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YueT TepMOIMHAMUYECKUX 3aKOHOMEPHOCTEl B
XUMUKO-TEXHOJOTUUECKUX pacuyeTax 0ObIYHO CBOJUT -
¢S K OKCTPATOJISITIINHT KJIACCUIECKOM TePMOTMHAMMUKI
3a paMKU MPUMEHUMOCTU €€ KOHLIeTILUiI paBHOBEC-
HOCTH CUCTEM U 00paTMMOCTH TipolieccoB. HecmoTpst
Ha TO, YTO 3aKOH COXpaHEHUS U IIPeBpaIllcHUS SHEepP-
MU ONBITHBIM IMyTeM ObLT YCTAaHOBJIEH naBHO [1], Ha
MPaKTUKEe OOBIYHO MCMOJIb3YeTCsl TOJIbKO 3aKOH CO-
XpaHeHUS SHepTUM 6e3 yueTa ee IpeBpaIleHNs B BU-
Ie (byHmaMeHTaabHOTO ypaBHeHUs [ub0ca, oTpaxa-
IOIEro MepBOoe M BTOpOE Hayajla TepMOAMHAMUKU
IJIST PABHOBECHBIX CUCTEM

dU =TdS — pdV + Zpdek, (k=12,....K), (1)
k

[Je BHEIIHWI 3HEProoOMEH YYUTBHIBAETCS TEIIO00-
MeHoM TdS, paboToii paciuupenus (cxatust) pdV u

MHOTOKOMIIOHEHTHBIM MacCOOOMEHOM Zude P
[

Ilpu yyetre npyrux BO3MOXKHBIX BHUIIOB BHEIIHETO
DHEProoOMeHa 3TO ypaBHEHUE NEPEXOIUT B YpaBHE-
HUE 9HEeprooOMeHa B OTKPBITOI paBHOBECHOM noau-
8APUAHMHOLL CUCTEME:

dUu = Z‘P,dG,-, (i=12...,n), ()

rne 'V, = 8U/8®i — 00O0OILLIEHHBIE NOTEHLIMAIBI.

OnmHako ajis oOIIero ciydyasi peajJlbHBIX HEOTHO-
POIHBIX (BHYTPEHHE HEPAaBHOBECHBIX) CUCTEM JI0 HEe-
MaBHEeTo BpeMeHU (hyHIaMEHTaJIbHOTO SHepreTruye-
CKOTO YpaBHEHMUS, aHAJOTMIHOTO COOTHOIICHMSIM
(1) u (2), He cymecTBoBajio. TeruioodMeH 1 paborta
CYNTAINCh Pa3HBIMU TMOHITHUSIMHU, a CaMO ITOHSITHE
SHEPIUU Pa3HBIMU MCCIEA0BATEIIMH TPAKTOBAIOCH

mo-pasHomy [2]. IToaToMy KOoppeKTHasl aHaJIUTU4e-
cKkast GOpMYJIMPOBKA U MPAKTUIECKOE TTPpUMEHEHUE
3aKOHA COXpaHEHUS U MpeBpalleHUs] SHEPIrUU aKTy-
aJibHa KaK B XUMHWYECKOM TEXHOJIOTUHU, TaK U B APy~
TUX JUCLUTUIMHAX.

IMToHsiTue paboThl NPUILITO B TEPMOAMHAMUKY U3
MEXaHWKU, IJIe OHA U3MEPSETCI CKAISIPHBIM MPOU3-
BEJCHUEM BEKTOpa pe3yabTUpyroleii cuibl F Ha BbI-
3BaHHOE e1o nepeMellieHre dR o0beKkTa ee mpuioxe-
Hus (R — pannyc-BeKToOp LIEHTpa MHEPLIMU OOBEKTA):
dW=F - dR. Iloagtue padOTHI KaK KOJIMYECTBEHHOMN
Mepbl BO3NEUCTBUSI OMHOTO Teja Ha JPyroe OBLIO
pacnpoCcTpaHEHO Ha HEMeXaHU4eckue (opmbl IBU-
JKEHMSI, B KOTOPBIX MPOSIBISIIOTCS CUJIbI 3JIeKTpUYe-
CKue, MarHuTHbIE, TPaBUTAIIMOHHBIE, XUMUYECKUE,
sinepHble U T.M. CUjibl — BEJIUUUHBI alIUTUBHBIE, T.€.
MPOINOPIUOHAIIbHBIE HEKOTOPOMY (hakTopy anau-
TUBHOCTU. B MexaHWKe CIUIOLIHOW Cpeabl TaKUMU
dakTopaMu SIBJISIIOTCS Macca, 00beM, MOBEPXHOCTb,
a CWJIbl Ha3bIBalOTCS MAaCCOBBIMU, OOBEMHBIMU, MO~
BEPXHOCTHBIMU. YUET HeMeXaHU4YeCKUX (POpM IBU-
JKEHMSI paclliupsieT MHOXeCTBO (haKTOPOB alIUTHB-
HOCTU. B oOiem ciayyae ¢akrop agnutuBHocTu O,
MPEACTAaBISIET COOOM KOHKPETHBIN MaTepUaTbHBIA
HocUTeNb i-if popMBI 3Heprun. Tak, Macca k-Tro Be-
miectsa M, sBIISIeTCSI HOCUTEJNEM HEPTUU TOKOS;
SHTpONUsl S —HOCUTENb TEIJIOBOW DHEPTUU; 3apsifl
©, — HOCHUTENb 3JEKTPOCTATUYECKOW SHEPTMU CU-
CTEMbl; UMIYJIbC KOMIIOHEHTa M,v,— HOCUTEJb KU-
HETUYECKOM 3Heprum K-ro BemrectBa M T.I1. CHITBI
TaKXe JAeJsITCSI Ha BHYTPEHHUE U BHEIIIHME B 3aBUCH -
MOCTHU OT TOTO, JE€UCTBYIOT JIM OHU MEXIY YacTSIMU
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(4acTuilaMmn) BHYTPHU CUCTEMBI WJIM MEXIY CUCTEMOI
1 OKpyXKalolleh cpenoi.

OnHako TpU pacCMOTPEHUU pealbHbIX, T.e. He-
PaBHOBECHBIX W TPOCTPAHCTBEHHO HEOAHOPOIHBIX
cpen, ocoboe 3Ha4YeHUEe MMpUoOpeTaeT APYyroe CBOM-
CTBO TE€X WJIV UHBIX CUJI — HAAUYUe UAu Omcymcmaeue y
Hux pesyanbmupyroueii. B MexaHnuke pabora 11000i1
CUJIBI €CTh Mepa BO3ACUCTBUSI OJHOTO Tejla WU Ya-
CTULIBI Ha IPYTrO€e. YUUThIBasl YIIOMSIHYTOE BhIIIIE pa3-
HooOpa3ue MaTepUaabHbIX 9HEPTOHOCUTENEH, Oynem
CUMTAaTh, YTO CUJIbI i-TO poAa ACHUCTBYIOT HA YaCTHUILIbI
k-TO copTa 1 MepapXruuecKoro ypoBHs MaTepuu (sii-
pa, aTOMbl, MOJIEKYJIbI, KJIE€TKU, TJI00YJIbl, MAKpOTETIa
v T.0.). O603HauuM cuJty i-ro poaa yepe3 F; no npu-
pone HocuTens i-it (hopMbl B3aMMOIIEUCTBUS, TIpUME-
HsIs1 [J1s1 0003HAUEHMSI 3JIeMEHTapHOM pabOThI, 3aBUCS -
1Ieit oT xapakrtepa (IyTH) IIpoliecca, 3HaK HEITOJIHOIO
muddepeHLana d. BeeneM B pacCMOTpeHUEe paanyc-
BEKTOP I, 9TUX 00beKTOB NprioxeHus cui K. Torma
cymMMapHasi paboTa B pe3yjbTare CUJIOBOIO BO3MIEi-
CTBMS i-TO pOJa Ha CUCTEMY B 1I€JIOM OyIeT CKJIaabl-
BaTbCs U3 dJIEMEHTapHbIX padot d W, = F, dr; Tako-
ro BO3IECTBUS Ha KaxXaylo k-1o yactuiy [2]:

aw; = Fydr.
k

DneMmeHTapHas padbora dW;, Oyner pa3inyHa B 3a-
BUCHUMOCTHU OT HaIpaBeHUs 3JeMeHTapHbIX cui F,
Y BBI3BAHHBIX UMU BJIEMEHTAPHBIX TepeMelleHUt
dr;. Cuctema 4acTull B 1I€JIOM B KaXIblii MOMEHT
BPEMEHU XapaKTepU3yeTcsl pe3yIbTUPYIOLIEH CUIOoMN

i-ropona F;,= ZEk, BbI3BIBAIOLLEN PE3YIbTUPYIOLLIEE
k

repeMelleHne CUCTeEMBL B LiesioM dR; = Zdr,-k. Ha
K

OCHOBE aHaJin3a MPOTEKAHUSI pPeajlbHBIX MPOLIECCOB
MOCTYJIUPYETCS aKCUOMa HeOOHOPOOHOCMU: TIO OTHO-
IIEHWIO K pe3ynbrupymolieit cun F; u nepemernieHumit
dR; cucTeMa Bcex YaCTHII JeIUTCs Ha IBE YaCTH, OMHA
U3 KOTOpbIX uMeeT pesyibTupytoiiue F; u dR;, a npy-
ras He MMeeT, HallpuMep, M3-3a XaOTUYHOCTU CMe-
MEHW I 9acThll Iy, iox neiictBuem cui F;. CormacHo
MIPUHSTOI aKCUOMe, CyMMapHasi paboTa BCeX YaCTHIL
CHUCTEMBI BCEraa yaOBJIIETBOPACT HEPABECHCTBY:

> Fydry > Rydr, = (ZFJ(Z‘”) 3)
k k' k'

rae k' — HoMepa TeX YaCTULI, 11 KOTOPBIX CYyIEeCTBY-
€T pe3yJbTUPYIOLIAsI BEKTOPOB CMEILLEHWA 1 CUJT. DTO
3HA4YUT, 4YTO paboTa BCEX YaCTHUL] CUCTEMbI MOXKET
OBITH IIpEICTAaBJICHA B BUAE CYMMBI:

> Fydry = Y Fyedry. +Fdr, )
X k
rme k" — HoMmepa TeX YacTull, I KOTOPBIX OTCYT-

CTBYIOT Pe3YJIbTUPYIOIINE CWJI M TMepeMeIeHIA Ja-
CTHUII.

TEOPETUYECKUE OCHOBbl XUMUWYECKOUW TEXHOJIOTUU
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Ecnu ydectb, 4TO Kaxaas yacTulia COBEpIIaeT pa-
0OTY HE TOJBKO TI0J, IeHCTBUEM CUJIBI, HO 1 MO Acki-
CTBMEM MOMEHTA 3TOi cuiibl M, Mpy MNOBOPOTE YACTU-
1Ibl Ha YTOJ @;,, TO COOTHOILLIEHUE (4) MPUHUMAET BUIL:

ZEkdl}k + zMikd(pik =
% %

5
= > Fudtye + ) Myd@y. + Fdr, + Mg, ©
k" k"

JlaHHOE COOTHOIIIEHUE OOMNOJHSCT (4) ydeToM B
aKCHMOMe HEOTHOPOMHOCTH pa3OMeHne CYIOBBIX T1-
rnmojieii  Ha yIopsiAOYeHHbIE U HEYIOpPsAOYEeHHBIE.
Takum o6pazoM, akcoMa HEOMHOPOTHOCTH TIPHOO-
peraeT OKOHYATEJIbHYIO (hOPMYJIMPOBKY: TEPMOIN-
HaMuyecKasl CUCTeMa ¢ MaKpOCKOIMMYECKOW TOUKU
3peHUS COCTOUT M3 YaCTHUII, YIACTBYIOIINX B TPEX BU-
JlaX ABVDKEHUS: OecHopsaodyHoOM (B 1IEJIOM IOKOSI),
MOCTyNaTeJIbHOM M BpalllaTeJIbHOM.

B 3aBUCUMOCTH OT HaJIUYMsI I OTCYTCTBUS pe-
3YJIBTUPYIOIIEH CUT U TIEpEeMEIIeHUIA YaCTUILL MOXKET
UMETh MECTO HECKOJBKO XapaKTePHBIX CHUTYyallWid
IpU OOCYKIEHUM KOTOPBIX IJISI TIPOCTOTHI Oynem
OITyCKaTh YIIOMWHAHUE O NEeHCTBUM MOMEHTOB CHJI
(muroneir) [2]:

1. OnemeHTapHbie cuibl F;; BbI3BIBAIOT MepeMe-
1IEeHUs dry ONHOTO 3HaKa y OOBEKTOB UX MPUIOXKE-
HUS, T.€. U3MEHSETCS IIOJIOXKEHUE paanyca-BeKTopa
dR; Bceil COBOKYITHOCTU k-X OOBEKTOB MPUTOXKEHUS
3yieMeHTapHbIX cuil F. OTO BO3MOXHO, KOTHa CUCTE-
Ma OJHOpPOAHA U IepeMelIacTCs KaK equHoe 1ieaoe.
MMmeHHO Takyio paOOTy COBEpIIAlOT MEXaHUYECKHUE
CUCTeMbl U TEeXHUYECKUe YyCTpoicTBa (MalllHBI),
npeaHa3sHadYeHHbIE IS HeJIeHaIIpaBIeHHOTO IIpeoo-
pa3oBaHMsI OMHUX BUAOB dHEPTUU B Ipyrue. Takyio
padoTy OOBIYHO HA3BIBAIOT MOJIE3HOU BHEILIHEN WU
TexHu4ecKoil. OIHaKo B 00ILeM ciIydae TaKyro pado-
TY COBEpPIIAIOT HE TOJIbKO TEXHUYECKUE YCTPOIMCTBA,
HO M XMMUYECKHUE, OUOJIOTUYECKHE, acTpodusnde-
CKUE U JIPYyTI1ue CUCTEMBI, IIO3TOMY IJISI TAKOM pabOThI
ynoOHee BBECTHU OOIIMIT TEPMUH “ynopsdoueHHas pa-
b6oma” 1 0603HaYaTh BEPXHUM MHIAEKCOM “T” — Tex-
HU4YecKas:

dW;" = FdR,. (6)

2. YnopsinoyeHHast paboTa CoBeplIaeTCs U B TOM
cllyyae, Korma BCsl cUCTeMa B 11eJI0M HeTlOABUKHa, a
CYIIECTBYET JIMIIb OTHOCUTEIBHOE OJIHOHAIIPABJIEH-
HOE CMEILLIeHUE dr;;, €€ 3JIEMEHTOB OTHOCUTEJIbHO Ha-
YaJIbHOTO PaBHOBECHOTO COCTOSIHUSI. DTO MPOUCXOIUT
MpU TiepepacnpeeeHuu k-X BEIIECTB B MHOTOKOMIIO-
HEHTHOI CUCTeME, MOJIOKUTEIbHBIX U OTPULIATEIbHBIX
3apsiIOB WM TIOJIFOCOB BJIEKTPUUECKUX AUTIOJEi, Mo-
JIOCOB MarHUTHBIX IUIIOJIEH, UMITYJIbCOB, BJEKTPO-
HOB U “IIBIPOK” B ITOJIYIIPOBOTHUKAX U IPYTUX IHEP-
roHOCHUTeJIei MeXAy YacTSIMU U3HAYaJIbHO OJHOPO/I-
Hoii cuctembl. Ilpu 3ToM cuibsl F;; BbI3bIBAIOT
CMellleHUs dr; TIPOTUBOIIOJOXHOIO 3HaKa U cyMMa
Ne 3
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348 JOPOXOB

ZFikdr,-k pasbuBaeTcs Ha IBE YaCTU, UMEIOLLIME OIU-
k

HakoBbIii 3HaK BeauuuH F; u dry,, 4To Jaet oTauy-
HYIO OT HyJIs1 pe3yabTupytolyto cuiy F.. Torna pado-
Ta i-TO pola Hal CUCTEMOU B LIEJIOM OINPEHEIIIECTCS
TeM e COOTHolleHueM (5), T.e. UMeeT BEKTOPHOe
npoucxoxaeHue. Takum odpa3omM, Mpy COBEPLICHUN
VIIOPSIIOYEHHOI pabOThl M3MEHSIETCS ITOJIOXKEHHUE
JINOO LIEHTpPa MacC CHUCTEMbBI B 1IeJIOM, JUOO LIEHTP
KaXIIOTO €€ 9HEPTOHOCUTENSI B OTAEIBHOCTHU (3apsi-
Ja, UMITyJIbCca, DHTPOIIMHU U T.I.), T.€. U3MEHSIETCS
JINIIb BHYTPEHHSISI 9HEPTUSI CUCTEMBI.

3. DneMeHTapHbIe OOBEKTHI MOA ACHCTBUEM CHJI
F,, nBurafotcs XaoOTUYHO, T.€. TIepeMelleHu s dr;, He
OIHOHAITPABJICHBI. YNOPSIIOYEHHOE IBMKEHUE K—X
OOBEKTOB OTCYTCTBYET, T.€. dR; = 0. PaBHOIENiCTBY-
IOIIIC CUJIBI HET, OMHAKO B 1IeJIOM paboTa coBepllia-

ercsa: dW; = » F,.dr,. > 0. Takoro pona pabora Ha-
o=
3bIBAETCsI HeynopsdouerHoll 1 o6o3HavaeTcsa WH. Ona
He UMeeT Pe3yJIbTUPYIOIIEH CUITBI, T.€. IJIsI Hee He pa-
6oTaeT mpaBmwio (6). MoXHO cKa3aTh, YTO HEYITOPS -
JIoYeHHas paboTa UMEET CKaISIPHOE MPOMCXOXKIE-
Hue. Ilpumepom Takoil paboThl sBiseTcs padboTa
pdV, coBepillaemasi Ipyd BCECTOPOHHEM CXXaTUM WU
pacIIMpeHNH Ta3a B CBOOOTHOE MPOCTPAHCTBO. Jlo-
KaJIbHOE JaBJIeHUE p MOXHO pacCMaTpUBaTh KaK Me-
XaHUYECKYIO CUJTY, IEMCTBYIOILYIO Ha 3JIEMEHT df 3a-
MKHYTOI TOBEPXHOCTH CUCTEMBI 110 HOPMaJIU K 3TO-
My asieMeHTy. OUeBUIHO, UTO Pe3yIbTUPYIOLIasl CUia
JlaBJIEeHWSI Ha BCIO TTOBEPXHOCTb OMHOPOJIHOI CUCTe-
MbI paBHa Hyto F, = 0, T.K. pabota BCECTOPOHHETO
paciiupeHust (cxkaTusi) He CBsI3aHa C U3MEHEHUEM
MOJIOXEHMUs TeJia Kak 1eyoro: dR, = 0. Oty Heyro-
PSIIOYEHHYIO PabOTYy CUCTEMBI B 11€JIOM MOXKHO BbI-
pa3uTh Kak MPOU3BEAEHUE NBYX CKaJSIPHBIX BEJIU-
YUH, OJHA M3 KOTOPBIX XapaKTepu3yeT MHTEHCUB-
HOCTb ¥; OOILIEro Xxa0TUYECKOTO ABUXKEHMUS i-T0 poJa,

a BTOpasi — U3MeHeHue d0); i-il 3KCTEHCUBHOI Xapak-
TEPUCTUKU CUCTEMBI B PE3YJIBTATE BHYTPEHHETO CHUJIO-

BOTO B3aMMoneilictsus i-ro poma: dW" = W¥,dO,.
3nech W; — 0600111eHHBIN TOTEHLIMA, SIBSIOLINICS
WHTEHCUBHOI BeJMWYMHON (aOcCoJIIoTHAS BeJIMYMHA
CKOPOCTH v, abCoII0THAs TeMIieparypa 7, J1aBJeHUue p,
9JIEKTPUYECKUM MOTEHIIUAT (), XUMUIECKUI TTOTEH-
uuana k-ro BellecTsa |, U T.0.); d®; — U3MEHEeHUE
COOTBETCTBYIOIIEN 3KCTEHCHUBHOM KOOPAWHATHI CO-
CTOSIHUSI CUCTEMBI B 11eJIOM (KOJIMYECTBO JABUXKEHUS
Mv, sHTpomnus S, o6beMm V, 3apsn ©,, macca k-ro
KOMITOHEHTa M), U T.11.).

4. TlpomexyTouyHOe TOJOXEHHUEe MEXIy 3TUMU
IBYMsI BUIaMu paboT 3aHUMAET paboma duccunamue-

Ho20 xapaxmepa W”". Drta paboTa coBEpLIAETCS YIIO-
psimodeHHBIMU cwiaMu F; TIpOTUB TaK Ha3bIBaeMBIX
“cmi paccestHUsI”, HE MMEIONINX Pe3yIbTUPYIONIeH

TEOPETUYECKUE OCHOBbI XUMHWUYECKOUW TEXHOJIOTUU

BCJICICTBHE X XaOTUUECKOIl HallpaBlIeHHOCTH. [uc-
cunaTuBHasl paboTa HOCUT CMEIIaHHOE CKaJISIpHO —
BEKTOPHOE IIPOMCXOXIECHHE, T.€. COIIPOBOXIACTCS
MEePEXoJOM YHOPSIOUYEHHBIX (POPM DHEPruu B HE-
yIopsiioYeHHbIe (M 00paTHO).

OO6IIKUM BBIBOJIOM 13 PACCMOTPEHHBIX CUCTyallnii
SIBJISIETCSI TO, YTO paboTa OMHOIO U TOTO K& CUIIOBOTO
BO3IEUCTBUS i-TO poAa MOXKET OBITh KaK YIOPSII0-
YeHHOI1, TaK 1 HEYIIOPSIIOYEHHOM B 3aBUCUMOCTHU OT
TOrO, UMEETCSI WU HET y MPEOaoIEeBAEMbIX CHUII pe-
syapTUpyloas. OHa MOXKET OBITh TaKKe BHEIITHEH
VI BHYTPEHHEI B 3aBUCUMOCTHU OT IIPOMCXOXKICHUS
MPUJIOKEHHON CUJIBbI, MOJIE3HON WIM ITUCCUIIATUB-
HOI B 3aBUCHMOCTU OT LICJICHAIIPABICHHOCTU MPO-
ecca. Orcrona ciaeayeT, YTo ofdHa U Ta Xke i-s1 ¢popma

BHyTpeHHel sHepruu U; (U = ZU ; ) UBMEHsETCA B
1
pe3yJibTaTe COBEpIICHUsI Hall CUCTEMOM KaK yIopsi-
JIOYEHHOM, TaK M HeymnopsaodeHHoi padotel. Ilpu
5TOM HeynopsiiouyeHHas paboTa BCeraa CBsI3aHa C Ime-
pEHOCOM SHEPIUHU B OOHOI U TOM ke hopme, a yIio-
psiIoYeHHasl — € ee NpeBpalleHueM (Hanpumep, Ku-
HETUYECKOM B IMOTECHIUAIBHYIO IJIsI MEXaHUYECKUX
cun). Takum obpa3zom, akcmoMa HEOTHOPOIHOCTH,
BbIpaXk€HHasi B BUJIE COOTHOIlIEHUsS (5) ¢ ydyeToM

AW =¥,d®, u dU = z dU;, cOOTBETCTBYET ypaB-
i
HEHUIO COXPaHEHWSI U MPEBPALLCHNSI SHEPTHH B BUIE:

dU =) dU, =

=Z‘Pid®i+ZFth,—l+ZMid(p,, A, 2,...n), .

rae W, — aHanor o60611eHHOro noteHuUMana (2), a
BCSI BHYTpeHHsI 9Heprusl U cTaHOBUTCS OOIIei Me-
poii Bcex BUAOB pabOThI, KOTOPhIE MOXET COBEPIIUTh
cuctema (yIIOPSOOYEHHBIX U HEYIIOPSIOYEHHEBIX).
Hanpuwmep, TennoBas dopma sHepruu U, BXoguT
OIHUM U3 cJlaraeMbIX B cyMMYy (6) u3MeHeHUil pas-
JUu4HbIX (opMm 3Heprum U;, a COOTBETCTBYIOLUUIA
OKCTEHCUBHBIA 3HEPrOHOCUTEIh TEIJION 3HEePruu

O, = S — 3HTPONUS CTAHOBUTCSI OOBIYHBIM TEPMOU-
MyJabCOM, YTPATUBIIMI CBOU BEKTOPHbIE CBOMCTBA B
pe3yJibTaTe XaOTUUYECKOTO TEeMJIOBOTO JBUKEHUS.
AHaJIOrMYyHble UMMYJIbChl C YTPAauY€HHBIMU BEKTOP-
HbIMM CBOMCTBAaMM BO3HHUKAIOT y BCEX OCTaJIbHBIX
¢dopm sHepruu. CrenoBareibHO, IHMPONUS XAPAK-
mepuszyem moavko 00Hy (Menao8yr) opmy 08UdNCeHUs
U HUKAK He MoXcem Oblmb 0000UieHHO XapaKkmepucmu-
KOl 6HYmMpeHHell >SHepeuu 6celi cucmemsl, KAK 3o
00bIYHO NPUHAMO 8 KAACCUHECKOLl mepMoOUHaMUKe.

BrimeckazaHHoe MO3BOJISIET BBECTH KJIacCHpU-
Kaluoo paboT, MoKa3aHHy0 Ha puc. 1. BugHo, uyTto
paboTa OMHOTO U TOTO K€ i-T0 PoJa MOXET OBITh KaK
YIIOPSIIOYEHHOI, TaK M HEYIOPSIIOYEeHHOI (B 3aBU-
CUMOCTH OT TOTO, UMEETCSI WJIM HET Y MpPeo1oieBae-
MBIX CHJI pe3yIbTUPYIONIAs); OHA MOXET OBITh TaK3Ke
BHEIIIHE! MJIM BHYTPEHHE! (B 3aBUCUMOCTU OT MeCTa
Ne 3

TOM 57 2023



AKCUOMA HEOAHOPOOHOCTU U OBOBIIEHHBIM 3AKOH

349

Pabora

I-TO

pona

| YropsiioueHHas | |

;o dR;

HeymnopsinoueHHas
dry < drji’

JlvccunatuBHast
dR; < dry

| BHelHss | |

1 BHyTpeHHSsIs |
dRy © dRj;

dR;© dR;

| BHewnas | |

Bueunn BHyTpeHHsIst ‘
i ak;

dR;© dR;

Puc. 1. Kinaccudukanus paboT B HEpaBHOBECHBIX cucTeMax [2].

TIPUJIOXKEHUST CUJIBI), TTOJIE3HOM MJIM TUCCUTIaTUBHOM
(B 3aBUCUMOCTM OT lieJieHalpaBJIeHHOCTU Mpollec-
ca). PaxkT HATMYUS SHEPTOIpeBpaIlleHUs B IIPoIlec-
cax COBEpIIEHUST YIOPSA0YEHHON paboThl OTpakKeH
30ech CMEeHOI uHaeKca i Haj = 1, 2, ..., n B COOTBET-
CTBUUA C W3MEHEHWUEM MPUPOIBI MPEOIOICBAEMBIX
cuil. CoBepllleHUe BHEIIHEW paGoThl (MPOTUB CUJI
OKpYyKalollleii cpelibl) OTMEYEHO BEPXHUM UHIEKCOM
“oc”. DTa paboTra cOompoBOXIAECTCS IIepegadeii yacTr
9HEPIrUU B U3BMEHEHHOI (hopMe IpyTuM Tejam (OKpy-
XKatolei cpene). BHyTpeHHsisT paboTa oOcCTaBisieT
SHEPTUIO0 CUCTEMBI HEU3MEHHOU U COTIPOBOXIAETCS
ee MpeBpallleHueM U3 OMHOK (OpMBI B APYTYIO (KakK
3TO TIPOUCXOIUT B KOJIEOATEBHBIX MpOIleccax Uin B
HUKJINYECKUX XUMUUECKUX peakusix Tumna beigoyco-
Ba—2KabOTUHCKOTIO).

IToHrMaHWe MPUHUUIIMATIBHOTO Pa3IMyus yMo-
PSIIOYEHHO U HEeYTTOPSIIOYEHHOM pabOThl IPUBOIUT
K BBIBOJy, YTO OJTHA U Ta Xe i-s1 (hopMa BHyTpEeHHEH
sHeprun U; MpOCTPaHCTBEHHO HEOJHOPOMHOM CU-
CTeMbl MOXET ObITb U3MEHEHA B pe3yJibTaTe COBEp-
ILIEHUsI Had Hell KakK TOM, TaK U Apyroii paboTkI, IO-
3TOMY YMCJIO CTEMEHEW CBOOOABI TAKOUW CUCTEMBI
(T.€. YUCJIO HE3ABUCUMBIX MPOIIECCOB, KOTOPbIE MO-
I'YT OpOTeKaTh B Heil) yodeausaemcs 110 CPaBHEHUIO C
OOHOPOOHOI (BHYTPEHHE paBHOBECHOI1) CHUCTEMOIA.
DTO IBHO OTpaxKaeT BhIpaxkeH1e 0000IIeHHOTO 3aK0-
Ha COXpaHEeHUs 1 MpeBpalleHust d3Hepruu B Buae (7).
Taxkas 3anMch 3aKOHA COXpAaHEHUS SHEPTUU IPUNAET
el TIpOCTOM M SICHBIN M3HAYaJIbHBIM CMBICH CITOCO0-
HOCTHU CUCTEMBI K COBEPIICHUIO pA0OThI, IPUYEM Ta-
KO CMBICJI ObUT yTpayeH B MPOILIJIOM Ha CTaJIMU BBe-
JIEHUSI B TEPMONVHAMMKY TTOHSTUI TETIIOTHI U BHYT-
DEHHEN 3HEepruu.

B paBHOBecHBIX (OMHOPOMHBIX) CUCTEMAaX BbIpa-
XKeHHe (6) eCTECTBEHHO MEPEXOIUT B OCHOBHOE ypaB-
HEeHMEe KJIaCCUYECKOM TepMOIMHAMMKM IIOJIMBapU-
AHTHBIX OTKPBITHIX CUCTEM B BHUIIe 000OIIEHHOTO CO-

otHoweHnus [ub6ca: dU = z Y.dO; . Bce npoueccel

TaKOI'0 poja XapaKTepU3YIOT IIEpeHOC SHEPTUU B O -
HOIT 1 TOit ke i-11 popme 0e3 ee mpeBpameHus. Ha-
npotus, cuiibl F; ux MoMeHTbI M;, CMELIEHUS ITOCTY -
natefibHbIe R; 1 UX yIJIbl TOBOPOTA ; B BBIPAXKEHUU
(7) ABISIOTCS TOIIOJIHUTEIbHBIMU ITapaMeTpaMHu, OT-
CYTCTBOBABIINMM B PABHOBECHOI TEpPMOAMHAMUKE, &

TEOPETUYECKUE OCHOBbl XUMUWYECKOUW TEXHOJIOTUU

CYMMBI ZF,-dR, u ZM;d(P; XapakTepU3yIloT Ipo-

LIeCC MPEBPALLEHMS SHEPTUU.

Kak BHunHO, cooTHoureHue (7) Moay4eHo Ha oc-
HOBE aKCHOMBI HEOOZHOPOLHOCTU M 3BPUCTUUYECKUX
(mpaBOONOAOOHBIX) PACCYXIEHUI, OMHAKO HETPYI-
HO M0Ka3aTh, YTO OHO MEPEXOAUT B CTPOTOE MaTeMa-
TUYECKOE TOXIECTBO. ISl 3TOro JOCTaTOYHO CpaB-
HUTb I0JIOKEHME LEHTpa Kakoro-jiubdo napamerpa
O, B paBHOBeCHOM R, (C INIOTHOCTBIO P;y) U NIPOU3-
BOJIBHOM HEPaBHOBECHOM R; (C IJIOTHOCTHIO p;) cO-
CTOSTHUSIX:

R, = (1/0),) [prdv; Ry, =(1/0,)[prav.
v Vv

OTcrona sICHO, YTO yIaJeHUE CUCTEMBI OT OTHOPOI-
HOTO (BHYTPEHHE PAaBHOBECHOTO) COCTOSIHUSI COIIPO-
BOXJ/IAETCSI BO3HUKHOBEHMEM cMelleHUus1 AR,
R; —R,;, ¥ COOTBETCTBYIOLLIErO “MOMEHTA paclpene-
JieHus1” Z,; napameTpa ©;:

Z,=06;(R,-Ry) = I(pi —Pio)rdV,
4

XapaKTepu3yollero HeOAHOPOIHOE COCTOSIHUE CH-
crembl B 11eJioM. [TojiHasi mpou3BoaHAs MO BpEMEHU
oT aToro nmapamerpos J; = dZ,/dt = O,dR,/dt = O,v,,
Ha3blBaeMasi 0000U|eHHbIM NOMOKOM, UMEET CMBICT
VIMITyJIbCa 3HeproHocureist ©,. Huxe OyaeT nokasa-
HO, YTO YacTHasi IPOU3BOIHASI OT BHYTPEHHE dHEep-
rum U cuctembl MO 3TOMY MapaMmeTpy ofnpenessieT
obobwennyio cuay X; = (U / 0Z,)e,- BaxHo nonyepk-
HYTb, YTO 00001IEHHbIE CUJIbI X; M TOTOKU J; OTJInya-
I0OTCSI OT TAKOBBIX B TEPMOAMHAMUKE HEOOPATUMBIX
npouecco (THIT) Tem, 4yTo oHU peaibHbIE, a HE MO-
JIydeHHBIE Ha OCHOBE “IIpOM3BOACTBA DHTPOITHMN .
s ux ornpeneseHus He Hamo puderath K MOHSATUIO
SHTPOMUU Y UX MOKHO U3MEPSITh HEMOCPEICTBEHHO C
TMOMOIIIBIO KOHTPOJIBbHO-U3MEPUTENIBHBIX TPUOOPOB.

IlosiBieHe B HEpPaBHOBECHOM CHUCTEME CMellle-
Husag AR; = R; —R;, MOXHO Habmonmatbe Ipu BO3-
HUKHOBEHUU B HETOJABWXKHOW XXUIKOCTU TOJABUXK-
HBIX DJIEMEHTOB U3-3a MEXaHUUYECKOTO NepeMeliBa-
HUs B Kajgopumerpe JIXXoyiasd ¢ MelajKoW,
MPUBOASIIETO K HArPeBAaHUIO XKUIKOCTHU B pe3yJibTa-
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Te TIpeoOpa3oBaHUsI MEXaHUIECKOUW SHEPTUU B TEII-
JIOBYIO TIpU YCTAaHOBJIEHUSI MEXaHWYECKOT0 3KBUBA-
JieHTa teriothl (k. JIxkoynb, 1843) [1]. Habmwone-
HUE  TIPOIIECCOB  OTKJIOHEHUsS  CHCTEMBI  OT
paBHOBECHS BeIeTCsI B aOCOTIOTHOI CUCTEME OTCcUe-
Ta, TAE 3a HayaJlo OTcueTa MPUHUMAETCS] paBHOBEC-
HOE COCTOSTHHE CHUCTEMBI, TP KOTOPOM HHUKAaKHe
npoliecchl HeBO3MOXHEI. [1py aToM caM O0OBEKT MC-
clieqoBaHMsI BMECTE C OKpYyXamlleit cpeaoii oobenu-
HSETCS B €IMHYIO CCTEMY, KOTOpask B TAKOM pacIIIy-
PEHHOM COCTOSIHUY TIPUHUMAETCSl M30JIMPOBaHHO
U 3aMKHyTOli. B abGcosoTHOI cucteme orcuera mist
Joboro oobekTa uccaenosanusi R,, = 0, a paguyc-
BeKTOp R; CMelleHUSs LIeHTpa KaX/I0ro 3HEPrOHOCU-

Tesis1 ©; COBNAAAET C €ro OTKJIOHEHUEM OT PaBHOBEC-
Horo 3HaueHusd. [1pu aToM nmapaMeTp Z CTaHOBUTCS
MPOU3BEIEHUEM KOJMYECTBA SHEPrOHOCUTENS O, Ha
BekTOop cMmelteHus R; (Z; = O,R;). Hanpumep, nis
MexaHuuyeckoit cucremnl Z,, = MR, rne M — macca
cuctembl, R — BekTop cMelieHus 1ieHTpa macc. Kak
BUJHO, TapaMeTpbl HEOAHOpPOAHOCTU Z; (i=1, 2,... n)
ompeeeHbl Yepe3 MHTErPajbHbIIA OIlepaTop I10 00b-
eMy WHIWBUAyaJlbHOII oGmactu V M OTHOCATCA K
KJ1acCy OOOOIIEHHBIX (PYHKIIMI CO CIIeMaIbHBIMU
cBoiictBamMu [3—5]. B oramume oOT OZHOPOTHBIX
00001IeHHbIX (DYHKIUI paBHOBECHOIW TepMOIWHA-
MUKU, 3Ta QYHKIUS ITO3BOJISIIOT ONKUCHIBATH HEOTHO-
ponHble (BHYTPEHHE HEPAaBHOBECHBIE) CUCTEMBI OJ1a-
rojaapsi IByM ee 3aMedaTeIbHbIM CBOMCTBaM: 1) Heall-
JUTUBHOCTD 110 OTHOLIEHUIO K 00beMy V obnactu B
CUJIy 3aBUCMMOCTH CPEAHEN IIOTHOCTU P,y OT V mist
HEOMHOpPOAHOI cucteMbl; 2) Z; —» 0 npu V — 0

(p; = Pip). DTO 3HAYUT, YTO MPOTEKAHUE CAMOIIPO-
WU3BOJBHBIX IPUPOIHBIX MPOLIECCOB PEIaKCALIUM CO-
OTBETCTBYIOT CAMOIIPOU3BOJILHOMY OOpaIlleHUIO B HYJIb
MapameTpoB Z,;, TaK YTO 0415 XapaKmepucmuku ouccuna-
MUBHBIX NPOUECCO8 URNUUIHE Npubeeamb K NOHAMUK IH-
MponuYU U NPUHUUNY 803PACMAHUSL IHMPONUU.

O0oO1eHHas pyHkuus Z;, sipistoiasics: QyHK-
nuei obJlacTu, UrpaeT pojab, AHAUTOTMYHYIO JIeIbTa—
dyHxkumu Jlupaka B TeOpeTUYECKOi (hU3MKe, MOCTPO-
€HHOIl Ha moHSATUM (PyHKIMM objactu. Ilocnemnss
Obl1a BBeneHa JIpakoM ¢ Ierbio “jeraam3an’ IMo-
HSITUSI TOYEYHOI MacChl M ToueyHoro 3apsiza. O6006-
meHHas Z — dysakumsa u ee nuddepeHunan dZ BBo-
IaTcd s “leraausalyuy’ TOHSATHUS TPOTECKAHUS
PaBHOBECHOIO WJIM HEpPaBHOBECHOTO IPOILIECCOB, a
TaK:Ke CKPBITBIX IIPOLIECCOB IIPe0Opa3oBaHMUs SHEP-
Ty B HEOMHOPOMHBIX (BHYTPEHHE HEPaBHOBECHBIX)
cpenax. ITapameTp HEOmMHOPOAHOCTU Z eCcThb (PYyHK-
nus oonactu Z = Z(V), a onpenesiomnii ee MHTe-
rpajl MOXKHO MOHMMAaTh He KakK uHTerpaji Pumana, a
Kak nHTterpai Jledera mo obysactsaM V ¢ pa3muaHbIMU

3HAYEHUSIMHU P,y = P;o (V) [3—5].

Ecnm 3anucarte monHbi nnddepenuman ¢GyHK-
umit Z;, = 7Z,(0;, R;) B aOCOMIOTHOI cUcTEME oTcueTa

TEOPETUYECKUE OCHOBbI XUMHWUYECKOUW TEXHOJIOTUU

JOPOXOB

dZ; = RdO, + ©,dR,;, TO 3TO pa3noXeHUE COOTBET-
CTBYeT pas3lejIcHUIO BCEX IPOLECCOB Ha paBHOBEC-
Hble U1 HEpaBHOBeCHbIC. boJiee TOro, OHO MO3BOJISIET
pa3iau4daTh IPOLEeCChl MeXIy coboii. B aToM HeTpya-
HO yOemuThCS, €CIM NpencTaBUTh muddepeHIran

cmeleHus dR; B BUie CyMMBbI IPOU3BENEHUA CKAIS-
pa R, Ha eAMHUYHBII BEKTOD €; B HAIIPABJIECHUHN YIJIU-
HeHUsl BekTopa R;, u nuddepeHumana de; Kak BeK-
TOPHOIO NMPOU3BeaeHUs de; = d@xe;, TIe @; — Yyroi
MOBOPOTA BeKTOpa €;. B pe3ynbrare rnoayyum

dZ;, = R,dO, + 0,dS, + O,R|d,;xe,;], (8)
rne S; = ¢;R;, — BeKTOp yWIMHEHUST MepeMelleHUSI.
Huddepenunan dZ,;, 3anvcaHHbIf I CUCTEMBbI B
LeJIOM, CJIEAyeT OTanYaTh oT nuddepeHIIana paau-
yC-BeKTOpa YaCTULIbI CIIJIOIIHOM CPEAbl, ONpeaesie-
MOIO B MOJIENHN CIUIOLIHOM cpenbl 1o Teopeme Ko-
mm—ITenbmronbna [6]. ComtacHo (8) monHbI Trd-
depeHuman GyHKIUU Z; OTpaxKaeT pasanudyue Mexmny
TpeMsI TpylnaMy He3aBUCHUMBbIX IIPOLIECCOB: PAGHO-
MmepHbiX dO;, nepepacnpedenenus dS; U nepeopuenma-
yuu d@;;. C yuetom (8) BHyTpeHHs1s1 sHeprusi U cu-

CTEMBI, KaK (YHKIIHS €€ COCTOSTHHSI, B OOIIIEM clTydyae
CTaHOBUTCS (YHKIIMEH TpeX HE3aBUCUMBIX apTyMEH-

toB U= U (0,, S;,@,), a ee nonHblit tnddbepeHInaT
BBIpaXKaeTCs KaK

dU =" (0U/00,)d®, + Y (aU/0S,)dS, +
+ Z(aU/a(Pi)d(pi
WJIN C y4€TOM OOO3HAYECHUIA:
(0U/0®,)=V¥,, (0U/dS;)=F,
(aU/a(pt) = Mi’

IIPMHNUMACT BUJ TOXKAECTBA:

> ¥dO, + Y FdS, + > Mdy,

)

dUu

(10)

rne W, — MHTeHCHUBHAS BEIMYMHA B BUIE YCPEIHEH-
HOT0 000O0IIEHHOro MoTeHI1aja (a0COJIOTHON TeM-
nepatypsl 7, 1aBAeHUS p, XUMUYECKOTO MOTeHIIMAa
U, 9JEKTPUYECKOTO @, TPABUTALIMOHHOTO J, U JIP.
MoTeHIuaaoB); F, — cuibl B UX 0OBIYHOM (HBIOTO-
HOBCKOM) NMOHWUMaHUU; M; — MOMEHTHI 3TUX CUJ,
T.€. COOTBETCTBYIOIIME WHTCHCUBHBIE XapaKTepH-
CTHUKM TIPOIIECCOB TPEX TUIIOB: pABHOMEPHBIX, TTepe-
pacripenesieHus: U repeoprueHTaluu.

AHajiorust MeXay BbIpaXkeHHE€M aKCHUOMBI HEO.-
HoponHocTH (7) u ToxaectBoM (10) oueBuaHa. B pe-
3yJbTaTe aKcuoMa HEOOHOPOmHOCTU (7) Iojiy4aeT
aHAIMTUYECKOEe MOATBEPKICHUE B BUIE MaTeMaTu-
yeckoro ToxnaecTtna (10), KoTopoe mpeacTaBisieT Co-
0o01i1 BeIpaxkeHne 0000IIEHHOTO 3aKOHA COXpaHEHUS
U TIpeBpaIleHUsI SHEPTUU.
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C BBe/ieHMEM BPEMEHHU ¢ B KauecTBe (hU3NUECKOTO
napameTpa, Toxaectso (10) mpuBoaAUTCS K BUIY, CO-
JiepXkaleMy TOJIHbIe TPOU3BOMHBIE IO BPEMEHU OT
BCeX MapaMeTPOB COCTOSTHUSI:

dU/dt = W,d®,/dt+ ) Fy,+ > Mo, (1)

e v; = ¢;R / dt — mocrymnarenbHasi CKOPOCTb Tiepe-

HOCa LIEHTPa dHeproHocutens 0;; w; = d(p,»/dt — yr-
JIOBasi CKOPOCTb €ro MepeopueHTaluu (MU Bpaiie-
HMs). B yacTHOM ciyyae, korma mapameTrp ©; umeer
CMBbICJT MACChl CUCTEMbI, BEJIMUUHBI V U 0 XapaKTepu-
3YI0T €€ JIMHEMHYIO 1 YIJIOBYIO CKOPOCTbH €€ KaK 11eJI0TO0.
B cooTBeTCTBUM C aKCUOMOI HEOTHOPOAHOCTU COOT-
HomeHue (11) moka3bIBaeT, YTO B KaxKIbIii (PUKCHUPO-
BaHHbIA MOMEHT BpEMEHU t HEOJHOPOIHAs TePMO-
JIMHaAMUYecKasi cUCTeMa Bcerga BKJIIOYaeT B ceOst
MOACUCTEMY B BUJE «MTHOBEHHO TBEpHAOIO» Tela,
CKOPOCTb JITOOOM TOUKM KOTOPOTO CKJIaJbIBAETCs U3
MOCTYyMNaTeJbHOM CKOPOCTU M YIJIOBOH CKOPOCTU
BpallleHUsI BOKPYT MTHOBEHHOTO LIEHTpa WHEepLUU
tena [7]. ABTopsl [7] oTMeUaroT, 4To TIepeHOC Havyaia
KOOpIUHAT HabJtoAaTe sl B LICHTP MHEPLIUU MEeXaHU -
YECKOI CUCTEMbI MPEANIOYTUTENEH ISl aHaIUu3a CU-
CTeMbl B 1I€JIOM. DHEProgMHaMuKa UIET Aajblile U
MEepPEeHOCUT Havyajgo KOOpAUHAT HaOJtoaTeNs1 B paB-
HOBECHOE WJIM CTallMOHAPHOE COCTOSIHUE TePMOIU-
HaMUYecKoil cuctembl. Takoe pacCMOTpEHUE CUCTe-
MBI B 1I€JIOM, B KOTOpPOii IEUCTBYIOT 000OIIEHHBIE
CWJIbI U TOTOKX, OCOOEHHO TOJIE3HO TOIIa, KOraa 1e-
JlecooOpa3Ho M30exXaTh M3JIMIITHETO Tepeorpeneie-
HUSI MEXaHUYECKOM CUCTEMBbI MapaMeTpaMM COCTOSI-
HUS 2JIeMEHTa CIUIOLIHON Cpebl, 3aTPYydHSIOIIETO
penieHue TOCTaBJIEHHOW 3aiayu. 3aMeTUM, 4YTO B
THII Teopuio CIJIONIHON Cpeabl MHOTAA Ha3bIBAIOT
“Teopueii mmoiist” [8], KoTopast Ha caMOM JeJie TOJIbKO
MpUBJIEKaeTCs LISl POPMYIUPOBKU MOAETN CIUIONI-
HOI cpenbl B KayecTBe YI0OHOro (opMagbHOIo Ma-
TeMaTU4eCcKOoro amnrmapara [6].

VYnopsinoueHHoit cuiie F. B ee o61edusndeckom
ITOHUMAaHUM COOTBETCTBYEeT 00O0OIIeHHas cwia X,
KOTOpas OIpeaesieTcss KaK 4acTHAas TpOU3BOIHAsI OT
BHyYTpeHHeilt aHepruu U 110 mapameTpy Z; Ipu yciio-

BUH IMTOCTOAHCTBaA 81" T.C.
X; = (QU/dZ)e, = (1/©,)(OU/dR,), = F,/0©,. (12)

O6o6menHas cuia X; IMeeT CMBICH YAeTbHOM CUITBI
BHYTPEHHUX HaIIPSKEHU

X, =-Vy, =-Vp,, F = (aU/aRi), (13)

e p,; = VY, = dUi/dM — IUIOTHOCTb - (popMBl
sHepruu U; unu ee JokalibHbIM noteHuuan. Ces3b
(12) BenuuuH X; 1 F; o3BOJIsIET BBIPa3UTh 3aKOH CO-
XpaHEHWS Y TPEeBPaleHNs] DHEPTUU B CBEPHYTOM BU-
ne, akBuBajieHTHOM (11) [2]:

dU[dt = P, + > XJ, (i=12....n), (14)

TEOPETUYECKUE OCHOBbl XUMUWYECKOUW TEXHOJIOTUU

rae J, = dO, / dt — CKaJISIpHBI IOTOK /-T'O 9HEPTOHO-
curenst (0000IIEHHBIN CKASIPHBIN MTOTOK, COOTBET-
CTBYIOIIWI MMOHSATUIO “pacxon’);

J; = IjidV = invde =0V, =
v % (15)
= O,(dR,/dr) = dZ, ] dt

— BEKTOPHBIN MOTOK i-TO 3HeproHocutenss (0600-

LLEHHBIMA HATIPaBJIIEHHBII TTOTOK, COOTBETCTBYIOIIUIA

TIOHSATHIO €T0 UMITynbea 6,v;); v, = dR, / dt — cpenHee

3HaYeHHE CKOPOCTU SHEPTOHOCUTEN ©; IS CUCTe-
MBI B 1I€JIOM.

AHaJIMTUYECKOE BhIpaXkeHME 3aKOHA COXpaHEHUS

¥ IpeBpaleHus 3Hepruu B popme (11) unum (14) cie-

JyeT TakXKe W3 TMPeCTaBIeHUs] eT0 B BUIE, MPELIo-
>xeHHoM H. YMmossiM (1873) [7]

dU/dr = —SB judf = — j Vi.d1, (16)
f 14
rae V' — GUKCUPOBAHHBIM B MIPOCTPAHCTBE OOBLEM,

OrPAHUYEHHBII MOBEPXHOCTHIO f, j, — IJIOTHOCTb IO~
TOKa 3HEPTUU Yepe3 BEKTOPHLIN 3JIEMEHT df MOBEpX-
HOCTH ¢ HopMaibio n. @opMyIMpoBKa 3aKOHA MCXO-
IUT U3 IIPUHINIIA OIU3KOIEMCTBUS, COIIACHO KOTO-
poMy 3Heprus cucteMbl U He IPOCTO Mcue3aeT B
OIHMX TOYKaX MPOCTPAHCTBA U BO3HUKACT B IPYTHUX,
a IEPEHOCUTCS Yepe3 rPaHUIIbI CUCTEMBI KAKMMM -JIN00

MaTepUalbHbIMU HOCUTESIMU O; (=1, 2, ..., n), 4ucio
KOTOPBIX OIpeNe/sieTcsl ypOBHEM HAIlMX 3HAHUM O
npotiecce. [Ton aHeproHocuTeseM MOHUMAETCSI KC-

TEHCUBHBII MapameTp ©,: Macca M, KOTNYECTBO k-TO
BelecTBa B Bune N, moneit (k=1, 2, ..., m), ero macca
M,, 3apsan Q,, sHTponus S, KOJIUYECTBO NBUKEHUS

My, KoIM4ecTBO ABUXKEHUS K-TO BeulecTBa M;v,
n T.11. I[ToTOK 3Heprum j, 4epe3 rpaHULIBI CUCTEMBI
CKJIa[IBIBAETCS U3 IOTOKOB SHEPTUMU j,; BCEX i-X DHEP-
rOHOCHUTEJIEH ©;, KaXIblil U3 KOTOPBIX, B CBOIO OYe-
penb, BbIpaxkaeTcsl MPOU3BEACHUEM TTOTOKAa CaMOro
[~-TO MaTepHaJbHOTO 3HEPrOHOCUTENS J; = p,V; Ha
ero noreHuunan y; = dU,; / dM (yOoenbHYIO 3HEPTHIO)

Jo= ke = il (1=12..n),

rae U, — mapuuanbHast sHeprus i-it GopMbI TBUXKe-
HUA, p; = dO,; / dV — IJIOTHOCTB i-TO SHEPTOHOCUTEJIST;

V; — JIOKaJIbHasl CKOPOCTh €TO MIEpPEeHOca Yepe3 rpaHu-
bl cucteMbl. [loacrasnss (17) B (16) v yauThIBas, 4TO

A7)

e

V(i) = wiVii +§iV,
MIOJIy4YM BBIpaKEHME 3aKOHA COXpaHEeHUsI SHepruu (2)
B Pa3BEpHYTOM BHUJIE:

dU/dr == j wVidy - j iVydv.  (18)
iy iy
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B niepBoii cymMe cripaBa BEIHECEM 3a 3HAK MHTETpaia
HEKOTOpPOE CpefaHee 3HAYCHME VJ; JIOKAJIBbHOIO IO-
TeHLHaja \;, a BO BTOpOi — cpeaHee 3HaueHUue X,

rpaaueHTa noreHuuana Vy,;. Toroa, coxpaHsis npu-
HSITOE B TEPMOJIMHAMMKE TMPaBUJIO 3HAKOB IS TEIl-
JIOTBI U pabOTHI (MOABEACHHAas K cCUCTeMe TeruioTa 1
COBEpIIIEHHAas €10 paboTa CUMTAIOTCS TMOJIOXKUTEb-
HBIMH), MHTETPaIbHYIO (POPMY 3aKOHA COXpaHEHMUS
sHepruu (15) MOXXHO BEIpa3UTh ITapaMeTpaMM HEpaB-
HOBECHOIi CUCTEMBI B LIEJIOM, KaK 3TO MPUHSITO B TEP-
MOJIMHAMUKE:

dU/dt = W,J;+ Y XJ,, (i=12....n), (19)

YTO 3KBMBAJICHTHO cooTHoleHuto (14). Takum o06-
pa3oM, Ha OCHOBAaHUM aKCUOMBI HEOTHOPOTHOCTU
(7) nns 3akoHA CoXpaHEHUs U MpeBpaIlcHUST SHEP-
Ty MojlydeHa aHaIuTU4decKas (popma ero BbIpake-
Hus B Bune (11), (14) wiu (19), KoTopyro MOXKHO pac-
cMaTpuBaTh KakK 0000I1IeHre cooTHolIeHui Tubbca
(1) 1 (2) Ha HeomHOpOAHBIE (BHYTpPEHHE HEpaBHO-
BECHBIC) CUCTEMBI.

Cunbl F; unu X; = F;/©, BelpaxatoTcst 4epe3 BHYT-
pEeHHME TTapaMeTPhbl COCTOSIHUSI CUCTEMBI U TTIO3TOMY
TaKKe SIBJISIIOTCS TTapaMeTpaMu €€ COCTOSTHUSI. DTUM
OHM OTJIMYAIOTCS OT CHJI PeaKIIM TUTIA CUJI MHEPLIUN
HploToHa, KOTOphIe BO3HUKAIOT TOJBKO B IIpOIEcCe
YCKOPEHUSI U TOTOMY SIBJISIIOTCSI (DYHKILIUSIMU TIPO-
mecca, a He coctossHus. OnpeneaeHHbIe TAKM 00pa-
30M CHMJIBI OTHOCSITCSI K BHYTPEHHUM HaMpPSDKEHUSIM,
SIBJISISICh TIPUUMHOI, a He CJIeACTBUEM BO3HUKHOBE-
HUSI B CUCTEME IIPOLIECCOB pejlakcalliy, IO3TOMY MX
MOXHO Ha3BaThb akmuaHbimu. B 3TOM uxX oTau4ue ot
“TepMOIMHAMUYECKUX” CWJI, BBOJMMBIX B TECOPUU
HeoOpaTUMBIX IIPOLIECCOB [8], MUCXOIs 13 BRIpaXKEHUS
JUIST CKOPOCTM BO3HUKHOBEHUSI 3HTponuu d,S/dt.
ITocinenHue MMEIOT HEe TOJBKO MHOE aHAIUTUYECKOE
BBIpaXKEHUE, HO U CMBICJI CWJI PeaKIU1, NCYE3aI0IINX
IIpU OTCYTCTBUHM Ipoliecca penakcanuu. BBeneHHas
3nech cuia F; = ©,X; BHYTpEHHUX HANPSDKEHUM i-TO
poja orpeneieHa Kak rpaaueHT (14) ot aHepruu cu-
CTEMBI B LI€JIOM 10 OTHOLLEHUIO K CMellleHUIo R; nim
KaK II0JIHasl IIPOM3BOMAHAs OT -0l IapuualbHON
sHepruu U; o stomy cmelenuto F;, = dU, / dR;. Tem
caMbIM OHa IproOpeTaeT 00OOIIEHHBINA CMBICII, T.C. HE
3aBHCHUT OT BEIOOpA TOM MJIM MTHOI KOHKPETHOM MOIEITA
BHYTPEHHUX HaMpPsDKEHUI, KaK 3TO ASIaeTCsl B MOIESIN
CILTOLIHOM cpefbl [6] Mv B MpoLieaype X orpeaeie-
HUS 4yepe3 IMIPon3BoaACcTBO sHTpormu 8, 10—11].

M3 000061116 HHOTO 3aKOHA COXpaHEeHMS 1 IpeBpa-
IIEHUS SHEPTUU, aHAJIMTUYECKU BHIPaXKEHHOTO B B1-
ne (11), m casum (12), (13) mexny cunamu X; u F, cre-
JIYET, 4TO B JIOOBIX peajbHBIX CHCTEMax Bcerda Co-
BepIlaeTcsd BHYTPEHHSSI paboTa, 3JeMeHTapHBIC
KOJIMYECTBA KOTOPOM ONpeaesioTcs IBOSIKMM o0pa-

3oM dW," = FdR,; = X,dZ,. Takuie pabOTHI CBA3aHBI C
MpeBpalleHeM 3HEPTUU U Ha3BIBAIOTCS YIOPSIIO-

TEOPETUYECKUE OCHOBbI XUMHWUYECKOUW TEXHOJIOTUU

YeHHBIMM (II0JIE3HBIMM WM TexHudeckumu) [2]. Ha
MPaKTHUKE OHU IIUPOKO TIPUMEHSIIOTCS U UCCIIEIYIOTCS
B MEXaHUKE, SHEPTeTUKE, JIIEKTPOIMHAMUKE, TETIJIO-
TEXHUKE U BO MHOTUX IPYTUX IUCHUIIINHAX, OIICPU-
PYIOLIUX TIOHSATHEM CUJIbI. OHM SIBJISIIOTCS KOJIUYEe-
CTBEHHBIMM MepaMHU MPOLIECCOB MpeBpalleHUsT pas-
JIMYHBIX BUIOB SHEPTUU U3 OTHON (pOPMBI B IPYTYIO.
OnmHako npu o0paboOTKe PKCIIEPUMEHTAJbHBIX JaH-
HBIX OOBIYHO MCXOMAT U3 TPaAUILIMOHHEIX IIPeACcTaB-
JIeHUiT 00 OmHOpPOMHOI (BHYTpEHHE PaBHOBECHOI)
cucTeMe, B KOTOPOil MPOMCXOOUT TOJILKO TIePEHOC
SHEprum. SICHO, 4YTO KOPPEKTHBIIA aHAJIM3 U pacyeT
MOJIOOHBIX MPOLIECCOB HEBO3MOXKHEI 0€3 yueTa mpe-
BpallleHUsI SHEPTIUH.

Teneppr BHyTpeHHsIsT (coOCTBeHHas1) sHeprus U
CTaHOBUTCSI KOJIMUECTBEHHOM Mepoii BceX BUIOB pa-
0OTbI, KOTOPbIE MOXET COBEPIIUTb MPOCTPAHCTBEH-
HO HEOAHOpPOIHAasl U30JMpOBaHHAasI cucteMa. Takoe
ee TMMOHMMaHue O4YeHb 0n3Ko K maHHomy K. Makc-
BEJUIOM OTIPENIeJIEHUI0 DHEPTUU KaK “CyMMBbl BCeX
NIECTBUM, KOTOPBbIE MOXET OKa3aThb CUCTEMa Ha
okpyxaromue ee Teaa” [12]. OHO mo3BoOISIET yCcTpa-
HUTb U3BECTHYIO HEOMPEAEIEHHOCTD IMOHSTUS DHEP-
I'My KakK “OgHOro M3 CEMU UHTETrpaJioB ABUKECHUS”
(JI.A. JJanpay, E.M. JIngmmn) [13], korna “MbI He
MOXEM CKa3aTh 00 9HEPTUM HUYETO CBEPX TOTO, UYTO
CyLLIECTBYeT HEUTO, OcTalleecss HEU3MEeHHBIM”
(A. ITyankape) [14], a 3akoH ee coxpaHeHUs — “Dop-
MYJIOI JJ11 pacueTa OINpeaeeHHbIX YMCIeHHbIX Be-
Juunn” (P. ®eitnman) [15].

CohopMynupoBaHHbIE 30eCh aKCHMOMa HEOOHO-
POIHOCTA U aHaJIUTHYecKass popMa 0OOOIIEHHOIO
3aKOHa COXpaHEHUSI W MpeBpaIleHUsI SHEPTUU NMe-
10T TaJIEKO MAYIIYe TTOCIeACTBYS MPU aHaInu3€e TpU-
POIHBIX U TEXHOJOTMYECKUX IIPOLIECCOB, KOTOPHIE
noapoOHO paccMoTpeHHl B [2, 3]. OHM MO3BOJISIOT
KOPPEKTHO YYUTHIBATH TEPMOAUHAMUYECKHE 3aKO-
HOMEPHOCTH IIPY aHAJIN3e IIPUPOTHBIX M TEXHOIOT M-
YyecKHuX MmpoiieccoB. OmHaKo, 3Ta ¢popmMa BeIpaKCHUS
SHEPreTMYECKOro 3aKOHa 0 CUX TMOp He Haxoausa
MIPUMEHEHUSI B MEXaHWKe CIUIOIIHOM Cpeabl, KOTO-
pasi TpaIULIMOHHO CTPOMTCS Ha Tpex 3akoHax Hrio-
TOHa, MHEPLIMAJILHOI cCHUCTeMe OTcUYeTa, COOTHOIIIe-
Hyuu [mb60ca mIst OTKPBITBIX PaBHOBECHBIX CUCTEM U
3aKOHE COXpaHCHUS SHEPIUHY 0e3 yueTa ee ImpeBpaille-
HUs B Apyrue opmel. B pesyinbTaTte okazaaoch, 4TO
MHOTHE IIPUPOIHBIE 3(PHEeKTHI HEBO3MOXHO OIIMCATh
METOJaMM TPAIUIIMOHHON MEXaHUKHU, a BCE MOMBIT-
KM KaK-TO MX OCMBICIUTh U OOBSICHUTh OTBEPrajiCh
oduimanbHOi Haykoii. [ToaToMy mpencraBisieT HTe-
pec paccMOTPETh TO HOBOE, YTO BHOCUT C(HOPMYJIH-
POBaHHBII 3aKOH TIPEXIIe BCEro B MeXaHUKY.

1. Yyer TepMOIMHAMMYECKUX 3aKOHOMEPHOCTE
B ME€XaHHMKE CIUIOIIHOI Cpelbl OOBIYHO CBOOUTCS K
GOopMYIUPOBKE TEOPEMBI KUBBIX CHUJI, YpaBHEHUS
COXpaHEHUS DHEPIUU IJISI OMHOPOMHBIX CPEI B BUIC
YpaBHEHMS IIPUTOKA TeIlIa U UCHOIb30BaHUS TUIIO-
Te3BI JJOKAJIBbHOIo paBHOBecH [6]. Takoii yuer s1BIs-
Ne 3
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€TCsI HETTOTHBIM, T.K. IIPUHMMAETCSI BO BHUMAHUE TOJIb-
KO TepeHOC dHEepruur 6e3 yyeTa ee MpeBpallleHUs, XOTs
STOT 3aKOH 3KCIECPUMEHTAJILHO OBbLI YCTaHOBJICH
nmaBHO [1]. IToaToMy KOppeKTHOE NCITOTb30BaHME 3a-
KOHa COXpaHEHUSI SHEPIrUu C yYETOM ee IpeBpalle-
HUSI aKTyaJIbHO KaK B MEXaHUKE CIUIOIIHOM CpEelbl,
TaK U B ApYrux aucuurinHax. [TomnbiTKa yyecTb He-
OIHOPOTHOCTH CILJIOIIHOM cpeabl colepKUTcs B [ 10—
11], omHako OHa KacaeTcsd TOJIbKO MHOTO(a3HBIX
Cpel, COCTOSIIMX M3 OJHOPOMHBIX COCTABJISIOIINX
¢a3, 1 ocHOBaHa Ha TUIIOTE3€ JIOKAJIbHOTO PaBHOBE-
CUs M HAXOXICHUU JUCCUTIATUBHOMN (PYHKIIMU B BU-
Jie IIPOM3BOMICTBA SHTPONNHU. B MexaHMKe CIUIOIIHOM
Ccpedpl TIOCTYIMPYETCsl ypaBHEHUE NBUXKESHUST UHAW-
BUIyaJbHOTO 00beMa V cpenbl, OrpaHMYEHHOIO 3a-
MKHYTOII NOBEPXHOCTBIO / M IBMKYIIEIOCS BIOJb
IyTU LIeHTpa Macc [6]:

%lvpd*c = ',[deT + (;Sp,,df, (20)

roe F — BHemIHsIs HajibHOIEHCTBYIOIIAST OOBbEeMHAas
cua; p,, — BEKTOP TNIOTHOCTU MOBEPXHOCTHOM CUJIBI,
ompeesieMblii Ha OCHOBE MOJEJIM BHYTPEHHUX IO~
BEPXHOCTHBIX HanpstkeHuii Ko [16]. OgHako no-
CTyJIMpyeMasi MOJIE/Ib He OXBAaThIBAE€T BCE€ BO3MOXHEIC
BUIIbl BHYTPEHHUX HaIIpsSDKEHUI, BO3HMKAIOIIUX B
CIJIOIIHOM cpene. Hanmpumep, SBHO HEe yUUThIBACTCS
BHYTPEHHSISI CIJIA TIPOTUBONCHCTBUS ACHCTBUIO BHEIII-
Hell manpHoAekcTBytonieii cuie F. Ypasuenue (20) uc-
XOJIUT U3 HbIOTOHOBCKOIO IOHUMAaHUS CHUIIBI, cop-
MUPOBABIIIETOCS B T€ BpEMeHa, KOTa MOHSTHS DHEP-
TMA BOOOIIE HE CYIIeCTBOBAJIO. 31IeCh IPUHST
JIEeTYKTUBHBINA ITOOXOJ K BBEICHUIO CUJI B MEXaHUKY
CILIOIIHOM Cpelibl, HEe CBSI3aHHBIM C MOCTYJIMPOBAH-
€M KOHKPETHOM MOJIEJIM BHYTPEHHUX HATIPSIKEHU I U
YYUTHIBAIOIINI 3aKOH COXpaHEHUS W IIPEBpaIleHUS
DHEPIUMN.

2. BMecTO HBIOTOHOBCKOM HEOTHO3HAYHOI TpaK-
TOBKU CWJIBI (C ODHOIM CTOPOHBI KaK (DYHKIINU UHep-
UUOHHO20 npoyecca, a ¢ IpYyroil — Kak (YHKIUHU CO-
CMOSIHUSL CUCMEMbL 08YX epasumupyrouux Teia) o600-
IIEHHBIA SHEPreTUYECKUMN 3aKOH, BBIPAKEHHBIA B
uze (11), (14) win (19), 1aeT OTHO3HAYHOE OIpeIe-
JIEHVE CUJIBI KaK rpajreHTa COOTBETCTBYIOLICH (pop-
MBI Hepruu (13). DTo 3HAYUT, YTO HAIIPSLKEHHOCTh
CUJIOBOTO I10JIs1 JIIOOOTO HE3aBUCUMOTO IIPOIIECCa BhI-
paxkaeTcsl rpagieHTOM OT 3Hepruu U cUCTeMEBI B 1ie-
JIOM T10 BeJIMYMHE ee cMellleHus1 R; 0T paBHOBecus Ui
MOJIHOM Mpou3BOoAHOK Mo R; oT nmapuuanbHOil 3Hep-

run U; cucteMsl, T.e. TTOTEHUUMAIOM \; = dU, /dM .
HdpyrumMu cjioBaMM, OHa LEJIMKOM OIIpENessieTCs
IIPOCTPAHCTBEHHOI HEOMIHOPOIHOCTBIO pacIpeaese-
HUSI MaTEpUAIbHOTO SHEPrOHOCUTENS ©;, onpenesi-
JOIIIETO 3TOT mpolecc. OTcrona cienyeT NPUHIUITH-
JIbHOE TOJIOXKEHUE, YTO JII0OblE CHUJIOBBIE MOJISI MO~
pOXIEHBl HE caMHUMM MaccaMu, 3apsnaMu Wiu
TOKaMM, a UX HEPAaBHOMEPHBIM pacIipelejieHUeEM B
MPOCTPAHCTBE, T.€. HUIMYUE IHEPTOHOCUTENCH SIB-

TEOPETUYECKUE OCHOBbl XUMUWYECKOUW TEXHOJIOTUU

JIIeTCsl JINIIh HEOOXOAUMBIM, HO HE HOCTATOYHBLIM
yCI0BUEM BO3HUKHOBEHUS CUII U TIpolieccoB. Heo6-
XOOWMBIM U JOCTAaTOYHBIM YCJIOBMEM BO3HHKHOBE-
HUS CUI U IPUPOIHBIX ITPOLIECCOB SIBISIETCS UMEHHO
HEepaBHOMEPHOCTb pacHpeIe/icHUSI SHEPrOHOCUTEIS
B mpocTpaHcTBe. IloaToMy Jiro6oe cuiaoBoe moJje
(rpaBUTAllMOHHOE, TEIUIOBOE, JIEKTPUUECKOE, Mar-
HUTHOE U T.I1.) TIPEACTaBJIsIeT COO0M He (PU3NYECKYIO
peajbHOCTh (KaK 3TO ceiiyac IPUHSITO CUMTaTh), a
abcTpakTHOe MaTeMaTU4ecKOoe TMOHSITUE, BBOAMMOE
JIJISI XapaKTepPUCTUKU YKa3aHHOI HEpaBHOMEPHOCTH.
B manHOM moaxome MexaHWYeCKUe, TEIIOBBIC, XU-
MUYECKUE, DJIEKTPUYECKUE, MaTHUTHBIE, TPaBUTALIA-

OHHBIE, THAPOIUHAMMWYECKHE U T.IT. cUJIbl F; momyyaror
eIVHBII CMBIC], eIMHOE MaTeMaTUYeCKOe BhIpaXKeHE
1 eIUHYIO pa3MepHOCTb, T.€. (POPMYIUPYETCS] €AUHbIIMI
METO HENOCPEACTBEHHOI0 HaXOXIEHUsI O00O0OIIeH-
HBIX CHJI IPUPOIHBIX M TEXHOJIOTMYECKUX ITPOIIEC-
coB. HemayoBaxxHo m TO, 4TO cama IIpoleaypa Ha-
XOXIEeHUsI O0OOIIEHHBIX CWJI B BHUAE I'paglcHTOB
MapOyualdbHBIX SHEPIWA COOTBETCTBYIOIIMX CTEIICHEM
CBOOOIBI CHCTEMBI CYIIECTBEHHO YIIPOILIACTCS: IS
3TOIO HET HEOOXOAMMOCTH COCTABIISITh 1 MAHUITYJIMPO-
BaTh ypaBHEHMSIMU OajlaHCa MacChl, UMITYJIbCa U BHEP-
MU, YTOOBI BBIACIUTD YWIEHBI C IIPOU3BOICTBOM SHTPO-
MMM, KaK 3TO Jeaanoch 10 cux 1op [8, 10—11]. Tem ca-
MbIM OTKPbIBAETCS ITyTh K ACTAILHOM KJIacCU(UKaAIIUU
pa3HOOOPa3HBIX 000OIIEHHBIX CUJI Y OTKPBHITHIO HOBBIX
BUIOB CWJI B IIpUPOJIC, HAIIPUMEDP, TPAaBUTALIMOHHOI,
JIydyeBOM (pamMaHTHOI), 3JeKTPUYECKOI, MarHuT-
HOM, TMPOCKONMMYECKOi M ap. Bcero Ha ceromus
yCTaHOBJIEHO 0K0JIO 30 BUAOB TaKuX cul [2].

3. CoBMellleHrEe TOYKM OTCUeTa HaOJogaTess C
IMOJIOKEHUEM paBHOBECHS TEPMOIANHAMUYCCKOI CU-
CTEMBI MEHSIET OOBIYHBIC IIPEACTABICHUSI O MEXaHNJe-
CKOi1 cucTeme, B KOTOPOI pa3InyaroTcsi COCTOSTHUE a0-
COJIFOTHOTO TIOKOsI (T.€. BCSIKME TTPOLIECCHI BBIPOXKIE-
HbI), N COCTOAHMA IOBVE2KCHUS: ITIOCTYNIATCIIbHOIO M
BpalarebHoro. PaBHoBecue MoCTynaTeIbHOTO IBU-
XKEHHUST XapaKTepu3yeTcsl HYJIEBOM CKOPOCTbIO V =
= dr/dt = 0; paBHOBeCH€ YCKOPEHHOTO ITOCTYyIIaTeIb-
HOTO ABVZKEHUS B JTaHHOM HAIIpaBISHUU — IMOCTOSTH-
HOM HEHYJIEBOII CKOPOCThIO v = const # 0; paBHOBe-
cue BpallaTeIbHOTO IBVXKEHUS — HYJICBOM YIJIOBOM
CKOpocThio 0 = d@/dt = 0; paBHOBECHE YCKOPEHHO-
ro BpalllaTeJIbHOTO ABVMXKEHUS B JAHHOM Harpablie-
HUU — MOCTOSIHHOM HEHYJIEBOU YIJIOBOI CKOPOCThHIO
o = d@/dt = const # 0 OTHOCUTETBHO MTHOBEHHOI1
OCHU BpallleHUSI, OPUCHTUPYEMOIi B MPOCTPaHCTBE.
B Takoii abcooTHOI cucTeMe oTcueTa ABUXKEHUE —
9TO M3MEHEHME COCTOSHHUS MOKOos (T.€. IIpoliecc,
MIPOTEKAIOIINiI B IIPOCTPAHCTBE IIEPEMEHHBIX CMeE-
weHuit R;), a yckopeHue — 3T0 U3MEHEHUE COCTOsI-
HUSI IBUXKEHUS (T.€. mpoliecc, MTPOTEeKAOIIUA B ITPO-
CTpPaHCTBE CKOPOCTEH V). YCKOPUTH TEJIO MJIM MaTe-
pHaTbHYIO TOUKY, HE U3MEHSISI MX ITOJIOXKEHUS I = r(t)
B IIPOCTPAHCTBE, HEBO3MOXHO. I1pu 3TOM ycKOpeHue
a = a(r, f) TOJDKHO OMpenesieTCsl BhIpaxkeHueM [2]
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Puc. 2. CxeMa IpOTUBOASUCTBUSI PAa3HOPOMIHBIX Iap cui [2].

a = dv/dt = (0v/dr)g + (Ov/OR)dR/dt = vVv, (21)

rme R — cMeleHre 1ieHTpa Macchl YaCTULILI B a6CO-
JIIOTHOM CHCTeMe OTcueTa, a IIepBOe cjaraemoe,
MpencTaBlIsiolIee TOKAJTbHYIO COCTABISIIONIYIO YCKO-
pEHUSI YACTULILI (E)v/ 0t)g (TpU HEU3MEHHOM €€ MOJI0-
KEHUU), He UMeET HUKAKOT0 (PU3UYECKOT0 CMbICIA U
€ro MOXHO oItycTuTth. I3 onipenenenns (21) ciemyer,
YTO MPOCTPAHCTBO, B KOTOPOM YCKOPEHE BO3MOXHO
B JTI0OOI TOYKE, HE MOXET ObITh OMJHOPOIHBIM (TIe
Vv =0) u mycteim (tre p = 0), Kak 3TO IPUHSATO B CO-
BpEeMEHHOI MeXaHuKe. B ciaydae mocrtyrnaTenbHOTO
JIBVKEHMST YCKOpSIIolllasi CUjia paBHa U TIPOTUBOIIO-
JIOXKHa cuiie uHepuuu F v onpenensieTcs Kak rpaau-

o 2
C€HT KMHCTUYCCKOM SHEPTUU My /2 TakKoIro OBUXKEC-

HUS B(Mv2/ 2) / OR = MvVv = Ma, 410 COBIIAmacT C
(13). TakuM oOpa3oM, HBIOTOHOBCKOE OIIpeneIcHUE
YCKOPSIOLIEH CUJIBI C pacCMaTpUBaeMbIX MO3ULIUMA
MpeacTaBIIsieT COO0I YaCTHBIN ciTydaili 0000IIeHHOTO
oIpenesieH!s] CWJIBI KaK Mephl AeHCTBUS, HaIpaB-
JICHHOTO Ha ymaJleHHMe MEeXaHWYeCKON CUCTEMBI OT
PaBHOBECHOIO COCTOSIHUSI (T.e. OT PaBHOMEPHOTO
pacrpeneieHIsI CKOpOCTeil ITo 00beMy CHUCTeMEBI). To
K€ caMOe OTHOCHUTCS M K BpalllaTeJIbHOMY YCKOpe-

HUIO dw/ dt. PaBHOMepHOMY BpalllaTeJIbHOMY IBHU-
>KEHUIO MIPU @ = const COOTBETCTBYET HEM3MEHHasI
KUHETUYECKas sHeprus Ey, = 10?/2 = const, e 1o —

TEOPETUYECKHME OCHOBBI XUMUWYECKOMN TEXHOJIOTUU

MOMEHT MHEPILMU CUCTEMBI KaK IIEJIOT0, TPagueHT
KOTOPOI paBeH HYJIIO, T.€. IIPH IIOCTOSIHCTBE YIIIOBOM
CKOPOCTU HET 3aTpaThl padOThl, KaK 3TO UMEET MECTO
MPU MOCTYNAaTEIbHOM YCKOPEHUM.

4. B npenyiaraeMom noaxoze Bce cuiibl F; 1 nx Mo-
MEHTHI M; — BHYTpEHHMUE, SIBIISIONINECS CISNCTBIEM
Hanps>KeHHOTO COCTOSIHUSI caMOii CUCTEeMBI (T.€. aK-
TUBHBIE) U CIyXallue ero Mepoil. B aTtom ciyuae
MMeeT 3HaYeHHE TOJIbKO Haluuyue WJIM OTCYTCTBUE

pe3yabtupytomeit F = ZE. I1pu 3ToM Tpanchopmu-
i

pyetrcs u 3-ii 3akoH HbloTOHA, comtacHO KOTOpOMY

“HmeiCTBUIO BCETHa COOTBETCTBYET M paBHas peak-

LYs”, IPUYEM CUJIbI JeMCTBUS U MIPOTUBOIACHCTBUS
JIeXaT Ha omHOM mpsiMoii. Eciiu 0603HAYUTh aKTUB-

HblE CWIBI U cuiibl peakunu kKak F* u F', To 310 N0~

noxeHne uMeet un F* = —F. OgHako B oJuBapu-
aHTHBIX CHCTEMaxX MMEETCS MHOXECTBO aKTUBHBIX

cun F' v cut peakuuii F;, MIpU9eM B 3aMKHYTBIX CH-
cTeMaxX MX CyMMa Bcerma oGparmaeTcs B HyJIb. DTO

O3HAuaeT, YTo Kaxmoii aktuBHoi cuie F' mporuBo-
CTOMUT HE OHA, @ HECKOJBbKUX CWI peaKluu pPasHOro

pona c pesynbrupytoeii F [2]:

F' =—F=-YF (j=12.,n, (22)
J
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rae F,Jr — CWJIBI peaKluu j-i IpUPOabl, MPOTUBOAECH -

cTByMoLIMe akKTUBHOI cuie F,' miacHo TpeTbeMy 3a-
KoHy HbIOTOHA, paBHOBeCHE MMEET MECTO JIMIIb TO-

raa, Korga CUJIbl AeMCTBUS E” U TIPOTUBOIEUCTBUS F,.r
WMEIOT OJTHY U TY K€ NpUpoay. B IpoTUBHOM citydae
BO3HUKAET MPOIIECC TIPEBPAIIECHUS SHEPTUHA i-TO PO-
na B j-10 ¢hbopMy, IpU KOTOPOM MX CyMMa OCTaeTcsl
HeusmeHHOM: Fyv; + Fv; = 0, 4To yKasbiBaeT Ha BO3-
MOXXHOCTb CYIIECTBOBaHUSI “geepa” npomueodeli-

CMBYIOUUX CUA FU’ (puc. 2).

Hannune Ttakux “pa3HOpPOAHBIX” CHJI B KaKoi-
00 cHCTeMe IIpenolpeaeisieT “BeTBIIeHUe” Tpa-
eKTOpUM TIpoliecca NpeoOpa3oBaHUsI DHEPIUU B
MPOCTPAHCTBE MEPEMEHHBIX ©;, YTO MOPOXKAAET HE-
obpatuMocTh ocoboro pona. [Ipuxonut Gosee 06-
liee MOHMMaHUe HEeoOpPaTUMOCTU KaK HEBO3MOX-
HOCTH “BEpHYTbH BCIO IIPUPOIY B HAUYAJIbHOE COCTOSI-
Hue” [17]. HeobGxoguMoO y4uTBHIBaTh, 4YTO TaKas
HeoOpaTUMOCTh BO3HMKAET U B TOM cjydyae, Koriaa
MEXaHUYECKUE CUJIbl KOHCEPBATHMBHBI U JOITYCKAIOT
oOpaineHue Bo BpemeHU. OHa 00ycioBieHa TeM, UTO
OIHOBPEMEHHO OOpaTUTh 3HAK BCEX CUJI, COXPAHUB
MPU 3TOM U COOTHOIIEHUE CHJI, HEBO3MOXHO XOTS
Obl B CBSI3U C TOBTOPHBIM BETBJIEHUEM TPAeKTOPUU
OT KaXmoii Takoi “o0pallleHHO#” CujIbl. DTO TOBO-
PUT O HEOOXOAUMOCTH TIPUHNMATh BO BHUMAaHUE BCE
BUbl HEOOPATUMOCTH B MEXaHUKe, HECMOTpPsI Ha TO,
YTO MCClIeAyeMble CUCTEMbI KOHCEPBATUBHbI.

5. B mexanuke, 6azupylonieiicss Ha 3akoHax Hbro-
TOHA, BBITIAAAET U3 BHUMAHUS B3aUMOTIpeBpaIlieHue
UMITYJIbCOB. [1py aHaM3e MpeBpalleHns SHEPTUN B
3aKOHe coxpaHeHus1 sHepruu B Bume (14) unu (19)
YYUTBIBAIOTCSI TOJBKO YJIEHBI, coaepkalilee 0000-
IeHHBIe CWIIBI X; U TIOTOKHM J,, BO3HUKAIOIIINE B CUCTE-
Me TIPH €€ CMEIIIEHNY OTHOCUTEIHHO PAaBHOBECHS:

dU/dt =) X.J, =0, (23)

1]
OTKyJla SHEPTUsl CUCTEMBI B TEKYIIIeM HepaBHOBEC-
HOM COCTOSTHMW BBIpaxkaeTcss uHTerpasiom: U =

= z .[ X, J,dt + U,, tne U, — 3Heprust CUCTEMBL B OJI-

1
HOPOITHOM (BHYTpEHHE PAaBHOBECHOM) COCTOSIHUU.

Crnaraemble paBeHCTBa (23) BbIpaxkaloT MOIITHOCTh
npoliecca Mnmpeoodpa3oBaHUs OAHOI (POPMbI SHEPTUU
B Apyryto. IIpu aTOM c Mcue3HOBEHUEM CUJIbI X; 00-
pauiaetrcsi B HyJib U TOTOK J;, sBistomuiicsa 0000-

LIEHHBIM UMNYJIbcoM O,v;. CiienoBaTeabHO, ypaBHe-
Hue (23) oTpaxaeT B3auMOIpeBpallleHue He TOIbKO
SHEPIUU, HO M UMIIYJIbCOB B M30JIMPOBAaHHOM CHUCTE-
Me. I3 Hero BUIHO, YTO UMITYJIbCHI PA3IMYHBIX (hOpM
SHEPruu B 00IIIEM ClIydyae He COXPaHSIIOTCS, KaK 1 ca-
MM 3HeproHocutenu ©,. HarsigHee Bcero aTo npo-
SIBJISIETCSI Y DHTPOIIMM, KOTOpasi BOo3pacTraeT B IIPO-
1eccax OUCCUNaluy B U30JMPOBAHHBIX CUCTEMaX, a

TEOPETUYECKUE OCHOBbl XUMUWYECKOUW TEXHOJIOTUU

TakXe y uucesl Moyieit NV, k-X BellecTB, U3MEHSIO-
IIUXCS B XOJIe XMMUYECKUX peakuuid. Tak ke BeayT
ce0sl 1 UMITYJIbCHI TTocTynaTeabHoro P' = My u Bpa-
mareabHoro P" = M[or] aBUKeHUST KaK pa3jndHbIe
COCTaBJISIOIINE UMITYJIbCAa BHYTPEHHETO IBUKCHUS B
cucTeMe, KOTOpble MOTYT MpeBpallaThCs APYT B ApY-
ra. TpagulIMOHHOE BbIpaXK€HUE 3aKOHA COXpPaHEHMUS
WMITYJILCA OCTAETCS B CUJIE, ECJIM UMITYJIbC P cuntarth co-
CTOSILIMM U3 IBYX cocTaBisiolux P' u P", tne P" siBjsi-
€TCsl MOMEHTOM KosinuecTBa nBkeHUs L = (/w)o.
B TakoMm ciydyae cTaHOBUTCS OYEBUIHBIM, UYTO JJIs
CHCTEM, BKJIIOYAIOIIIMX IIPOLIECCHI BpallleHUsI, B Ieii-
CTBUTEILHOCTU 3aKOHbI HbIOTOHA MOCTYJIUPYIOT TO-
CTOSTHCTBO CYMMAapHOTO KOJIMYECTBA MOCTyNaTeIbHO-
TO U BpalaTeabHOro aBukeHus: Mv + (Io)w = const,
a He KaxJ0ro U3 HUX B OTAeJNbHOCTU. Takum obpa-
30M, 00OOIIIEHHBI 3aKOH COXpaHEeHUs U TpeBpalle-
HUS DHEPIUU OOHAPYKMBaeT BO3MOXHOCTb HapyIlle-
HUS 3aKOHA COXPaHEHUsI UMIYJIbCca MEXaHUUYECKOTO
JNBVDKEHUS B CIydasix TIpeBpallleHnsl SHEPTUU B IPY-
rue ee popMbl. DTO CBUIAETEICTBYET O TIPUHIIUIIM-
aJIbHOM BO3MOXHOCTH CaMOITPOX3BOJILHOTO BO3HUK-
HOBEHMSI BHYTPEHHETO0 OTHOCUTEIbHOIO JIBUXKEHUS
(caMOIBUKEHMSI) B MEXaHUYECKMX BHYTPEHHE He-
PaBHOBECHBIX U30JIUPOBAHHbBIX (3AMKHYTBIX) CUCTE-
Max, YTO OOBIYHO OTBEPraeTcs U OObSBIISIETCS HE CO-
OTBETCTBYIOILIMM 3aKOHAM IPUPOIbI.

6. B pemakcupymolleil cucteMe ee CMellleHue OT-
HOCUTETHLHO PaBHOBECHST CTPEMUTCS K HYJIIO U TIPU
HAJIMYNK BHEIIHETO TIPUHYXISHUs] MPUHUMAET MU-
HUMaJIbHOE€ BO3MOXHOE 3HaUYCHUE, YTO OTpakaeTcs
BBIpaXKEHUEM

U= ZIXiJ,dt = ijidz, 0.

DTO COOTHOIIIEHNE MPEACTABISIET COO0I 0000IIeHEe
BapUallMOHHOTO MPUHIIMIIA HAMMEHbBIIETO 1eUCTBUS
(ITHO) B mexaHuke. OHO OTpaxkaeT TO OOCTOSITEb-
CTBO, UYTO peJlakCcUpylolliasi cucteMa “BblOMpaeT” U3
BCEX BO3MOXHBIX TPAE€KTOPUIA NBUXEHUS CUCTEMBI
Ty, TIpM KOTOPOIi OHa ocTaeTcsl HauboJsee OJU3KOM K
paBHOBecUIO (Z; = min, R, = min). Hanpumep, npu
IBUKEHUW CIUIONTHON cpenbl XXUIKocTh X; = —Vv,
dZ,; = Pdt. Torna (24) npuoOpeTaeT CMbICT MUHUMY-

Ma KMHETWYeCKON sHepruu UF moToKa, BKIIIOYAIO-
el B ce0s1 U TYpOYJCHTHYIO COCTAaBJISIIONIYIO, UTO
cHumaet ¢ [THJI mokpoB “TanHcTBeHHOCTU” . [TprH-
It (24) nMeeT YHUBEPCAIbHBII XapaKTep 1 CIIpa-
BEIJIUB HE TOJBKO JJISI MEXaHMYECKOIO JIBUKCHUSI,
HO JJ1s1 TPOLIECCOB JIt000M apyroii mpupoabl. OH He
MOT OBITh MOJIY4eH B paMKax IIPeACTaBJIEHNI, OCHO-
BaHHBIX Ha MOHSITUM SHTPOMUU, U CIIPABEIJIUB sl
KOHCEPBAaTUBHBIX I HEKOHCEPBATUBHBIX CUCTEM, 1O~
CKOJIbKY J1100ast HeOOpaTUMOCTh, KaK MOKAa3aHO BbI-
11I€, OIMMChIBAeTCS 000OIEHHBIMU Z-(DYHKIIUSIMHU.

(24)

7. IIpy1 HOBOM MOAXOAE CYLIECTBEHHO U3MEHSIETCS
OpraHu3alus CaMoOro Hay4YHOro MCCJIENOBaHUS Ha
Ne 3
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6a3e M3JI0XEHHOT0 OObeIUHEHUS MEXaHUKU U Tep-
MoOIMHAMUKU. YTOOKI B 3TOM yOeOIUThCS JOCTATOYHO
CPaBHUTb 3Talbl pElICHUSI TUIIOBOM €CTECTBEHHO-
HAy4YHOM TMPOOIIEMBI TPAOUIIMOHHOM METOAOM U
mpeajgaraeMbIM MOAXOOOM. Ipaduyuonuas memoodo-
A02us: MEXaHM4YeCcKoe IBVKeHNe — nruHaMuka Hpro-
TOHA — YpaBHEHUS COXpaHEHUS MacChl, UMITy/IbCa,
MOMEHTA MMITYJIbCA, 3apsiaa — WHKEeHepHas 3ajadya
(MHEepLMaabHAas CUCTeMa OTCUeTa, ITyCTOE IPOCTPaH-
CTBO 0e3 aupa Kak 3HeproHocurens). Hoeas memo-
donoeus: GUKcalys yCJIOBUI paBHOBECUSI CUCTEMBI B
1eJIOM (B YACTHOCTH, MEXaHMUYECKOI) — 3aKOH CO-
XpaHeHUs U IIpeBpalleHusl SHEpTUU — BbIICICHUE
3HAYMMBbIX ITapLUAIbHBIX SHEPIUii C Y4ETOM IOIIOJI-
HUTEJIbHBIX YCJIOBUM OOHO3HAYHOCTHM —» Bapuallv-
OHHBIII  NPUHLUMI  HaWMEHBIIETO  JeMCTBUS

U= ZIX JdZ; — min — IBWXYILIME CUJIBL (y4eT
J

CYIIECTBOBaHUSI pEAILHOTO HOCUTENISI SHEPTUU BMe-
CTO TIIyCTOTO TIpOCTpaHcTBa). JlomoMHUTETbHBIC
YCIIOBUSI OMHO3HAYHOCTHU BKITIOYAIOT: 1) ypaBHEHMS

OanaHca Bcex 3HEproHocuTeneil ©; U UX CMELEeHU
R; ot paBHOBecusi; 2) ypaBHEHUS COCTOSIHUS; 3)
ypaBHEHMs IIepeHoca cyocTaH1uii; 4) ypaBHEHUS CO-
XpaHEHUsI MacChl, UMIIyJIbCca, MOMEHTa WUMITyJbca
SHEPrOHOCUTEJICH C y4eTOM MX B3aMONpeBpalllcHUS
B U30JIMPOBAHHOI cucteMe [2, 3].

8. BaxxapIM PEIYJIBbTATOM IIPUMEHCHU A HOBOM Me-
TOOOJIOTMM HAYYHOTI'O MUCCICIAOBaHUA ABJIACTCA yAC-
HEHHUE TOIro, YTO SHEPIUA MOXKET INEPEHOCUTLHCA U
HpeO6paSOBbIBaTLCE[ HE€ TOJIbBKO M3BC€CTHBIMU OHEP-

roHocutensmMu ©; (i =1,2,...,n), OTHOCSIIUMUCS K
BUIMMOMY HaMU BELIECTBY, HO U JIIOObIMU APYTUMU

suepronocutensamu O, (i =1,2,...,k), oTHocsIIM-
MMUCS K CyOCTaHIINU, O KOTOPOit MOKHO CYIUTD JIUIITh
10 KOCBEHHBIM ITpu3HaKaMm. [IpuMepom Takoro
SHEPrOHOCUTENSI MOXET CIYXUTb DJIEKTPUUYCCKUI
3apsill, Ipupoaa KOTOPOro A0 CUX Mop He sicHa. Apy-
UM TaKUM SHEPTOHOCHUTEJIEM MOKET BBICTYITATh CBE-
TOHOCHAsI CyOCTaHIIMsI, KOTOPYIO TaK WM WHaye
MPU3HABAJIMCh MHOTUMM MPEIbIIYIITUMU TEOPUSIMU,
Ha3bIBasl €€ B pa3Hoe BpeMs “acdupom”, “TOHKOI MaTe-
pueii”, “cKkpbIToit Maccoii”, “¢GU3nIecKM BaKyyMOM ™,

“moyeM”, “TeMHOI1 Marepueit”, “TeMHOI SHeprueii”.

O6o03Hayas yepe3 © KOJUYECTBO ITOI CKPBITO CyO-

CTAHIMU, MOXHO BBECTH €€ IUIOTHOCTL p = dO /dV.
OHa BcelpoHUIaeMa, o0IamaeT eqTMHCTBEHHOM KO-
Je6aTeIbHOI CTeTIeHbI0 CBOOOIBI M COOTBETCTBYIO-
1asi e dHeprus rpaBuTanimonHas [2, 3]. Tak Kak oHa
BCeIpoHUIIaeMa 1 3aHnMaeT 95% BceneHHoit, To ee
B3aMMOIEUCTBUEM C BHUINMBIM BEIIECTBOM MOXHO
nmpeHebpeyb. Ecam paccMmaTtpuBaTh Bce cylmee Kak
W30JIMPOBAHHYIO CUCTEMY, TO JJISI Hee HETPYIHO 3a-
MucaTh 3aKOH COXpaHEHUS U MIPeBpallleHUs] SHEPTUU
B Bune (11), (14) unu (19). B npuHsITOI1 cCUCTEeMe OT-
cyeTa ) — OTKJIOHEHUE TUIOTHOCTHU 3TO# cyOCcTaHIIUM
OT ee paBHOBECHOTO 3HadyeHMs. Torma MpU OTCYT-

TEOPETUYECKUE OCHOBbI XUMHWUYECKOUW TEXHOJIOTUU

JOPOXOB

CTBUM CUJIOBOTO B3aMMOJIEHCTBUS 3TOI CyOCTaHIIUN
C BEIIECTBOM B CUJIy €€ BCEITPOHUIIAEMOCTH TOJIKHBI
BBITIOJTHATLCSI 3aKOHBI COXpaHEHMsI ee KOJMYEeCTBa,
MMITYJIbca 1 MOMEHTA MMIyJibca [3]:

dp/dt =0, d(vp)/dt=0, dM/dt=0.

CoBMeCTHOE pellleHHe TIEPBhIX IBYX YpPaBHEHUM,
BeImmoj;iTHeHHOoe H.A. MarHmiikmMm, ITO3BOJMIO €My
IIOCTPOUTL MaTeMaTU4YecKylo Mozedb Iepexoaa
CKPBITOI CyOCTaHLIMM B OOBIYHYIO MaTEPUIO B BUIE
OCHOBHBIX 3JIEMEHTapHBIX YacTUI (JIEKTPOHA, IPO-
TOHA, HEUTPOHA) C UX CTPYKTYPHBIMU OCOOEHHOCTSI -
MU, a TAKXKE aTOMOB BCEX 3JIEMEHTOB TaOIUILIbI XM~
yeckux 271eMeHTOB J[. M. MeHneeeBa, He BBIXOIs 3a
paMKU KJIacCUUYeCKO MexaHUKH [18].

3AKJIIOYEHHME

CdopmynupoBaHa akcuoMa HEOTHOPOIHOCTHU
MIPUPOTHBIX OOBEKTOB, ITO3BOJISIONIAS TIOJYIUTH
aHAJIUTUYECKYI0 (hOpMYy 3aKOHA COXpaHEHMS U Mpe-
BpallleHUs SHEPTUU, TIPUTOIHYIO JJIs aHaIu3a Mpu-
POIHBIX ¥ TEXHOJIOTUYECKMX TPOIIECCOB ITyTeM 00b-
eIUHEeHUS] METOJOB MEXaHWUKW W TEPMOIMHAMUKHM.
INepexom oT MHAYKTUBHOM aKCHMOMATWUKH K IEIyK-
TUBHOII B MeXaHWKE CIUIOITHOI Cpenbl OTKPBLIBAeT
BO3MOXHOCTb pelllaTh 3a1a4n, KOTOpbIe 10 HACTOSI -
IIIET0 BpeMEHU OCTaBaJIMCh ITPOOIeMAaTUIHBIMH. DTO
CBUIETEIIBCTBYET O TUTOAOTBOPHOCTH CMHTE3a MeXa-
HUKU U TEPMOIUHAMUKHU, UTO MOXKET CITY>KUTh OCHO-
BOI JUIS1 KOHBEPTEeHIIMU Pa3IMuHbIX HayK [19]

OBO3HAYEHMA

macca
o0BeM
cujia HbIOTOHOBCKAst
000011IeHHas cuia
pabora
SHEeprust
SHTPOIHSI
YUCI0 MoJeit
TeMmIiepaTypa
CMellleHUe LIEHTpa UHEPLIUU
MOMEHT pacIIpeaeacHUS
MOTOK

, ¥ 0000LIEHHBI TOTEHLMAT
SHEProHOCUTEb
MOMEHT UHEPLIMU
TTOBEPXHOCTh
CKOpPOCT
yuciao hopM S3HEPTUU

TS TN 0 e ENTNZTUOSXTSE

JaBJICHUEC
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p TUTOTHOCTh
u XUMHWYECKUI TTOTEHITAAIT
r paanyc-BEKTOP YaCTHUIIbI
03 YTOJI TTOBOPOTA BEKTOPa
o yIJI0Basi CKOPOCTh
MHIEKCEHI

i,j dopMa sHeprum
k KOMITOHEHT
k', k" Homepa gacTuIil
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