
CODfilllBHMR 
OtibHAMHHHHOrO 

MHCTMTYT8 
HAHPHbiX 

MCC18AOB8HMM 

AYfiHa 

P13-91-515 

A.A.KoaaneHKO, ~.M.Kapnoaa*, B.B.T~TKoa* 

YVICnEHHblll! AHAn~3 AE<l>OPMAU~lll 
VI PECYPCA ~MnYnbCHOro COnEHO~AA 
YCTAHOBK~ 11 CnOH 11 

*rocyAapcTBeHH~A TexH~YecK~A yH~sepc~TeT, 
CaHKT-neTep5ypr 

1991 

• 



.,.J 

BbiCOKI!1e Tpe6osaHI!1R K senli141!1He ( Bm =. 50-60 Tn) 111 paBHOMepHo
cTI/1 pacnpeAeneHii1R nonR (6B/B s 2%) B pa6oYeM o6beMe 1!1MnynbcHo~ 
oAHOBii1TKOBO~ KaTyWKii1 aMynbc1!10HHO ro AeTeKTopa, npoA111KToBaHHble 
cne4111¢1!1KO~ 3KCnep1!1MeHTOB Ha'ycTaHOBKe 11 Cno~" 11 • 21 ; C~aBSIT ne
peA He06XOA111MOCTb~ npoBeAe~li1SI 1 nOAp06Horo aHanl!13a TepMOMeXaHI!1-
4eCKVIX np04eCCOB Ae¢opMa4VIIi1 KaTyWKVI B pe3ynbTaTe Ae~CTBVISI VIM
nynbCHOrO aneKTpOMarHVITHOrO nonS!. np111 3TOM HaVI60nbWVI~ VIHTepeC 
npeACTaBnR~T AaHHble 06 OCTaT04HbiX Ae¢opMa4VISIX KaTyWKVI, B03HVI
Ka1011\VIX B pe3ynbTaTe ·Ae~CTBVISI VIMnynbC-a 'cVInbHOrO MarHVITHOrO. no
nS!. Ha OCHOBaHVIVI" i<onili4eCTB.eHHbiX AaHHbiX o6 OCTaTOI..fHbiX· Ae¢opMa..; 
4V1RX MOl!leT 6b1Tb Bbl6pai-t 6e3onacHbl~ yposeHb VIHAYK4VIL'1 ·VI ycnHoB:..' 
neHO AOnycTVIMOe KOnl!14eCTBO 1!1MrlyribCOB,. reHepVIpyeMbiX KaTyWKO~ KoBaneHKO A.A. 

11 ,n.p. 
cneHHblli aHanas ,n.e~op- ( pecypc )', no ycnoBVI~ npeJJ.enbHO AOnyCTI!1MbiX OTKnOH.eHVI£1·: reoMeTpVIVI 

KaTyWKVI OT nepBOHal..fanbHO~ VlnVI VICXOASI Vl3 'npeAenbHOrO ypoBHs:i rio..; 
KaribH0£1 nnacTI!14eCKO~ ·(oCTaTOI..fHO~) Ae¢opMa4VIili. lJ.e~CTBilie.VIMnynbc
HOrO MarHVITHoro nonR Ha nposoAI-iiliK VIMeeT KoM6VIHVIpo·saHHbl£1 xapai<..; 
Tep: -HapRAY C aneKTpOMarHVITHbiMVI. CVInaMVI 3Ha41!1TenbHble 'MeX-aHI!14ec
KVIe HanpRl!leHii1SI B o6beMe KaTywKVI Bb13biBaeT HepaBHOMepHbl~' I scneA'
CTBVIe· CKVIH-..;3¢4JeKTa, HarpeB npOBOAHVIK<i VIMnynbCHbiM TOKOM

1 31
• no..; 

3TOMY pacl..feT' npo4eCCOB nnaCTI!14eCKO~ Ae<!JopMa4VIVI . coneHOVIAa noA· 
Ae~CTBVIeM . VIMnyni::>ca nonS!, ·• a TaKlKe OCTaT04HbiX HanpRlKeHVI~ .VI Ae- ' 
<jJopMa4111~, B03MOl!leH c noMOlJ.Ib~ 1 secbMa cnolKHO~ MaTeManil.tecKo~ Mo
AenVI;, KOTOpaSI AOnl!IHa -onVICbiBaTb cneAy!OuMe aneKTPOMarHVITHble 

__ .. .~-~-
i:5r5. 

., 

HHCntTyT RilepHblX H~C1le,ll;OBaHHH Jly6aa, 1991 

VI TepMOMeXaHVII..feCKVIe SIBneHVISI: • ' 
a) A111<1>¢Y3111~ 1!1MnynbcHoro aneKTpoMarHVITHoro nonS! B cTeHKY co-

neHOVIAa; , 
6) Al!loynei Harpe8 VI TennonepeHoc B o6beMe coneHOVIAa; · 
B) TepM'oyripyrVIe HarlpSilKeHVISI; ' ·. ., 

· r) nnacTVII..fecKoe TeYeHVIe ~ ocTaT04Hble HanpRlKeHVIR 'VI Ae<!JopMa-

U,VIVI; . . 
' A) 4VIKnVIYe·cKoe B03Ae~cn3VIe aneKTPOMarH1!1THoro nonR ( aHanVI3 

npo4eCCOB noBTOpHoro HarpylKeHVISI). '' :· . , . . . . 
Y'-iVITbiBaSI 6onbWY~ cnmKHOCTb MaTeMaTVII..fe'cKO~ MOAenVI,' onVICaHVIe 

KoTopo£1 AaeTcR HVIl!le ~· 4emicoo6pa3Ho orpatiVI4~TbCR. paccMoi"peHVIeM 
3aAa4VI B OAHOMepH0£1 nocTaHOBKe '' 4TO He np'l-1seJJ,En K 6onbW0£1 OWV16-
Ke npVI pa'cyeT·e. Ae¢opMa4~~ s6nV13VI ocVI CVIMMeTp~VI (pVIC .1) ~· · 3To, 

1 

OAHaKO, He CHI!1Mae'T sonpoca o6. Vl3y4eHVIVI TepMOMeXaH~l.teCKVIX. , 
VI aneKTPOMarHVITHbiX npou,ecCOB B6nVI3VI o6nacTe~ C HeOAHOPOAHbiMVI 
non~MVI cnolKHO~ reoMeTpVIVI, YTO npeArionaraefcR' BblnonHVITb s Aanb-
He~uieM. <; · · ··· 1

''·' · · 
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PHc. r. KoHqmrypa~mi nonepe•mo
ro ceqeHHH nonmca MarHHTa. 

npemAe ~eM nepe~T~ K on~ca
H~~_nonHO~ c~cTeM~ ypasHeH~~. 
no3son~~~e~ nony~~Tb peweH~e · 
AaHHO~ 3aAa~~. cneAyeT o5paT~Tb 
BH~MaH~e Ha HeKOTOp~e OC05eH~ 
HOCT~ ynpyronnacT~~Horo Te~e-_ 

•• 1 H~~, ~MeiO~~e nepBOCTeneHHOe 
3Ha~eH~e B· nocneAY~~~x paccym-
AeH~~x. . 

XapaKT,ep~3Y~ nnacT~~HOCTb_ KaK cnoco5HOCTb MaTep~ana Henpe-. 
p~BHO ~ nocTo~HHO Ae~opM~posaTbc~ 5e3 pa3~yweH~~ np~ B03H~K-. . . . . . 
HoBeH~~ Hanp~meH~~. npesb~a~~~x npeAen ynpyrocT~ MaTep~ana, 
a TaKme y~~T~Ba~ 803MOmHOCTb no~sneH~~ OCTaTO~H~X Ae~opMa~~~ 
np~ CHHT~~ , Harpy3Kfl1, np~XOA~M K BbiBOAyl 4 1 

, ~TO pe3ynbT~py~ee 
3Ha~eH~e Ae~opMa4~~. 3as~c~T He TOnbKO bT oKOH~aTenbH~X 3Ha~eH~~ 
Hanp~meH~~, HO TaKme-_111 OT BCe~ ~CTOp~fll ~3MeHeHfl1~ Hanp~meH~~ 
OT MOMeHTa. B03H~KHOBeH~~.nnaCT~~eCK~X Ae~OpMa4~~. 

no3TOMY on~CaH~e 3aAa~~ ynpyronnaCT~~HOCTfll, BKn~~a~~ee B.Ce-
5~ Hap~AY-. C ypasHeH~~M~ AB~meHfll~ ~ COBMeCTHOCT~ .Ae~opMa4~~, ~B
n~~~~M~C~ He~3MeHHbiM~ np~ pa5oTe ~ B ynpyro~ ~ B nnacT~~Ho~ 
30HaX, ypaBHeHIII~; , CB~3biBaiO~I/Ie Hanp~meHI/I~! Ill Ae~opMa4111~, KOTOpble 
B nnaCTIII~HO~ . 30He .CTaHOBHTC~ Hen~He~HbiM~, B03MOmHO np~ ~cnonb:_ 
3osaHIII~ ynpo14a~~x npo4ecc peweHIII~ Motiene~. · ·-

DAHa ~3 HI/IX- TeOplll~ Te~eH~~ ~-YCTaHaBni/IBaeT CB~3b np~pa~e-_ 

Hill~ Ae~opMa4111~ c np~pa~eHvieM Hanp~m-eHIII~.,An~ AaHHoro· Hanp~meHHo
ro COCTO~HV1~ ( 3aKOH ryKa An~ nplllpa~eH~~) • tlpyra~ - _MOAenb ynpy-
ronnaCTIII~HO~ cpeA~ - n03BOn~eT KOHKpeT1113111pOBaTb 3aKOH 1/13MeHe~ 

Jl 

Hill~ Hanp~meH~~ OT Ae~opMa4~~ •. _ B 3JOM. cny~ae B o5nac:r~ Har:py3oK, 1 
MeHbWIIIX npeAena TeKy~eCTIII (aT), Ae~OPMIIIppBa!"l~e npo~CXOA~T no 3a- 11 

KOHY. fyKa, :-YCTaHaBniiiBa~~eMy. nponop4~oHanbHY~ 3a·s~ciiiMOCTb MemAY d: 
Hanp~m~H~eM ~ Ae~6p~~~~e~, np~ n~es~weHIII~ Hanp~~eH~eM sen~~~~~H~ 
aT MaTep~an nepeXOAIIIT B nn~C:TJ1~~CKYI() ·o.5nO:C:Tb. nplll 3TOM Hanp~-

- me Hille CTaHOBIIITC~ paBHbiM npeAeny. TeKy~eCTIII, a np04ecc Harpyme
H~~ _ conposomAaeTC~ ._ pOCTOM nnacT~~eCKO~, Ae~OpMa4~~ •. 
. :TaK~M o5pa30M,;--c~'opJViyn~posas OCHOBHY~ 4enb pa50Tbi KaK onpe
P.eneH~e ocTaTo~Ho~, Ae~opMa4111111 · c ~enb~ ol.\eHK~ 'pecypca c~cTeMbl . 
~ ~3y~eH~e ___ Bn~~H~~ Ha ee- Ben~~_IIIHY aMnniiiTYAbl Ill An~TenbHOCTI/I IIIM-
nynbca _ MarHIIITHoro no_n~, MomHo npeAcTaB~Tb nonHy~ MaTeMaT~~ec-
KYIO MOAenb 3aAaY~. .. _ . . , 

YpasH~H~~, on~cbJsa!O~Iile oAHoMepHble oceciiiMMeTpiii~Hble Ae~opMa-
4~~ yripyronnacT~~Ho~ cpeAbl, B03H~ka~~e noA Ae~CTB~eM ~MnynJ;~c-
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Horo MarH~THoro non~. B narpaHmeso~ c~cTeMe KOOPA~HaT•IIIMeiOT 
B~A: 

ypaBHeHIIIe AIII~Y3~~ non~: 

dB+ Bav = L. ( L l L (rB))· (1') 
dt . ar ar ~o r ar ' 

. ypasHeH~e Amoynesa Harpe sa: 

.@. = .eJ..!:l ( lL (rB))2· 
dt ~~ r ar. ' 

ypasHeH~e ABlllmeHI/I~: 

dV · aar . or - a 9 y-=-+ +f 
dt ar r r' 

du. v. = dt . 

(2) 

(3) 

C y~eTOM TOro, ~TO B OAHOMepHO~.nocTaHOBKe I/IMeeT_MeCTO niiiWb 
a3~MyTanbHa~ coCTasn~~~a~ JViarH~THoro non~ B, a cooTseTCTBYIO.:.. 
~a~ . e~ aKC~an.bHa~ COCTaBn~tO~a~ nnOTHOCTlll TOKcl eCTb 

. 1 1 a ( B) . . 0 J =--- r IIIJ =J = z ~ 0 r dr B r ' 

s~pameHIIIe An~ 3neKTpoMarHIIITHO~ c~n~ B pa~~anbHOM HanpasneH~~ 
npiiiH~MaeT BliiA' 

1 1 a f = - - - - (rB) · 
r ~o r ar ' 

ypaBHeHllle COBMeCTHOCTIII An~ Ae~opMa4~111: 

_ au _ 
e:r - ar ' oe:r -

a 
ar (ou), 

u 
e:a - r 

ou . 
_oe:a = r ' 

3aKoH fyKa An~ np111pa~eH111~ Ae~opMa4vi~-~~~ riepeMe~eH~~= 
, ' .· .. 

· - - ·- · 1 - v 2 - . v . --
oe:r - (1 + v) ~toQ ~ E (oar - 1-V oa9·y, 

oe: 9 - (1 + v) ~toQ 
1 - v 2 v = E ( _oo9 - 1-V oar), 

ooz = v( oar + oa9 ) - f3tEoQ. 

3 

(4) 

(5) 



rpaH~4HWe ycnoB~~: 

r = rin- B = Bin(t), or= 0; (6) 

~ = rex- rpaH~4a c ~AeanbHO ynpyro~ cpeAO~ (5aHAa~). B = 0; 

HaYanbHWe ycnoB~~= 

t = 0, B = 0, Q = 0, u = 0, V = 0. (7) 

3AeCb ~cnonb3Y~TC~ o5o3HaYeH~~= B - a3~MyTanbHa~ cocTaBn~~~a~ 
MarH~THoro non~, Q - YAenbHW~~arpeB, p - YAenbHOe conpoT~Bne
H~e. y - nnoTHOCTb, U - paA~anbHOe nepeMe~eH~e, V - CKOpOCTb, 
ar' a

8
, az - paA~anbHoe, a3~MyTanbHOe ~ aKc~anbHOe Hanp~~eH~~. 

Er' Ea - paA~anbHa~ ~ a3~MyTanbHa~ Ae~opMa4~~-
' ~cnonb30BaH~e yKa3aHHWX Ben~Y~H CO 3Ha4KOM 8 03HaYaeT ~X 
np~pa~eH~e. 

np~MeHeH~e ynpyronnacT~YeCKO~ MOAen~ cpeAW HaKnaAWBaeT orpa-
H~YeH~e Ha Ben~Y~HY B03H~Ka~~~X B Tene coneHO~Aa MeXaH~YeCK~X 
HaAp~~eH~~= oH~ He AOn~HW npeBwwaTb npeAena·TeKyY~CT~ MaTep~a
na aT, T.e. B .cooTBeTCTB~~ c ycnoB~eM TeKyYecT~ M~3ec~ Heo5xo-
A~Mo ~MeTb 

viS~ + S~ + S~ ~ ~ aT, 
(8} 

rAe sr' Sa' sz - KOMnoHeHTbl AeB~aTopa MeXaH~YeCK~.x Hanp~~eH~~' 
BbiY~cn~eMble no ~opMyne 

s\! r "\! l I l' 
(9} 

rAe 1
1 

= ~ [or + a8 + az] - nepBW~ ~HBap~aHT TeH30pa Hanp~~e-
I )f' 

1 

~~ H~~. np~ ~35biT04HOM.~3MeHeH~~ Hanp~~eH~~ B HeKOTOpOM 3neMeHTe, 
np~BOA~~eM K HapyweH~~ ycnoB~~ M~3eca, KOMnoHeHTbl Aes~aTopa 
TeH30pa Hanp~~eH~~ AOn~HW 5WTb CKOppeKT~poBaHW TaK~M o5pa30M, 
YT05bl o5ecneY~TbBbmonHeH~e 3Toro HepaBeHcTBa. Jln~ 3Toro, B co- i 
OTBeTCTB~~ C MeTOAOM Y~nK~HCa, Ka~Aa~ KOMnOHeHTa AeB~aTopa Ha- ' 
npHJKeH•fl S(D yMHomaeTCH Ha KO><)<I>•~•eHT nnaCT•YHOCT" 

k = /faT (lOa} 

I s2 + s2 + s2 
. r 8 z 

4 

B pe3ynbTaTe BblnonHeH~~ 3TO~ onepa4~~ nonyYa~Tc~ cKoppeKT~po-
BaHHWe 3Ha4eH~~ AeB~aTOpHO~ YaCT~ Hanp~~eH~~ . . . ' 

\o= k\n (105) 

~ COOTBeTCTBY~~~e e~ HOBble 3Ha4eH~~ Hanp~~eH~~. YAOBneTBOP~~
~~e ycnoB~~ TeKyYecT~ 

"(:f I, + s(:}. · (lOB) 

c • 

B CB~3~ C TeM, 4TO OAHO~ ~3 3aAa4 pa50TW ~Bn~eTC~ onpeAene
H~e Kp~T~YeCKOro 3Ha4eH~~ ~HAYK4~~ MarH~THOro'non~~ T.e. pac
CMaTp~BaeTC~ o5naCTb C~nbHWX MarH~THWX none~~ He05XOA~MO yy~
TWBaTb 3aB~C~MOCTb YAenbHOrO·COnpoT~BneH~~ OT TeMnepaTypw, 
a TaK~e TeMnepaTypHWe 3aB~C~MOCT~ MeXaH~YeCK~X CBO~CTB MaTep~a
na (yMeHbWeH~e MDAYn~ ~Hra ~ npeAena TeKyYecT~~~·YBen~YeH~e ·• 
K03~~~4~eHTa· n~He~Horo. pacw~peH~~ c pocTOM TeMnepaTypbl), ·· B pe-
3ynbTaTe Yero npo~CXOA~T AOnOnH~TenbHOe CH~~eH~e np04HOCT~. 

C~CTeMa· ypaBHeH~~ ( 1) + ( 5) COBMeCTHO C· rpaH~4HbiMWycnOB~~M~ 
(6) Hen~He~Ha. Ee•peweH~e~HaXOA~M, ~cnonb3Y~ ceToYHwe~MeTOAW. 

YpasHeH~~ paccMaTp~BaeMo~ 3aAa4~ Ha Ka~AoM:BpeMeHHOM ware 
C4~TaeM noKanbHO n~He~HbiM~ · ( K03~~~4~eHTbl 3aAa4~ ~3BeCTHbl ~3 pac
YeTa npeAWAy~ero BpeMeHHoro wara}. OH~ A~CKpeT~3~PY~Tc~ Ha noA-
B~~Ho~ KOOPA~HaTHO~ CeTKe, CB~3aHHO~ C coneHO~AOM. . 

3aMeHa A~$1JepeH4~anbHblX ypaBHeH~~ ceTOYHbiM~ npo~3BOA~Tc~ 
no He~BHO~ cxeMe, 4To o5ecneY~BaeT c~nbHY~ ycTo~Y~BoCTb anro
p~TMa.~KoHeYHo-pa3HOCTHwe ypaBHeH~~ Ha Ka~AOM·Ware no BpeMeH~ 
pewa~TC~ MeTOAOM nporoHK~. 

0TAenbHoro~paccMoTpeH~~ Tpe5yeT annpoKc~Ma4~~ ypaBHeH~~ 
AB~~eH~~ •. cny~a~ero An~ onpeAeneH~~ np~pa~eH~~ .nepeMe~eH~~
npeACTaB~B Hanp~~eH~~ Ha (n + 1)-M BpeMeHHOM ware B COOTBeTCT~ 
B~~ C Teop~e~ TeYeH~~ KaK . ~-

a(n+l) = a(n) + ~d· 
(~) . (~) .. '(~l 

(11} 

rAe "(~) B~Y•cneHbl Ha npBAbiAY~BM ware, nonyY"M 
L' 

<; ~\ 

\.-.. 
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- vCn+l y- 'vCn) . 
a oar - 008 + f(n+l) + = - (oa ) + r r y 

H ar r 

a (n) o(n) - o~n) 
(12) 

or . r 
+--+ . ar r 

4anbHe~WaR annpOKC~Ma4~R ypa8HeH~R (12) C ~CnOnb308aH~eM (4) 
~ (5) np~ pa36~eH~~ coneHO~Aa Ha R~e~K~, nono~eH~e yJno8 KoTo
p~x xapaKTep~JyeTcR paA~ycoM ri, i = 1,2, ... , N+1; r 1 = r

1
. , 

~ n 
rn+l = r X' np0~380A~TCR B COOT8eTCT8~~ C MeTOAOM KOHe~H~X pa3-
HOCTe~. 8cH08HaR TPYAHOCTb np~ peweH~~ 3aAa~ ynpyronnacT~~~o
CT~ JaKn~~aeTcR 8 onpeAeneH~~ nepeMe~eH~~ 8 yJno8~X TO~Kax, 
KOTOp~e, C OAHO~ CTOpOH~, AOn~H~ YAOBneTBOpRTb ypasHeH~~ A8~
~eH~R (3), a C Apyro~- CBR3aHH~e C H~M~ OKOH~aTenbH~e 3Ha~e
H~R-~anpR~eH~~ AOn~H~ B COOTBeTCTB~~ C B~O~aHHO~ MOAenb~.cpe
A~ ooecne~~BaTb s~nonHeH~e ycnoB~R (8). PeweH~e B 3TOM cny~ae 
MO~Ho nony~~Tb, ~cnonb3YR ~Tepa4~0HH~A-npo4ecc, nocTpoeHH~A 

\~ 
:'1 

Ha OCHOBe MeTOAa AOnonH~TenbH~X Ae~OpMa4~A 151 C y~eTOM on~caH- ,, 
HOA paHee npo4eAYP~ KoppeK4~~ HanpR~eH~A (10a)-(10s). 

~TaK, npeACTaBneHHaR 3AeCb MaTeMaT~~eCKaR MOAenb nonHOCTb~ 
OTpa~aeT np04eCCbl, ~Me~~e MeCTO B coneHO~Ae np~ Ae~CTB~~ 
Ha Hero ~MnynbcHoro MarH~THoro nonR, ~ cny~~T ocHoso~ AnR npo
BeAeH~R ~~cneHHoro 3KCnep~MeHTa, CBR3aHHOrO C MHOrOKpaTHbiM Ha":" 
rpy~eH~eM C~CTeM~. 

PeweH~e 3aAa~~ npeAnonaraeT aHan~3 HanpR~eHHoro cocToRH~R 
coneHO~Aa ~-Ha-ocHosaH~~ nony~eHHbiX pe3ynbTaToB npoBeAeH~e 
04eHK~ AOnrose~HOCT~ KOHCTPYK4~~, T.e. npeAenbHOro ~~cna ~M
nynbCOB nonR, He np~BOAR~~x K pa3pyweH~~-

XapaKTep ~3MeHeH~R HanpR~eHHoro cocTORH~R coneHo~Aa ~ sen~-1· 
~~H~ nnacT~~eCK~X Ae~opMa4~A MO.~HO npocneA~Tb, ~CXOAR ~3 aHa- ·. 
n~3a pon~ 803Ae~CTBy~~~X ~aKTOPOB Ha.npOTR~eH~~ Bcero 4~Kna 
11 Harpy~eH~e - pa3rpy3Ka 11

' BKn~~a~~ero B ce6R COOCTBeHHO ~M- ' r; 
nynbc MarH~THoro nonR ~ ~HTepsan speMeH~ Me~AY nocneAOBaTenb-
H~M~ ~MnynbCaM~. np~·3TOM MO~HO B~Aen~Tb 4eT~pe OCHOBH~e CTa-
A~~ npo4ecca. 

nepBaR CBR3aHa C B03paCTaH~eM MarH~THOrO nonR.AO MaKC~Manb
HOro 3Ha~eH~R, conpoBO~Aa~erOCR TaK~e ~HTeHC~BHbiM pOCTOM TeM
n~paTyp~ BHyTpeHHe~ CTeHK~ coneHO~Aa, B npeAena~ CK~H-cnOR 
~Me~T MeCTO OOnbW~e rpaA~eHT~ TeMnepaTyp~ ~ ~HAYK4~~ nonR, 
a cneAoBaTenbHO, ~ onpeAenR~~ero MexaH~~ecK~e HanpR~eH~R Mar
H~THoro AaBneH~R. 

BTopaR cTaA~R xapaKTep~JyeTcR cH~~eH~eM pon~ MarH~THoro AaB
neH~R (H~cnaAa~~aR 8eTBb c~Hyco~Abl ~Mnynbca nonR), AanbHeAw~M 
pocToM TeMnepaTypbl ~ ee npeoonaAa~~~M sn~RH~eM Ha MexaH~~ecK~e 
HanpR~eH~R. 

6 

B TpeTbe~ cTaA~~ JaKaH~~BaeTCR sn~RH~e 3neKTpoMarH~THbiX c~n 
Ha sen~~~Hy HanpR~eH~~ - nocTeneHHoe JaTyxaH~e npoA~~YHA~po
saswero MarH~THoro nonR, conposo~Aa~~eecR He3Ha~~TenbHbiM .po
CTOM TeMnepaTypbl AO MaKC~ManbHbiX 3Ha~eH~A, T. e. ~Me~T MeCTO 
npo4ecc~, aHanor~~H~e npeA~Ay~eA CTaA~~, HO cy~eCT8eHHO MeHb
we~ ~HTeHC~BHOCT~. 3aKaH~~BaeTCR CTaA~R OCTaHOBKOA BHyTpeHHeA 
CTeHK~ coneHO~Aa. , 

npo4eCCbl, onpeAenR~~e ~3MeHeH~e HanpR~eHHorb COCTORH~R 
B Te~eH~e BTopoA ~ TpeTbeA CTaA~A; COOTBeTCTBy~T .4aCT~~HoA pa3-
rpy3Ke. 

nocneAHRH, ~eTBepTaR CTaA~R C8R3aHa C OCTbiBaH~eM coneHOI!1Aa 
no 3aKoHy TennonpoBOAHOCT~ 3a c~eT 1!13ny~eH~R noTOKa Tenna 
c BHyTpeHHeA ~ sHeWHeA rpaHI!14bl (nonHaR pa3rpy3Ka). 3ToT npo4ecc 
on~c~saeTCR ypa8HeH~eM: 

aT 1 a aT 
yCV at: r ar [K r ar ], (13) 

rAe cv - YAenbHaR TennoeMKOCTb, T - TeMnepaTypa, q = -K ~~ 
nnoTHOCTb noToKa Tenna. 

B Ka~ecTBe rpaH1!1~H~x ycnos~A np~H~MaeM: 

r = rin qin = -h(Tin -To), 

r = rex. qex = -h(Tex- To), 

rAe T 
0 

, Tin, T ex - TeMnepaTypbl oKpy~a~eA cpeAbl, BHyTpeHHe£1 
~ BHeWHeA rpaHI!14bl COOTBeTCTBeHHO, h ~ K03QxPII14~eHT TennoOTAa~~. 

~3MeHeH~e TeMnepaTypbl conposo~AaeTcR 1113MeHeH1!1eM MexaH~~ec
K~x, B AaHHOM cny~ae TeMnepaTypHbiX, HanpR~eH~A. 3Ta CTaA~R 3a
BepWaeT' 4~Kn 11 Harpy~eH~e - pa3rpy3Ka 11

1 C8R3aHHblA :c TeHep~posaH~el 
OAHOro ~Mnynbca nonR. np~ pa6oTe B oonacT~·c~nbH~X MarH~TH~X 
none£1 OH np~BOA111T K B03H~KHOBeH~~ OCTaTO~H~X HanpR~eH~A ~ A~~ 
~opMa4~A. · -
· B ·pe3ynbTaTe, ecn111 npeHe6pe~b npo4eccaM~ penaKca4~L-1 HanpR~e 

H~£1, KOTOp~e' np111 HOpManbH~X ycno81!1RX npoXOART B Te~eHL-1e AOBOnb 
HO An~TenbHOrO BpeMeH~, TO reHepa4~R cneAY~~~X 111MnynbCOB L-1H~ 

AYK4111L-1 OYAeT npo1!1CXOA111Tb B npeA8ap~TenbHO Harpy~eHHOM cone~ 
HOI!1Ae. 

a~HaM~Ka ~3MeHeH~R' senii1~~Hbl nn'aCTL-1~eCKL-1X Ae~OpMa4111A np1!1 npo 
xo~AeH~~ ABYX nonHbiX 4111Knos 11 Harpy~eHL-1e - pa3rpy3Ka 11 noKa3aHa 
Ha pL-1c.2~ CneA~eT 66paTL-1Tb BH~MaH~e Ha TO, 4TO 8eni!1~1!1Ha:nnacTV 
~eCKOA Ae~opMa4~W cy~ecTBeHHO 3a81!1CL-1T'•OT aMnnL-1TYAbl- reHepL-1pyeMC 
ro nonR, 4TO HaXOAL-1T oTpameHL-1e L-1 s·xapaKTepe L-13MeHeHL-1R Ae~op~ 
Ma4~A Ha Ha~anbH~X CTaAL-1RX. 

4nR cpa8HeH~R Ha p~c.2 HaHeceH~ Kp1!1B~e AnR ABYX 3Ha4eHL-1A 
aMnn~TYA - 65 ~ 45 Tn. AHan~3 pe3ynbTaToB (pL-1c.2) 'no380nReT 01 
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0 .150 300 450 MKC 0 150 300 450 MKC 

Puc.2. XapaKTep H3MeHeHHH BenuquHbi BHyTpeHHero PaAHyca 
coneHOH,Il;a Ha IlpOTH)!(eHHH ,Il;BYX rrocne)J;OBaTellhHbiX ~HKllOB 
11Harpy)!(eHue - pa3rpygKa": 1 - Bm = 65 Tn; 2 - Bm=45 Tn. 

MeT~Tb ~ TOT ~aKT, ~TO np~ He ~n~WKOM 5onbW~X aMnn~TyAaX non~ 
(~ 50 Tn) np~pa~eH~e nnacT~~ecK~X Ae~opMa4~~ 3a BTopo~ 4~Kn 
Harpy~eH~~ He3Ha~~renbHO·~ cy~ecT~eHHO MeHbwe, ~eM ocraTO~Hwe 

·Ae~opMa4~~. B03H~Kw~e B pe3ynbTaie Ae~CTB~~ nepsoro 4~Kna Ha
·rpy~eH~~~ ~TO MO~HO 05b~CH~Tb pa3n~~~e~,Ha~anbHOrO COCTO~H~~ 
··coneHo~Aa. . . ···· 
':Ha·p~c.3 noKa3aHW OCTaT04HWe Hanp~~eH~~.(3a) ~~X ~HTeHC~~

HOCTb (35) nocne nepsoro ·:~ BToporo 4~Kna 11 Harpy~eH~e - pa3-
rpy3Ka11 An~ non~ c aMnn~TYAO~ 65 Tn. 

CpaBHeH~e pe3ynbTafoB no3BOn~eT CAen~Tb BWBOA 0 TOM, ~TO. 
ycnoB~~·Harpy~eH~~. COOTBeTCTBYtO~~e TperbeMy ~ nocneAYIOUt~M ~M
nynbCaM non~~ C HeKOTOpO~ T04HOCTbiO MO~HO oxapaKTep~30~aTb Ha
~anbHbiM Hanp~~eHHbiM .COCTO~H~eM An~ BTOporo ~MnynbCa. 05 3TOM 

.. CB~AeTenbCTByeT He3Ha~~TenbHOe pa3n~~~e OCTaTO~HbiX Hanp~~eH~~ 
nocne nepsoro ~ BToporo 4~Knos Harpy~eH~~. 0THOC~TenbHoe cMe

. :: ~eH~e: KP~BbiX onpeAen~eTc~ · np~pa~eH~eM nnacT~~ecK~X Ae~opMa4~~-
3a 4~Kn. 

BcneACTB~e 3Toro .Mo~t-io npeAnono~~Tb, ~To see· 4~Knbl Harpy~e
H~~. cs~3aHHble c reHepa4~e~ BToporo ~ nocneAYtom~x. ~Mnynbcos 

non~, 5YAYT conposo~AaTbC~ OA~HaKOBbiM np~pa~eHI.-teM ·acTaTO~HbiX 
Ae~opMa4~~ ~~ 2 • · · 

/' 

8 

0.4 
~ 

- "' a 

0.2 

0 ~;, 
-0.2 

-0.4 

I -9 
H/M2 I i 10 

0 

-- ----

rtro 

1.0 2.0 3.0 

Puc. 3. Pacrrpe)J;eneHue ocTaToqHhix HanpH)!(eHHti: ( a) u ux 
HHTeHCHBHOCTH (BToporo HHBapHaHTa) "rro:'TonJUHHe 'con_e'
HOH)J;a: 1 ~ rrocne gaBepmeHHH rrepBorci ~HKna Harpy)!(eHuH; 

2- rrocne!BToporo ~HKna. 

npocTe~wyto 04eHKY Aonrose~HocT~ coneHO~Aa MO~Ho nony~~Tb 
B npeAnono~eH~~. ~To.Tpe~~Hw, a cneAoBaTenbHO ~ pa3pyweH~e, 

B03H~Kator B nnacTW-IecKo~ 30He np~ npesi,n:UeH~~ Mak~~ManbHbiM~ oc;.. 
raTo~HWM~ Ae~opMa4~~M~ HeKoToporo npeAenbHoro 3Ha4eH~~ ~~ 0 , 
onpeAen~eMoro cso~cTBaM~ MaTep~ana. C y~eTOM'Toro~--~To-MaKc~
ManbHble nnacT~~ecK~e Ae~opMa4~~ B03H~KatoT y BHyTpeHHe~ nosepx
HOCT~ coneHO~Aa,,KOTOpa~ nOABepraeTC~ Ae~CTB~IO paCTHr~Ba~~X 
a3~MyTanbHbiX Hanp~·li<eH~~, B t<a'-teci-se TaKor~ Kp~Tep~~ Aonr-ose~
HOCT~ MO~HO. np-~H~·Tb A.onycT~Moe OTHOC~TenbHOe .. YAii~He'HVi_e' . KOTO.::. 
poe, An~ cl-an~ .. Cr45 (~cnonb3yer:10~ s pac'-leiax '8 Ka4ecTse ·MaTe':" 
p~ana coneHo~Aar JaKnto~eHo s:npeAenax 10+20%~ Ha:oc~oja~~~-~+~x 
3Ha'-ieH~~ Mo~'t-io; o'npeAe'n~Tb AOnr6Be'-IHOCTb. MaTep~ana~ ' 

Lf~cno.-4~Knos HarpymeH~H N, pasHoe t<on~~ecn~y reHep~pyeMbiX 
~Mnynbcos, AOn~Ho ·· ·5b1Tb TaK~M, ~To5bl cyMMapHa~ oCTaTO'-IHa~· Ae~op-
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Puc. 4. KpHBbie lJ,onroBetiHOCTH rromoca B gaBHCliMOCTH 

oT,.aMrrnHTyghi HMrrynbca rronH. gnH rrpegenbHbiX 3HatieHHH 

ll,OIIYCTHMOrO OTHOCHTenbHOro ygnHHeHHH: 1 - 10%, 2 -
20%. . . 

MaLJ.VISI,. B03Hii1KaiO~aSI B pe3yflbTaTe li1X AelliCTBii1SI; He npeBbiWana il£ 0 , 

T.e. 

Ll£ 0 '~ Ll~ 1 + il£ 2 (N ~ 1), 111n111, OKOH4aTen~HO, 
' :1, ' ' 

ilEa ;.... il£1 + il£2 
N ~ '-. --=,-.. -. -Ll-£-=--.--..:. 
•. ' " ·- :. 2 

(14) 

.: Pacc.MaTpli1B~SI B Ka'-!ecl-se il£~· npeAenbHble 3Ha'-!eHI!1SI 10·111 20%~ 
M_9lKHo:noc.Tp01!1Tb Kp~Bble AOnroBe4HOCTii1 B 3aBI!1Cii1MOCTii1 OT aMnni!1Ty
Abl 111HAYKU.111111. MarHI!1THoro ·nom1. Ha p1!1c.4 1!13ol5palKeHbl yKa3aHHble Ja
Bii1Cii1Moc:r~ ~ Bli1Ae 1 gN ~ f( Bm)". Ha OCHOBaHI/1111 3Tii1X AaHHbiX .MOlKHO 
onpeAeni!1Tb npeAenbHYIO 111HAYKU.Ii110 MarHii1THOro nonS!, KOTopyiO BbiAep
lKI!1BaeT.· Cli1CTeMa. ll,nSI CTanl/1 45 3Ta Beflli1'-11!1Ha COCTaBnSieT -65 Tn, 

. OAHaKo ~"Y'-~~f_biBa~ i-teo,l5xoAI!1MOCTb pal5oTbl B ycnosi!1SIX MHoroi<paTHoro 

10 

HarpylKeHii1SI, cneAyeT orpaHI!1'-IIi1Tb B03MOlKH~e.3Ha'-!eHii1SI aMnnli1TYA 111M-. 
nynbca 60; Tn. llaHHoe orpaHI!14eHI!1e no3BOnli1T Cli1CTeMe BbiAeplKaTb 
15e3 pa3pyweHi1SI ·~ 10 111Mnynbcos. · · · 

CneAyeT 1!1MeTb.B Bli1AY,. '-ITO np1!1BeAeHH~IIi aHanli13 ou.eHKI/1 pecypca 
cl!1cTeMbl ocHosaH Ha 1!1cnonb30BaHL'!L'1 s KaYecTse pa3pywa~ero ¢aKT·o
pa npeAenbHOIIi senli1'-IL'IH~ nnacTL'!~ecKii1X Ae¢opMaU.L'!IIi, OAHaKo Ha npaK
TL'!Ke BCTpe'-!aeTCSI 111 Apyroi/1 MeXaHL'13M pa3pyweHL'!SI, CBSI3aHHbllli C LJ.1!1K
nL'!'-IeCKOi/i~CTanocTbiO. B 3TOM cnyYae AOnrose'-IHOCTb onpeAenReTCSI · 
pa3MaxoM nonHolli Ae¢opMaU.L'1111, ¢opMolli U.111Kna HarpylKeH1!1SI 111 PRAOM 
nocTOSIHH~X, SIBflSIIO~L'IXCSI xapaKTepL'!CTI!1KaML'! MaTep1!1ana, KOTOp~e cne
AYeT onpeAenSITb.3Kcnep1!1MeHTanbHO n~L'I LJ.L'!Knli1'-!eCKOM Ae¢opML'!posa~ 
HL'IL'I. PaccMoTpeHH~e B pal5oTe pelKI!1M~ cooTBeTCTBYIOT ycnoBii1SIM, 
np111 .KOTOp~X HanpSilKeHL'!SI L'1 Ae¢opMaLJ.Ii1L'I L'13MeHSIIOTCSI OTHOCL'!TenbHO 
nporpeccL'IpyiO~ei/1 111 MOHOTOHHo HapacTa~ei/1 cpeAHelli Ae¢opMaU.111111. 
B 3TOM cny'-!ae AOnroB~'-IHO~Tb KOHCTPY~~L'IL'I orpaHL'!'-11!1BaeTcSI '-lpe3Mep
Holli 'Ae¢opMaLJ.L'Ielli, a He pa3pyweHL'!eM oT ycTanocTL'I, '-!eM 1!1-ol5ocHo
BbiBaeTcSI L'!cnonb30BaHL'!e onl!1caHHoro KPI!1TepL'!SI AnSI ou.eHKL'I pecypca 
Cli1CTeMbl. 
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