOCTH ToXa anexrpoHos ¢ £ = 0,5 MaB u
Tom = 100 HC NMpHBEOeHa Ha pHe. 2.44. HeyKioHHoE yBeaWYCHHE
P, ¢ pocTOM j WLIIOCTPHPYET TOT (akKT, Yro B JAHHOM pexuMe
OGMydcHUs BAMSHMC PasTPy3Ku ¢ NEPEOHel TMOBEPXHOCTH Ha Be-
nuauHy GpPoHTa CXATHS NOYTH HE OWymaercd. COOTHOMIEHMe
P_ = 2P, BLINONHACTCA NI B MAJTOM HHTEPBANEC j, KOTOPOE
MEHBII¢ HAYCHUA jo.. Jns GombIMX j XapaKTepHO BHIOJIHEHHE
yenoswst P_ < P, HaceueHue 3aBHcHMocTH P_(j) oBbscHsercs
JIOCTHXREHHEM MWHKMYMa XOJNOAHOM H30TEpMEL

Ha ¢dopmupoBanpe BONMH cXaTHsi M PA3TPy3KM 3aMETHOE BIIHS-
HHC OKA3NBACT HMUTEABHOCT: MMIyIbca obnyuenus. C yMeHs-
IMEeHUEM 7, MPU ofuHAKOBoM ¢moeHee P BO3pacTaeT MOIHOCTS
BBOOA SHEPrMHM M, CNCOBATENLHO, YBEIMMMBAIOTCH AMIUIATYRI
BOJIH CXATHS M paspexeHus (puc. 2.45).

BimAEMe HauaieHOR 3HEp- P, Ma
my E va P, v P_ B cmyvae g0
3NIEKTPOHHOTO BO3ACUCTEHS 06yc- P
JOBICHO CRCNYIOIIMMM OBYMS  40-]

Puc. 2.44. 3aBMCHMOCTh JABNCHMM ®
MaKCHMaNbHOro cxarns (I) u paspe-
xeHHA (2) B MemHOM ofpasue or 0
IIOTHOCTH TOKA SMCKTPOHHOTO Myw- 2
Xa C HayaibHOH oMeprmcd wactmn -20 L —oe——e———
0,5 M>B, [IMMTeIBHOCTBIO MMITYIIBCA 0 20 40 680 80 100

100 ue. J KAfom2
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FPuc. 2.45. 3aBMCUMOCTh JABICHMA
MakcuManbHoro cxarud (1) n pas-
pexennst (2) B MeAHOM obpasie npu
OBNMYYECHHU BNEXKTPOHHEIM  IIY4KOM
€ HadanbHOH  BHEpruedl YacTAI
0,5 MaB # HEM3MEHHBIM (PIIOCHCOM
107 H.)l(/m2 OT IWIHTEABHOCTH HMITy/b-
©a HAMyYCHHA.

Puc. 2.46. Tlpoduan [apneHAR B
MeJIHOM 06pasie TommHon 1,2 MM
npH  ero  OORYMEHMH 3NIEKTPOH-
HBIM NY4KOM ¢ Ha4aibHOH SHep-
rucéi 0,1 MaB, IIOTHOCTBIO TOKa
25 KA/cM?, WITSIHOCTHIO HMITYIT:-
ca 100 Hc B MOMEHTH BpeMeHM:
1 — 50 He; 2 — 100 He.

dakropamu. C ool CTOPOHH, B PACCMATPMBAEMOM AHANa3OHe
SHEPTHH 3JIEKTPOHOB ¢ YMCHBIICHUEM HAYAJIBHON SHEPIHHU JaCTHII
HECKO/IBKO YBEJIMYHBACTCS TUIOTHOCTD IMHCHHAIX [IOTEPb SHEPTHU B
BemiecTse. CreAoBaTe/bHO, IPH TIPOYMX PABHBIX YCAOBMSX BO3pa-
CTaeT MOLIHOCTh BBoja 3Heprun. Ho, ¢ Jpyroit CTOPOHBI, ¢
YMEHBIIEHHEM HAYaNBHOM SHEPTHH 3/IEKTPOHOB YMEHBIUAETCA U
Pa3Mep 30HE IHEDPIOBBINENCHMA, YTO BEACT K Gonee CIUIBHOMY
BIVSHMIO Pa3TPy3KH NepeAHEH MOBEPXHOCTH HA aMIUIMTYAY BOJHEI
cxarusl. Cyneprnosmums oTux (aKTOPOB ONPEAENAET 3ABUCHMOCTD
P, u P_ or HayanbHON Heprum E.

Ha puc. 2.46 npemcTapieHa SBOMOLMS JABICHMHA B MEAHOM
ofpasle NP €ro ofAydeHMH SNEKTDOHHBIM IYYKOM IMTENBHO-
creo 1077 ¢, ¢ HavanpHOA aHeprieit yactu 0,1 MaB H maoTHO-
CTBIO TOKa 25 KA/em?. [Mapamerprt ofydeHusi BHIGPAHBI TAKHUMH,
‘lTOGbI CPEeOHAA TUIOTHOCTE MOUIHOCTH JHEPTOBBIACNEHNA ch
COBNA/ANA CO 3HaYeHMeM W , B Cilydae oBNYy4eHHA SNEKTPOHHEIM
Ty4KOM TOH e fmurensHocTH W E = 0,5 MaB, j = 50 xA/em?,

IBOMIOLMS JABACHMI [ KOTOPOre NpHBeacHa Ha puc. 2.39. Ilpu
E = 0,1 MaB pasMep 30HEI 3HEPrOBRUIENEHHS NCKTPOHOR B MeIH
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cocTaBisieT ~20 MKM, YTO NpuMepHO B 10°pa3 MeHblle, ueM mns
E = 0,5 MaB. Bonpmoe paaimide B (opMe # pasMepax BONH
JABNCHHH B COMOCTABISEMBIX CHAy4yasX OOYCIOBNEHO  CHABHBEIM
BIHAHHEM Da3rpy3ku nioBepxHocTd npu £ = 0,1 MsB. Ha navans-
Holt craguu obmyueHMss B 30HE SHEPTOBLUICNECHHMA 3ICKTPOHOB B
MHIIEHY GOPMUPYETCA MMIIYJILC CKATHS, POCT AMIUIMTYBI KOTOPO-
IO CASPXMBACTCS BAHAHHMEM Pasrpysku (puc. 2.46), OaHako Jaib-
HEHIMA Pa30rpeB MUILCHU M3NYMEHWEM TIDMBOAMT K HHTEHCHBHO-
MY HCIIADEHMIO Ha TOBepxHOCTH. [Tapkl ZaBAT Ha Hee, TIPEIATCTBYS
pasrpyske. H3-33 3Toro HabmIONaeTCs BO3PACTAHME aMIUIMTYAB
BONHEI CXaTwi, dbopMupyeMoil B MPUNOBEPXHOCTHON oBnacTu Mm-
wenyn. OpHako ammwmMryfa STodf BOXHH P, HE MpEBBIMacT

4 - 10° Ma, uro MOYTH Ha TOPAACK MEHblUE 3HaucHMA P,, CO3a-
> o

BaeMOro B pexuMe obmyderus E = 0,5 MaB u j = 50 xA/cm?.
TakuM oBpazoM, HECMOTPS Ha TO YTO CPeAHSsI IUIOTHOCTh MO~
HOCTH SHEPTOBHIZSICHMA OAMHAKOBA, TIPH BO3INEMCTBHH 3/1EKTPO-
HOB ¢ MeHBIIEH HAYaIbHOH 3HEPIMEH, a 3HAYUT M ¢ MeHbIuei
0GNACThIO SHEPrOBBLICICHWA, B MUIIEHN T¢HECPUPYIOTCA MEHLILUE
JABIEHHS.

Ha puc. 2.47 npeAcTaBIcHb Pe3yNETATH PAcHeTOB MaKCHMaNh-
HBIX JABNCHHUI B BONHAX CXATUA M Pa3peXCHHS, MOMYYEHHBIE TIPH
Pa3HEIX HAYaJbHBIX JHEPrHAX IMCKTPOHOB, HO NpPH OAMHAKOBOM
3HAYCHMM MOLIHOCTM JHEPIOBBUICHEHMSA, T.C, IIA KaXIOro 3Ha-
yeHnst E IUTOTHOCTB TOKa j GbUta BEIOpaHa Takoit, YTobhl 3HAYEHUE
BBIDDKEHUS jE/Rp OCTaBUIOCh TOCTOSHHEIM (}'E/RP= 10 Br/em?).
AMIUIMTYAA BOJH CXATHS M Pa3sPeXeHMs DE3KO YMEHBIUAETCS ¢
yMeHbIIeHeM E, 4To oDYyCNOBNEHO BIMAHMEM DA3IPY3KH.

HpoGer HMOHOB NMpPUMEPHO Ha 2 TOPAJKA MEHBIUG pa3Mepa
30HHI PHEPrOBBUZEJEHMA 320ekT- A Ma _
POHOE ¢ TEMH X€ 3IHEPIHAMU. 10
CnenoBatesbHO, aMIuINTyaz BomH 610

CRATWA U AaCTAXEHMA TpM 1o
MOIIHOM MMTIYJTECHOM HOHHOM

2:10"°
Puc. 2.47. 3aBUCAMOCTL JRaBICHHMA 0

HauBonswero cxaths (I) H paspe- <
xeHust (2) B MeXHom ofpasue oTr  ~2 10'3

HaYaNbHOR IHEPIUH INEKTPOHOB B 10 2
nydke mwmemsHocrmio 100 we mpuw 40—
yeanoBun jE/RP = 1012 B’I‘/CM2. 0 1 2
E, MaB
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POHHOM BO3MEHCTBIM C TEMH
XK€ HAYaNbHEIMH JSHEPTHAMH
YaCTHL M 3HAYCHHEM BbIpa-
KEHMS jE/Rp. BroT BHIBOIL

TIOATBCPXAAGETCA CHEIVIOUMMY pesynbTaTaMil. Ha puc. 2.48 mpuse-
ZleHRl 3aBUCHMOCTM P, M P_ OT IUIOTHOCTH TOKA MpPOTOHOB C
E = 2 M3B (r,,, = 100 H¢). OHU NPHUMEPHC Ha NOPAZOK HIDKe
Tex, KOTOPHIE [OYJaroTca nmpy ofaydeHHH SNEKTPOHAMHU ¢ TOHM Xe
HauvANBHOW 3Hepryielt wacTHil M TeMM X¢ 3HAUCHHAMH CPeAHCEH
MOIIHOCTH 3HeProBhe/ncHIs. TIpy OGIYICHKI CPCAHMMM M TSIKe-
MMM MOHEMM PajHWIIA AMIUIMIYA BOMH fJaBfeHiti COCTABIACT
TPUMEPHO 2 TIOPSAKA.

IIpx MOHHOM OGIYYECHWM aMILIMTYAB BOJH CEaTHd M paspe-
XEHMSA TAK XE, KAK M JIPH ICKTPOHHOM BO3JASHCTBHM, BO3PACTAIOT
C yBeJMHEHMEM HAYANBbHOM 3HEPTHU MOHOB (TIPH YCIOBMM OXHMHA-
KOBOH ILIOTHOCTH MOLIHOCTH SHCPTOBBUACICHMA), NMOTOMY IO C
pocroM £ yBEMMMHBAIOTCHA M HX TPOCKTHBHEI Ipober B BelIECTBE,
H IVIOTHOCTE 3HEProOBRIACHEHMS.

@opMa HMIYABCA CXATHSA-PaspeXeHHd, 06pazylomierocs NpH
WMOHHOM BOIICHCTBYM, CXO[HA CO CIYYAacM BO3ACHCTBHS BIEKTPO-
HOB ¢ HasarsHoll sHeprueit £ = 0,1 MaB (puc. 2.49).

OnpeaenMM IPAHUIEY KOPPEKTHOLO NPHUMEHEHNMS TEPMOYTIPYTO#
3agauM JUIA pacyera P mipu woHHOM Bo3AelcTBHU. [Nt MpoTOHHOTO
mysxa ¢ £ =2 MaB u ¢ = 100 Hc nopor Jymp TIO TUIOTHOCTH

Toka cocrapun 20 A/cM?. C yMGHBIICHMEM Ha4ANBHOH OHEPTHM
YACTHL, Jy,, HEMHOTO BO3pAcTaerT, NOTOMY YTO YMEHBIIAETCH ILIOT-

HOCTH HCPIOBBIICACHUA IIPH TOPMOXCHHM HOHOB B BEUISCTBE.
Veemmuenue 7., (OpH @ = const) OT COTHH HAHOCEKYHX IO

SAMHHL MHKPOCEKYH]] HECKOJIBKO YBEIHYIHBaeT Mopor jyrlp’ TakK KaxK

— 1 T 1
o 1000 2000 3000
4, Alem?
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Puc. 2.49. Nipohuny Jasnenuit B MeaHom ofpastie ToniwmHoi 0.4 MM npu

ero ofAY4CHHH NPOTOHHBEIM NYYKOM C HAYAMLHOH 3Hepruclt 2 MsB, mior-

HOCTBIO Toka 1250 A/em? u amHTenbHOCTbIO MMIyAbca 100 HC B MOMEHTHI
BpeMenn: 7 — 40 nue; 2 — 100 me; 3 — 225 e,

¢ pocroM 1, Tip (B = const MOILIHOCTh JHEPIOBBIAENEHMA

YMEHblllaeTcs.

OTMETMM CTeTeHE BNUSHWS BONH JABIEHMII Ha M3MCHEHMe
temneparyp. Hanpumep, TipH 06AYHEHHM SNEKTPOHHBIM [TYYKOM C
E = 0,5 MaB, 7,,, = 100 He 1 j = 50 xA/cm? meanoro ofpasua,
BOJIIOLMA NAB/IEHMA B KOTOPOM NpWBeAeHa Ha puc. 2.39, ronyue-
HO, YTO MOA JeHCTBMEM BOAH CXKATHS ¢ AMIUTATYAON P =
= 3- 10" Ma u paspexenns ¢ P_ = —1,55 - 101 Tla namenenve

TEMIEPATYPhl COCTaBAAeT cOOTBETCTBEHHO AT = 105 K n AT =
= —111 K. TIpn Bo3geHcTBHH MYYKOB YMEPEHHONR HHTEHCMBHOCTH,
KOrAa aMIUIMTYABl BOAH IamieHwit Menpie 10° Tla, uamenenue
TEMIEPATYPEL 32 CYET ACHCTBHSI NOCHEAHHX HE NPEBHIIACT ASCATKA
rpanycos Kenseuna.

Pe3ynsTaThl pacyeToB OCHOBHBIX XADAKTEPHCTHK TEPMOMEXaHH-
YECKMX MPOLECCOB MO Halllel rMAPONMHAMMYECKOH MOAERH ¢paB-
HHMBanKCh C PEe3YNBTATAMM DPACHETOB APYrux aBTopoB. [lofyseHo
XOpOILIGE COBMMANEHME ¢ DacHETHBIMH NpOPWIAMU JaBNeHMH B
ANOMHHUCBBIX MMHICHSX TIPH MX OBJYYCHHM HAHOCEKYHAHBIMH
IEKTPOHHBIMU TTy9KaMH MOIMHOCTBIO ~10° BT/cm?, mpencrapnen-
HEMK B [52]. [IpodwWiH fNOTHOCTH ‘M HABNEHHSA B ATIOMMHHEBLIX
MHIICHAX, MOAYYACMBIC IT0 HAWICH THIPOJIHHAMUMECKOH MOIEAN,
TAKKE XOPOUIO COTNACYIOTCS € PE3YJIBTATAMH PAacueToB, NpHBEJEH-
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TPOTOHHEIX ITTyYKOB.
Cratnaeckne Hanpsukenus. TaK Xak B TBEPAOTENLHEIX MHUILIEHSX

TIp® X OGNYYCHWM MMITYABCHBIMA FYMKAM¥ 3aDSKCHHEX YaCTUL B
TIPOZONBHOM HAIPAaBIEHUH X BOIHMKAST HEPABHOMEDPHBIA Pasorpes
(T = T(x)), TO B NONEPEHHBIX K OCH X IDIOCKOCTAX CO3/al0Tes

HODMaJIbHBIE CTaTMHECKHE HANPSDKEHMA o, = gyy’ Bee cocrae-
JISIIOMIUE  KacaTeIbHBIX Hanpmﬂuﬁ ¥ HOpMalbHBIE  HATIpsXe-

Hsl O, OTCYTCTBYIOT (NDH YCIOBHY CBOBOAHBIX TIOBEPXHOCTE R
mumeny). PaccmotpnM, Kak 3aBMcAT o, M @, OF NAapaMeTpos

TIY4KOB.
Ha puc. 2.50, @ u 2.51, @ npuBeAeHH UX NPOGHIM B MEAHOM

MHILISHH TOMUHHOK 1,2 MM B palIMYHbIE MOMCHTBI BPEMEHM TIPM
OfNydeHMH WMIYIBCHEIM ONeKTpoHHEM (£ = 0,5 MaB, j =
= 2,5 kA/em?, Tom = 100 He) u mpoTonHEM (E = 2 MaB, j =
= 80 Ajem?, 1. = 100 Hc) myuxamm, ma puc. 2.50, 6 M
2.51, 6 — pacmpenejcHVs BEBABIIMX WX TEMIIEPATyDHBIX monefi.
ITapaMeTps1 BRIGpPaHEI TakMM 0Gpa3oM, UTO CPEAHSA MOUIHOCTD
SHEPTOBEUACACHHS B MUIUCHH B ofoMx clyyasx oamHaxoea. M3

PHUCYHKOB BMAHO, YTO IIPM HEBMBICOKMX IUIOTHOCTAX TOKa ITy4YKa
3HaYeHMs CTaTHYECKMX HAMpPSXEHMA B TIOMEPEYHBIX K OCH X
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Puc. 2.50. PacripelcneBne CTATHYECKMX HanpakeHM# (4) W BLIIBABNIHE UX
TeMnepatypunle nofs (6) B MegHoM ofpasme TommmeOW 1,2 MM mpu
ofny4eHI SACKTPOHHEIM MYIKOM ¢ HaYaNbHON 3Heprucil dactuy 0,5 MaB,

IJIOTHOCTHIO TOKa 2500 A/CM2 ¥ IEMTENLHOCTBIO UMNyAsca 100 He B MoMeH-
T Bpemern: ! — 100 we; 2 — 1074 ¢; 2 —107% ¢,
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TUICCKOCTAX COM3MEpPHMMBl CO 3HAYCHMAMH THHAMHYECKMX Harps-
JKCHMIT B TIPOACALHOM HanpasneHun. HauGonplume cxumaiourve
HANPAXCHUST UMCIOT MECTO B O6NacTM MakCHMAibHOTO pasorpesa,
2 HamGonbuude PacTATMBAlOMME — B OBNACTU GpPOHTA TEMIOBOIO
noToKa. JHaueHus T B O'yy 3aBUCAT KakK OT BENUYHHbLI TeMnepa-

TYPHOTC Pa3orpeBa, TaK M OT IPafHeHTOB TeMIepaTypsl. [1osroMy
TApajAIeNBHO ¢ pPeNlaKcallMelt TeMNepaTypHEIX FPajUeHTOB B 06pas-
ue BCTCACTBME TCIUIONPOBOAHOCTH YMEHBIIAIOTCS M 3HAYECHUS
CTaTU4ECKHX HANPSKEHHH. PaccuMTaTh CTaTHYECKME HampsXeHus
MO HKCIIONBIOBAHHOM METOMMKE JUI CIyYacB ¢ GONBUIMMM 3Ha-
YEHWIMH j He [pPEACTABAETCH BO3MOXHEIM, TaK KaK BELISCTBO
GyZmeT MCHBITHIBATL PA3ORBIE NPEBPAILCHMA.

Tpu comocrapnenun puc. 2.50 u 2.51 BuaMo, 4T0 B clyyac
NPOTOHHOTO OBNYYCHHA TEMIIEPATYPHOE MOE H3-3a BONee BRICOKHX
TP2JHEHTOB TEMIepaTyphl B 064acTH MaKCHMAJbHOIO pa3orpera, a
3HauuT M GoNee BEICOKMX CKOpOCTe# OXIAXACHHS, GHICTPEE pe-
nakcupyercs. TlosToMy M peaxcalys CTaTHYeCKUX HATIPEXEHMIY
TIp¥ MPOTOHHOM BORNEHCTBMH INPOMCXOAUT OHICTpee, 4eM IpH
3NEKTPOHHOM.

CrarudecKue HalpsKeHUA BO3HMKAOT HE TOABKO B 30HE
Pa3’orpeBa, HO U B XONOAHOH OBNacTH.
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Puc. 2.5]. PacnpefeneHue CTaTHMecKHX HanpmXeHWil (a) M BRISBABLIZC HX
TeMneparypHele nois () B meanom ofpasue Tommmmo# 0,2 MM npu
ofnyyensd NPOTOHHBIM IIYYKOM € HayaibHOR SHeprueir uactuu 2 MbaB,

nIoTHOCTHIC TOKa 80 A/cM2 ¥ MTHTEILHOCTEIO HMITY/Abca 100 HC B MOMCHTEI
spemenn: / — 100 ue; 2 — 1074 ¢ 3—107c




[image: image39.png]2.4. OcHOBHBIE BBIBOZBI

Ha ocHOBe pacucTHBIX MOIE/eH, MPeACTaBAEHHBIX B HAcTOs-
el raBe, NPOaHANM3NPORAHB! TEMIOBBIE, IPOIHOHHBIE U TEPMO-
MEXaHWYECKHE TPOLECCH B TBEPABIX TeNaX NpH o0NYyYEHHH MOLI~
HBIMU{ WMITYABCHBIMUA NMyYKaMU 3apSKEHHBIX JacTHLL

Viccneaosalvs MOKa3add, YTO TEIOBBIE, 3PO3HOHHbIE W Tep-
MoMexaHH4ecKHe 3hbEKThE B TBEPAOM TEAE NPU UMYIBCHOM 06ay-
YEHMH OMpEJENAIOTCS HE TONbKO (UIIOCHCOM IHEPIMM MITYYEHUA,
HO W PopMoil N pasMepaMH 3OHRI IHEPrOBBLAENCHMA, 2 TaKKe
LJIATENEHOCTHIO MMAY/IbCA M3NMYYMCHHA.

Creuupuxa obaydeHHMA MydKaMH 3apXKEHHBIX YaCTHI B MM-
NYIBCHOM DEXUME COCTOHT B CHCAYIOLIEM:

1) B paccMOTPEHHOM AMaNa30HE TIAPaMETPOB M3NYYEHHs BELIECTBO
MUIICHY MOXET HCIBITHIBATh (ha3oBble TpPEBpalIcHMA (MI1aB-
JIeHMe, HCITAPSHUE, NEPEXOX B IIA3MEHHOS COCTOSHHUE);

2) BOBHUKAIOT GONBIIHE TPAZMEHTH TEMIEPATYp, KOCTHIAKOTCA BhI-

COKHE CKOPOCTH HATPCBA M OXNAXICHMA, B OCOGEHHOCTHM NpH

HOHHOM Bo3IcHcTBUM — Ao 10° K/m u 104 K/c;

B MCCTENOBAHHOM IHAfla30He MOILHOCTH M3NYYCHUST WMEIOT

MECTO KAK TEIUIOBOM ITOBEPXHOCTHBIN, TaK M [MAPONMHAMM-

YEeCKMN MEXaHU3MBL HCIIApeHus,

4) k03 HUUMCHT! 3PO3UM BCACACTBME HCMAPEHMs (OTHOWIEHHE
KOMMHECTBA MCTIAPHBILMXCS 3TOMOB X UMCHY YACTHIX B MYYKE)
cocrasasior 109—10° aToMoB Ha vacTuly, 4To Ha 4—S5 mopsi-
KOB BBILIE, YeM BCHCACTBHE DACTbUIEHHA NPH HEMPEPBIBHOM
OBAYCHNH;

5) B BeuiecTBe cosgaerca 3ddexr TepMoynapa, 4To NPUBOANT K
CWIBHOMY BO3MYIUIEHHIO [LIOTHOCTH BelnectBa. PopMa M MH-
TCHCUMBHOCTb YAPYMHMX M IUIACTHYECKMX BOJIH CXKATMA M pa3pe-
KEeHHs1 CAOXHBIM 06p830M 3aBMCUT OT COOTHOLUCHWUA bethl,
Pa3MEPOB U MHTCHCHBHOCTH 3IHEProBblAcAeHUA. N ANMHHO-
NPOGEXHBIX YAaCTUUL BO3MOXHS! HAPYWIEHHS! CIUlOmHOCTH ofny-
YaeMbIX MMIHISHE,

6) MOMHMMO NHHAMU4ECKMX HANpSXeHUH, CO3ZaBaeMBbIX BCICICTBHE
BO3MYIUEHHA TUIOTHOCTH NpPH TepMoyAape, B ofipaslie BOIHMKA-
10T M CTATHYECKWE HOPMA/BHBIC HANPAXCHUS B MOTEPEUHBIX K
OCH TIAICHHMS W3NYYEHHA TIIOCKOCTHAX.

OTMeTHM HauboNee BaxKHbIe paindKa 2(dexToBR Bo3AcHCTBUS
MOHHBIX, IPOTOHHSIX U 3MEKTPOHHBIX MYYKOB:
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1) Dpy OAMHAKOBOH HAYAIBHON IHEPIHHA YACTUL U RAMTCILHOCTH
UMTITYJabCa QGHY‘{CHHR ANl AOCTUXEHMs1 OAMHAKOBHIX MAKCH-
MaNbHBEIX TEMMEPATYP B MHUIEHHM B ClyMae 3AEKTPOHHOIO BO3-
AeHCTBHA TUIOTHOCTh TOKA ACKKHA ObITh NPUMEPHO Ha 2 no-
PsAAKa BhHIE, YEM NPYA OGAYICHUM UOHHLIMU MYYKaMH,
UpY AEKTPOHHOM BOZACHCTBUH NPOLIECC TETLIONPOBOLHOCTH He
BJIMIAET Ha pacrnpefeneHue TEIUIOBOM JHCPIr¥HM B TCUCHUE HM-
mynbca oBnyYeHus AMMTENBHOCTEIO 1078—107% ¢, [Ipu woHHOM
OBAY4EHHM C TEMH X¢ NAPAMETPAMM BKIAL TEIVIONPOBOAHOCTH
B ($OpMHpOBaHHE MOAA TEMNEPATYP SBAACTCS CYMIECTBEHHEIM;
3) mpH OXMHAKOBOM HAYaNLHON SHEPTMH £ W NpUMEPHO OJMHAKO-
B0V CpeiHEil MOLIHOCTH 2HEPrOBbIACACHHUS ch €KOPOCTH OX-

JIaXACHHA BEILECTBA B TIPHITOBEPXHOCTHOM ODNACTM MMILEHH B
cnyyac MOHHOTO OBTYdeHMA NpPMMEPHO Ha 2 TIOPAAKA BHILIE,
YEM MICKTPOHHOTO,

ryGUHa MPOTNARTEHUS] M TOMUMHA HCIIAPHBILEIOCA COS MpPH

OIMHAKOBBLIX 3HAYeHUAX E u W, TIpY 3NEeKTPOHHOM oby4eHHH

TIPHMEPHO Ha 2 UOPSIKa BBIUIE, YEM IIPH HOHHOM;

5) npu MOHHOM OGAYYEHUH B PACCMOTPEHHOM JMANA3OHE SHEPrHii
¥ MOWIHOCTEH BO3HMKAIOT YNPYTHE H IIaCTAYECKHME BONHLL, HO
APKO BMIPKEHHEIX YAAPHO-BOJHOBBIX MPOLECCOB He Habioxa-
erca. B cayyae ke obnyueHus 3MeKTpPoOHAMM BOSHHMKAKT HE
TOABKO YNPYTHE W MIACTHYECKME BOIMYWEHHS, HO W yiapHble
BONHBI;

6) TIpM ITEKTPOHHOM BO3ILECHCTBMM 3HAYEHMS HAMGOMBIIMX MO-
MOXHMTENBHBIX M OTPHUATENBHBEIX JaBNCHWA Ha l—2 nopaaka
BhIILE, YeM NPH HOHHOM OGIYUCHHH (TIPH YCTOBMH OZMHAKOBOH
CPeAHEH TUTOTHOCTU MONIHOCTH 3HEPTOBBINENEHIS).
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