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PACUETHOE KOHCTPYVNPOBAHUE MUKPOMMUIIIEHEI
JJId YCTAHOBKHN MHEPIITMOHHOI'O TA2KEJIONMOHHOI'O CUHTE3A

I. B. Jonronesa, A. B. 3abpoaun
(POAL-BHUND®, UTIM PAH um. M. B. Kengpima)

[Tonmy4uenbl aHATUTUYIECKNE BBIPAYKEHUS JIJIsT OMpeeeHusT KyMyJIUpYIOeiicad SHEpTuu B
cIouCTOl cucreMe 00009eK. BBIBOOIMTCS 3aKOH YHEPrOBJIOKEHUS B OJWH W3 BHYTPEHHUX
CJIOEB CJIOUCTOM CHCTEMBI, IPH KOTOPOM IEHTPATbHBIN C/IOi 3TO# CHCTEeMBI OYyIeT CKUMATh-
csa 6e3ymapabiM obpazoMm. IlokaszaHo, KaK HCIOIB30BATH HACI0 0e3yIapHOIrO CXKATHUS st
KOHCTpPYMpOBaHUsA MuKpomwuirneneii. [IpuBoasaTcs pacdeTbl MUKPOMUIIIEHEH, KOTOPbBIE TOI-
TBEPKIAIOT TTPABUJIBHOCTH PACCMOTPEHHBIX TTOIXOO0B.

BBenenue

Hanwnast pabora 6aszupyercst Ha 00beuHEHnN IBYX (DAKTOPOB (6€3y1apHOTO CKATHS M KyMYJISAINA SHEP-
MU B CJOMCTBIX CHCTEMAaX) MPUMEHUTETHHO K PAa3pabOTKe TePMOSIEPHBIX MUIICHE :
— HCIIOJIB30BaHUN 683yﬂ;apHOFO CXKaTud AJId TMOJIYy1IeHN A BBICOKUX IIJIOTHOCTEH QHEPTHUH,

— KOHCTPYKTHBHOM OCYIIECTBJIEHUN 0DE3yJapHOTO CXKATHUs Yepe3 KyMYJISINI0 B CJIOUCTBIX CUCTEMax.

Unes 6e3y7apHOTO CKATHsI BEChbMa MPHUBJIEKATENbHA JIJIs TOJTYYeHUs CKOJIb YTOTHO GOJBIINX TIOTHO-
CTell IpM MUHUMAJBHBIX 3aTpaTaxX SHEpruu Ojarogaps OTCYTCTBUIO YIAPHBIX BOJH, T. €. COXPAHEHWIO B
NpOIECCe CKATUSA HAYaALHON dHTpormu. O BAXKHOCTH 3TOH WJEM MOXKHO CYJUTHh MO OFPOMHOMY KOJIH-
yecTBY myOsmKarmii Ha 31y Temy (cM., Hampumep, [1—5]). Cpeau 5THX paboT HYKHO OTMETHTH PabOTHI
A. @. Cugoposa, B KOTOPBIX TEOPETUYECKH CTPOUTCS IBUKEHIE HEOIPAHWYEHHONW KyMYJ/IAINN HE TOIBKO
B OJIHOMEDPHOM, HO U MHOTOMEPHOM CJTydJae.

OHAaKO mpakTUYecKas peajn3alus STOr0 NMPUHIUITA HATAJIKUBAETCS HA, CyIIECTBEHHBIE TEXHUYECKUE
TpyaHocTr. Ha cerojins ocraeTcst HEICHBIM BOIIPOC, KAKUM 0Opa3oM KOHCTPYKTHBHO OCYIECTBUTH HA Ha-
PY?KHOM I'DAHUIIE CZKMMAEMOTO BEIIECTBA HEOOXOAMMBIE 3aKOHOMEPHOCTH HEOIDAHUIEHHOTO HAPAIINBAHNS
JaBJIeHns (MM CKOPOCTH).

C apyroit CTOPOHBI, JABHO W3BECTHA Mest KOHCTPYKTHBHOTO ODOPMIICHUST HEOTPAHWIEHHON Ky MYy TSN
SHEPIUU Yepe3 CXOXKJIeHWe CJIOMCTON CHCTeMBbI 000JI0UEK, KOTOpas MOMYYN/Ia YCIENTHYI0 pean3alio BO
MHOIMX npakrTudecknx paborax [6—9]. Cpean Hux npexie Bcero caepyer Hazparh paborsl E. 1. 3aba-
baxuna [6).

OCHOBHBIM COIEpPYKaHNEM HACTOSAIIEH paboThl ABIAETCA KOHCTPYKTHBHOE OOHEAMHEHNE STUX UeH Mpu-
MEHUTEIHHO K pa3paboTKe TepMOSIEPHBIX MUIIECHEH.

KYMYJ'ISII_[I/IH 9Heprumm B CJIOUCTHIX CHUCTEeMaX

C/ioucThIE CUCTEMBI — 3TO KOHCTPYKIUKM U3 TOHKHUX (OTHOCHTEIHHO CBOMX JIMHEHHBIX Pa3MEpPOB) IJIOC-
KUX, IAJTAHIPAYECKUX WIN ChepuiecKux CJI0eB, BJIOYKEHHBIX JIPYT B Apyra. /IBuKeHne ux BOZHUKAET MpU
MTHOBEHHOM WJIA PACIPeIeIEHHOM 110 BPEMEHW BJIOYKEHWW SHEPIUHM B HEKOTOPBIE U3 CI0EB, KaK TPABUJIO,
Hapyxkuble. HazHnaueHue cjioeB, ux mogdopa COCTOUT B OPTaHU3ANNN KYMYJISIUNA JTOJIM BJIOYXKEHHOI SHEp-
TUU B TE€OMETPUYUECKUil MEHTP CUCTEeMbI. DPHEKTUBHOCTH KYMYJ/ISIIUN OIEHUBACTCA 110 BEIUYUHE STOU
JIOJTA SHEPTHH.
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Cxema mpocreiimero BapuanTa CJIOMCTHIX cucrem npusegena Ha puc. 1. Koncrpykius (cucrema 1)
COCTOUT U3 TPEX CJIOEB: BHYTPEHHErO W JBYX COCEIHUX MO OTHOIICHUIO K HeMY (OJHOKACKAIHAS CHCTEMA).

JlapHeiinee HapaIMBaHe KOHCTPYKIIMHU CJIOUCTON CHCTEMBI MOXKET OCYIIECTB/ISATHCS ABYMS CIIOCODA-
MH.

Bo-niepBhix, npu paccMoTpeHnn 3ajadu B chepuvecKoM WU [UIMHIPUIECKOM CIydae BHYTPEHHSS M0-
JIOCTH MOKET OBIThH 3aIOTHEHA BEMIECTBOM MayIoii miaorHoctn (puc. 2). Takme KOHCTPYKIMK NPEJACTABIAIOT
co0O0il TUMIUYHBIE TIPUMEPhl TEPMOSIIEPHBIX MUIIEHEN JJIs JTa3ePHOT0 WU TSKETOMOHHOTO CUHTE3A.

m,

Puc. 1. l'eomeTpust oqHOKACKATHON CUCTEMBI Puc. 2. Koncrpykmus TepMOsiTIepHON MUTITEHN

Bo-BTOphIX, 60/IEE CI0KHBIE CJIOMCTHIE CUCTEMBI (CUCTEMBI 2) MOTYT CTPOUTLCA M3 CUCTEM 1, pa3eneH-
HBIX 3a30paMu (JIByXKacKaJHas CHCTeMa — pHUC. 3):

m; m,
Puc. 3. Teomerpusi 1ByXKaCKaJHON CHCTEMbI

[Ipn BnOXKeHWNM >HEPTUN, KaK MPABUJIO, B CPEIHUN CIOH HAUMHAETCA Pa3jeT OKPYIKAIOMNX ero CJIOEeB.
N3 3aK0HOB COXpaHeHWs MAacCChl, UMITYJIbCA W SHEPTUN MPU OMPeJeJEeHHBIX MPEINOT0OKEHNIX HAXOIATCI
CpeHrue CKOPOCTH 9TUX CJI0€B KaK (DYHKIIUHU TPOIIEHHOTO My TH.

Koneunoit 11esibio nccaeqoBanmil SBIsSeTCI ONpeesienre KyMyIUPYIOIeiics SHEPTUHN U BBIIBJIECHUE ee 3a-
BUCHMOCTH OT [TapaMeTpPOB KOHKPETHON KOHCTPYKI[MU MUKPOMWUIIIEHH U CIIOCOOOB HEPrOBJIOYKEHUsT. 3Ha-
HHE 3TUX 32aKOHOMEPHOCTEl MO3BOJISIET NCCIEJ0BATH PA3/JIMYHbIE CXeMbl MUKPOMUITIEHENH W TPeIBapuTETh-
HO OTOMpaTh HaMbOJIee MOIXOSINIE U3 HUX MO BBIXOJHBIM MapaMeTpaM KyMyJdluu. ITO CyIIeCTBEHHO
YMEHBIITaeT MHOYKECTBO BAPMAHTOB I TIOCIE/IYIONIETO /IeTAJIHHOTO PACCMOTPEHNS M OKOHYATE/IHHOTO BhI-
BO/JIA.

IMocranoBka 3amaumn. I[Ipubsm>keHusi mpu nmocrpoeHun pemreHusi. Onucanve IBOTIOINNA PAC-
CMATPUBAEMbBIX CHCTEM MPOBOJUTCS HA OCHOBE yPaBHEHUI Ta30IMHAMUKY, 3aIUCAHHBIX B MEPEMEHHBIX ¢
(Bpemsi) u m (maccoBasi koopauHara). JIBurKeHHe IPOMCXOJUT OT MIHOBEHHOTO WJIM PACIPEIeJeHHOTO
110 BpeMeHM SHeprosyioxkeHus. Maremarndeckass 1moCcTaHOBKa 0a3mupyercsi HA PACCMOTPEHUHM YpPaBHEHU
ra30MHAMUKA
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o(2-qu+®
T Lowy)
ot om

P = (y—1)E/V — ypasuenue cocrostaus; V = 1/p, u, E, P, () — COOTBETCTBEHHO yJEJbHBIN 006beM,
CKOPOCTBH, BHYTPEHHAA JHEPrUd, AaBJIeHNEe, MOITHOCTb BHEITHETO 9HEPT'OBJIO2KEHW .
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Z[a..HI)HeI';IIHI/Ie MPEANTOJIOKEHNA U CJIEAYIOINEe N3 HUX yIIPOIICHUA NCITOIB3YIOT CHeI_H/I(bI/IKy CJIOUCTBHIX CHU-
cTeM, TpeIHA3HAYEHHBIX Il KyMyaanun sHeprun. OCcoOeHHOCTHIO TAKUX CHCTEM, KaK [TPABUIIO, SABJISIIOTCS
MaJias TOJIIUHA U OOJIBIIAs TIOTHOCTh CI0EB C HEUYeTHBIMEU HOMepaMu (CM. pHC. 2, 3) MO OTHONIEHUIO K
CJIOSIM C YeTHBIMH HOMEPAMK. DTO MO3BOJISIET CINTATH [IePBble CIoM HecxkuMaeMbivu (p = 1/V = const), a
CKOPOCTHU B KazK/IOM M3 HUX MOCTOSHHBIMHE [0 TPOCTPAHCTBY (u = wu (t) = const), 4To mpegonpeesisier Ma-
JIYIO JOJITO BHyTpeHHeﬁ 9HEPTHUU 11O OTHOIIEHUIO K KMHETUYEeCKO Ha 3HAYNTE/IBHOM BPpEMEHHOM HWHTEPBaJIe
IBUYKEHUs. B CI0sIX C YeTHBIMU HOMEPAMW, TII€ MOYKET OCYIIECTB/ISITHCA SHEPrOBJIOXKEHUE, HEOOXOIMMO
YUUTBIBATH MPOCTPAHCTBEHHBIE I'PAIUEHTHI CKOPOCTH.

[Tpeamonaraem, 9To pacnpenenenne cKopoctu B ¢iogx 2 (cm. puc. 1-—-3) u 4 (cm. puc. 3) npeacraBumMo
B BH/JIE

u(m,t) = Zwi (t) gi (m). (2)

Taxoe mpub/IMKeHNe UCIOAb3YeTCA ISt PA3/IeeHNs MEPEMEHHBIX U, KAK MPABUJIO0, TPUMEHSETCS TIPU TI0-
CTPOEHUHU TOYHBIX DEIeHWii B 3a7a9ax TUAPOAMHAMUKHN, OJM3KUX K paccmarpusaemoit [10]. Bo mmormx
CIydasx Ha HAYAJIHHOM JTAle JBMXKEHWs 3aBUCUMOCTD OT 17, MOYXKHO NPUHATH JUHEHHOMH, T. €. (2) KOHKpe-
TU3UPOBATH B BHU/IE

w (m, t) = m% [ (8) (e — m) + s (1) m].

OHokackaauas cucrema. Ha mepBoM srame mocTpoenus pernennuii 6ygeM paccMaTpUBaTh JBUKEHUE
CJI0€B B IJIOCKOM npubsmkennn. PaccMarpuBaeM OJHOKACKaHYIO cucremy (cM. puc. 1), HaAXOASIILYIOCs
B mokoe. Ilpeamosaraem, 4To B HaYa/IbHBIA MOMEHT BPEMEHH BO BHYTPEHHUl CJIOii MPOM3BOJUTCS MIHO-
BeHHOe dHepronsiokenne Fo (0) b0 9HEProBbie/ieHe PACIPEIEIeH0 0 BPEMEHN € MOCTOSIHHON MOIIl-
HOCTBIO (Qp. B03MOXKHO TakKe KOMOMHMPOBAHHOE SHEPIOBJIOXKEHNE: MIHOBEHHOE U PACHPEIeJeHHOe 110
BPEMEHH.

[Tpounrerpupyem cucremy ypasaenuii (1) mo 3amkmyTomy kouTypy [y (puc. 4), HuKHEe oCHOBaHUE
KOTOPOrO OTBEYAET HAYaJIbHOMY MOMeHTy Bpemenu (¢ = 0), BepXHee — TeKyIIeMy MOMEHTY BPEeMEeHH f.
JleBast u IpaBasi CTOPOHBI KOHTYPA MPOXOJASIT COOTBETCTBEHHO 110 JIEBOTi IpaHulie c/10si 1 n npapoii rpaxure
ciod 3.

Ecan 3amans Havasnbuble ganubie ug (0) = ug (0) = 0, Ea (0) — MraOBeHHOE Heprosioxkenue, Qo —
MOIIHOCTh BHEIIHEro SHepropjoxeHusi Ha uHrepBase [0, tg], TO MOXKHO 3amucarh pelleHHe CUCTEeMbI
uy (t),us3 (t),V2 (t) xkak dyukmun Bpemenn u 7y [11]. Hag v = 5/3 u y = 3 MOXKHO HONYyIUTH KOHEU-
Hble BBIPAZKEHUsI 3aBUCUMOCTEI.

t

Cxoﬂﬂmaﬂcﬂ qJacTh PaijieTHas 9acTh
t,
My N I,
t e U, =0
B.=0
ty
t
%) ,
0

Puc. 4. (r,t)-nuarpaMmbl ABUXKEHUs PAHMULL CJIOEB B OJHOKACKAIHON CHCTEME
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Oxkazasock, 4To B CjI0€ 2 CyIIEeCTBYET YaCTUIA C MACCON mj, KOTOpas [IBUKETCs C HyJIeBOI CKOPOCTBIO
u(m3,t) = 0. Ona pa3zmesser cI0it 2 HA JBe YACTH — JIEBYIO C MaCCOil M) U MPaByIO ¢ MAcCCoii mb:

my
e (m3 + 7).

)
m1+m2+m3

my = my = mg — my.
Cremyer OTMETHTD, ITO €e JarpaHzKeBa KOOPANHATA, BO-IEPBBIX, HEM3MEHHA [0 BPEMEHH, & BO-BTOPBIX, He
3aBUCAT OT HavdabHON dHeprun Fs (0) m uareHcusHOCTH SHEPrOBAOKEeHUs Q). OTCIOMA MOXKHO CEIaTH
BBIBOJI, YTO He BCsl BKJIaJlbiBaeMasi B 06/1acTh 2 sHeprus "paboraer’ Ha KyMyJIsiiMio, & TOJBKO €€ YaCTh,
BKJIQ/IbIBAeMast B 00JIACTH C MACCON M.

Jasee, mia MUIRNHAPHIECKUX WM C(HEPHIECKNX CIydIaeB PACCMATPUBAEM CXOMISIIYIOCS K [EHTPY MO/
CHCTEMY, COCTOSIILYIO U3 CJI0s 1 U 9acTu ¢1ost 2 ¢ Maccoit mj (ycedeHHast mojcucreMa — puc. 5).

m; m;

Puc. 5. Ycedyennas: nojacucreMa CIOUCTON CHUCTEMBbL

[Tpounrerpupyem cucremy ypasaenuit (1) mo 3amxnyromy kourypy I'y (cM. puc. 4): ero HukHee 0CHO-
BaHME OTBEYAET HEKOTOPOMY MOMEHTY BDEMEHM {1, BepXHee — TeKylieMmy MoMmenty t. JleBas rpanwmia
MPOXOJUT COOTBETCTBEHHO TI0 JIeBOil rpanute ciost 1 (cBoGomauas rparuna: Py, = (), mpaBas — mo JUHUK
HyJIeBOI CKOPOCTH (U = 0) (umcrononas mumiens). Yder HUINHAPUYECKOH nan chepuueckoii cuMmer-
PHE OCYIIECTBJISIETCSA Yepe3 3aaHie paclpeneeHns CKOPOCTU 110 MacCOBOi KOOp/MHATE.

B nrore Haxoamm MaKCHMaJIbHBIH 0TOOD SHEPTUN CXOASIIENHCs MACCOi M Ha MOMEHT ¢ IIpUXo/a cIos 1
B rentp (r = 0).

Ecin paccmMarpuBarh CHCTEMY C BHYTPEHHHM CJIOEM, 3alOJHEHHBIM Ia30M C MaJioii IMJIOTHOCTBIO, TO
smeprusi, orbupaeMasi cioem 1, Gosbiie, weM B gucTononoi mumenn. OHa paBHA CyMMe SHEPruu, OTOHU-
paeMoii 060JI0UKOIl B BapraHTe 6e3 ra3a, U 4acTH SHEprud, npruobperenHoii razom [11].

JByxkKackajgHada cucteMa. lajee crpourcsd pereHne 3a0a9u IUHAMWKHU JIBUKEHUS BYXKACKATHOM
cucremsbl (puc. 6). B 5T0M ciiydae pasningarorcsa TPH JTara.

Cxoasascs 4acTb

%
FK - o -—_-]"‘_1--
[ -‘-‘J L] o
Upr=u*
t

: N v L /7
m

N
=

f =

upr=0

L ht, m, my m;

Puc. 6. (r,t)-nuarpaMmbl ABUKEHUs IPAHULL CJIOEB B JABYXKACKAHOI cUCTEME
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Ha nepsowm sTame paccmarpuBaercsa caotika ms, M4, My 40 TOLIETa KO BTOPOMY KacKaay. IIpemmosra-
raeTcs, 9TO TPHU yJape Hapy:KHOro Kackaaa (ciaoum 3, 4, 5) o BHyTpenHwmii (ciou 1, 2) B MoMeHT ¢ = #
(T. e. TOCIIE 3AKPBITHS 3330pa) B CI0€ 2 MCHOBEHHO BBIJIEJISIETCS BHYTPEHHSs SHEPTUS C YIAETbHBIM SHEp-
rosyoxkennem Fs (t1), a gamee Ha ONpeseJeHHOM BPEMEHHOM HHTEPBAJIE BO3MOXKHO SHEPTOBJIOKEHUE C
MOIITHOCTBIO Qo (OIMH U3 TUX MCTOUYHUKOB MOYKET OTCYTCTBOBATH).

Ha Bropom srame paccmarpuBaiorcss ciiou 1, 2, 3 m gactb ciog 4 10 JWHUU HYJIE€BOI ckopoctu. B
pesyJbTaTe MOCTPOEHMs PEIEeHHs ISt 9TON COBMECTHOH CHCTeMBbI 000/09eK OOHAPYZKUJICSH WHTEPECHBII
dakT: B cj10€ 2 eCcThb JIarpaHKeBa YacTUIa

mo + my
2

my
m1+m2+m3+7

ms3 +

JI
m2 :m2 )

2B, (0)ma |1~ (Va(0)/Va(t2)) "V
ms +mj/3 ms +my/3

(mz +m3/2)*  (mg +mj/2)*
TpaekTopust 3T0# YaCTHUIHI B CI0€ 2 OTIPEIeaseT Mom00acTh MOCTAHOBKY aBTOHOMHON 33a9i Ha, TPEThEM
9Talne C MOMEHTa t27 KOTOprf/i JJId MAJIUHIPUYIECKOT 0O 1 C(bepI/ILIeCKOFO CIy4vaeB YCJIOBHO IPUHUMAECTCA 3a
HAYAJI0 3aK/TIOUATEIbHOM CTa Ui JBUKEHNS. 3/1eCh BaXKHO 3aMETHTh, YTO CKOPOCTh u* U ee JarpaHkKeBa
KOOpAunHaTa (FpaHI/I“IHoe yciaoBue 3a/da491 Ha CXO)KI[QHI/IQ) HE 3aBUCAT HU OT BEJIMYUHBI 9HEPTOBKJIada, HU
OT €ro MHTEHCHBHOCTU B jIoe 2. DTO 06CTOSTEJIHCTBO YHPOIIAET aHAIM3 ONPeeaeHts ONTUMAIbLHBIX
[apaMeTpOB [IPU MOCTPOEHUN JIBYXKACKAIHOI CHCTEMBI.

Tperuit sram cocrout (Kak U B Caydae OJHOKACKAHON CHCTEMBI) B HAXOXKJEHUW PENIeHUsl AaBTOHOMHOT
3aa4i, c(HOPMYJIMPOBAHHON BBIIIE, W OMPEJEJEHUH KyMY/IUPYIOMIEHCs SHEPIHn.

Beuio maiizeno duHaIbHOE 3HAUEHHE CKOPOCTH 11 CI0g 1, a CJIe0BaTeJbHO, OTOOPAHHAS UM SHEPTHs
Ha MOMEHT (POKYCUPOBKM tf Jijsl [MIMHAPUYECKUX U C(OepUYecKUX CUCTeM, a TakKKe 0TOOp SHepruu 1npu
3aroTHeHNN BHYTpeHHeil mogoctn [11].

ITpoBeieHO TI09TAIIHOE COMOCTAB/IEHHE MOy YeHHBIX aHATMTUIECKUX [OCTPOEHUH C YMCIeHHBIMU PacUe-

TaMW Ha L[ByXKaCKaL[HOI‘/JI caoucToit cucreme. UuciaeHHbie pacdeThbl TOATBEPDANIN aHAJUTUICCKUE DE3YJIb-
TaThI.

JBUAKYIASACA C HOCTOSHHOMN cKopocTeio u* = —J (t1)/M, tne J? =

I/ITa.K7 3Had IHEPrOBbIACJCHNE B CJIOUCTBHIX CHUCTEMaX, aBTOPbBI CMOTJVIM ITOCTPOUTH PENICHNEe KaK (byHK—
[IAI0 BPEMEHU HA BCEM JTalle CKaTUs CJOUCTON CUCTEMBbI U HaiiTh (DUHAIBHBII OTOOD SHEPTUU CXOISIIECs
0607109KOfi. EcTecTBEHHO BOBHUKAET BOMPOC, HEJIB3S JIM PEIIUTh 0OPATHYIO 33Jady: 3Has CKOPOCTh uj(t)
um nasieane P)(t) va mesoii rpanune ciost 1, nocrpouts 3akoH uepropaoxkenus @ (t) = —, peanunsy-

dt

IOIHUii IBUKEHNe B cucTeMe (CM. puc. 1) ¢ STUMU 33JaHHBIMU JTABJIEHHEM U CKOPOCTBIO Ha JIEBOI IPAHUIE
00/1aCTH ¢ MACCOM M.
Taxoit 3akon ObLT mocTpoeH. OH UMeeT CJIeNYIONINil BUI:

¢ t t 2
1 u?
F(t) = — | = [ Pwdt+ —Lki(m) + ka(m)u, | P(t)dt + ks(m) | [ P(t)dt | | — B2 (0) +
[ R
Va(t) (ms + =2 " t
N 2 ( 3 2t ) (k2(m) — 1)Plul +% k1 (m)uy +k2(m)/Pl(t)dt +
may = 1) ( =M+ [ B (0 ’
0
t
+ 2P ks(m) | P(t)dt (3)
/

ITocne sToro aBTOPHI U OOPATUINCEH K Hiee DE3yJAPHOTO CKATHS BHYTPEHHEH 00JIaCTU MUIIEHU.
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Peanuzanusa kouHileniuu 6e3yJapHOTO CXKATUS

Besynapmoe cxkaTme — 9TO HEKHii 3aKOH JIBHUKEHHUS, KOTOPBIl 00€CIIEINBAET B ONPEIETeHHBI MOMEHT
IPUXOJT BCEX XapaKTePHCTHK B OIHY TOUKY U B Heaje — OEeCKOHETHYO IIOTHOCTS.

Yro6bl BocIpon3BecTy 6e3yjapHOe HEOIPAHWYEHHOE 110 IIJIOTHOCTH CXKaTHe, HA0 Pealn30BaTh HA BHEII-
Heil TpaHnIle CAKIMAEMOr0 ra3a COIIACOBAHHBIE 3aBHCHMOCTH CKOpOCTH U gaBieHus w(t), P(t).

17151 Bocpom3BejeHust 6e3y/JapHOro HeOrPAHUIEHHOTO CZKATHS Ha IPABOI I'PAHUIIE CKOPOCTH U JaBJICHIE
B CJlydae MIeaJbHOrO ra3a JIOJIKHBI YI0BJAETBOPATH cooTHOmeHusiM [10]

2 =
Co y+1
= 1—(1—-=¢ :
Uy N — 100 [ ( LO > ] )
_27 _27
,00 2 y+1 Cp y+1
o (1__t> _p, (1__t> .
Y Ly Ly

Apropamu OBLIN TOyYEHB 3aBUCUMOCTH CKOPOCTU W JABJIEHUs] JIJIsi BOCIIPOW3BEIEHUsT 0e3yJapHOTO
HEOrPAaHUYEHHOT'O CXKaTWd Ha MIPaBoil I'paHulle MPHU ABYUJIEHHOM yPaBHEHUU COCTOSHUA

(4)

P=(y=1)pE+ (p— po) 5,

rne P, p, E, v, py, Co — COOTBETCTBEHHO [TaBJIEHNE, JIOTHOCTD, y/Ie/JIbHAT DHEPIUs BEIIECTBA, TOKA3ATEhb
annabaThl, HadaIbHAS MJIOTHOCTb, CKOPOCTH 3BYKa 10 XOJIOJHOMY BEIIECTBY.
IIpu m = myg 5Tu BBIpaKeHNd 33/1aI0T YCJIOBUS Ha MOPIITHE:

2 £\ 7
Y
ul:u(mo,t):— — C[) [(1—%) —1],

oy
t +1
P, = P (mg,t) [(1 ik —1] .

[ToscTaBuB BhIpasKeHMs JIJsk CKOPOCTH U JaBjienus (4) B mosydernoe Beipaxkenne 1y F'(t) (3), momyamm
3aKOH JI/Is1 SHEPTOBJIOYKEHNsI B 00JIACTH ¢ MACCOH mo:

F(t)zm{(wl) (-5 ) B -y o - e S5,

(v —1)" my L§ y+1
nJjin
oF 2700G
t LY
_an2 [V3(0) AT Y S (P
_(1- +1) 1) 426 — (y 4 1)ETH Tt 5
x{ ( & +[aL8+(v )2 = (y + DETT| g p LG (5)
rie
cot mo 2k, (y+1)m3
—1-D 0<e<1): G =012k + + ks
£ To (0<¢<1) 5 ( 2) o 2 3
v+1 o mo
_m1+m2+m3+ - POLU e Tnl_|_7 . s
a = ; k m; + — + ( 3 + mims + 6 )a

(v=1) (5 +ms)
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1 m m m m3 + -
k2:_—2 [—2 (m3+—2>+m1 (m3+—2>], k3:——32;
mo 3 4 2 mo
(ma+3) 2 (ma+3)
2 2
a — mokazaresib cuMmMmerpun reomerpun; 0 < ¢ < Ly/cy.
Ha puc. 7 npusenena 3asucumocrs @ (t) = — mias ¢g = 0,01.

Cdt

e i - Rkt i (S SRt B L IR S, et I e S Y N SRR AT =

Puc. 7. Bux dbyaxuuu Q(t)

O06GoJioyedHbIe CUCTEMbI 1 BO3MOXXHOCTHU peajim3anuu 0e3yJapHbIX pekuMoB cxkartus. Vc-
TO/Tb30BAHIE KOHIENINU 0€3yIapHOT0 CXKATU OTKPBHIBAET MEPCIEeKTUBHBIN CII0CO0 TOCTPOEHUA MUKPOMMU-
IeHeit 71 OCYIIeCTBIEHNS TEPMOSIEPHOTO CHTe3a. Ba30B0il OCHOBOI TAKWX MOCTPOEHWI MOTYT CTYKUATH
TUJINHAPWUYECKNEe CJIOUCThIC CUCTEMBbI IPU BJIOZKEHUW SHEPIUU MyYKaMU TAZKE/IbIX MOHOB, HAIIPpABJIEHHBIX
BJIOJIb OCH CHCTEMBI U C(HOKYCHPOBAHHBIX B OJUH WM HECKOJIBKO Hapy:KHBIX cioeB [12]. Ilpumep taxoit
KOHCTDPYKIIUU MPUBEJIEH Ha puc. 8.

ABTOpCKUiT TTOAXO K PACIYETHOMY TMOCTPOEHUWIO MWIEHEH OCHOBBIBAETCS HA CAEAYIOIINX COOOparKeHuU-
sax. Bo-mepBrix, npu 6e3yIapHOM CXKATUM MOXKHO IMOJYYUTH BBICOKHE MapaMeTphl CXKUMaEMOro ra3a.
Bo-BTOpBIX, OCHOBHOI HEIOCTATOK B HEIIOCPEICTBEHHON peasu3anuu 0e3yIapHOro CKaThus — HeoOXoau-
MOCTH HEOTPAHUYECHHOT'O POCTa SHEPTOBJIO?KEHUA — MOXKET 6bITb yCTpaHEH. 9TO JOCTUTACTCA HAKOILIe-
HUEM KHHETUYIECKOIl SHepruu B TKeJOil 000I0UKe C MAccoii mj B Xoie SHeprosjoxkenus. [Ipexkparienue
SHEProOBJIOKEHUA KOMIICHCUPYETCA MHOCACAYIOIed OTha4dell TOILJIMBY 3allaCeHHON KMHETUYEeCKON sHepruu
obmacreit my, mo (cm. pue. 1). Ho mpm kmaccmaeckom 6Ge3ygapHOM (XOMOTHOM) CKATUU B TOILIUBE
JIJIsT OCYIIECTB/IEHUs] TOPEHUs He XBaTaeT TeMIepaTypHOTO PAa30rpeBa TOIIUBA, XOTd KPUTEPHUil no 3a-
olcuzanuro, pAr ~ [ pdr, BeImOTHETCS ¢ COJBIIMM 3aIIACOM 33 CYET BBICOKMX IIOTHOCTeil. IlogmsaTs
KOHEYHYIO TEeMIIepaTypy MOXKHO HapYIIeHNeM pPeXnMa 0e3yJapHOT0 CKATHUS HA 3aKI0YUTETHHON ero cra-
JANN. Ha,pyH_II/ITI) pexuM 683yﬂapHOFO CXKaTUsI Ha 3aKJJII0UYUTEILHON CTaan MTPUMIJIOCH TaK>Ke€ MCXOOd U3
KOHCTPYKTHBHBIX XapPaKTEPUCTUK YCTAHOBKU MHEPIMOHHOIO TsXKEeJOMOHHOrO cuHTe3a [13], Ha Koropoii
IJTAHUPYETCS MTPOBOIUTH SKCIIEPUMEHTHI C JTAHHONW MUIIEHBIO.

Onumiem nipeyraraemsbrit "crerapuit' SHEProOBIOKEHUST B 000JI0IEUHYI0 KOHCTPYKIIUIO MUKPOMUIIEHH,
BapUaHT KOTOPOil MpUBEEH Ha, puc. 8.

B obsiacts ¢ maccoit u3 Pb BrkiagpiBaercs sueprug mo ¢popmysie

g _ ] Q), Q) <@
di Q) > Q.
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Puc. 8. Hununapwdeckasa MUIIEHDb JIJI TSKEJTONOHHOTO CUHTE3a,

Q(t) 3amaercs Takum 00pazom, 4ToObI ObeceunTh Oe3yIapHoe CzKaThe MEeHTPaabLHOi obmactu (5); Q* —

orpaHnveHne 000CTPEHUS UMITY/IhCA (XapaKTePHCTHKA YCTAHOBKN).

DHeprowjokenne 1Mo Gopmyire — = Q OCyHmIEeCTBISETCS JO TEX TOpP, MOKA BJIOXKEHHAs BO BTOPYIO

dt

123
dE
00JIaCcTh SHEPTHUsT HEe JOCTUTHET 33JaHHOT0 3HadeHust F' = %dm dt.

0 mpyp

13 puc. 8 ciaemyer, 9T0 MPOJOJIBHBIE PA3MEPHI TAKUX KOHCTPYKIWI CYIIECTBEHHO MPEBBIIAIOT TONeped-
uble. [IpoBeeHHBIE ABYMEpPHBIE PACUeThl MOKA3AJN, UTO TP HE3yJapHOM CKATHU pasrpy3Ka ¢ TOPIOB
3aXBATHIBAET TOJBKO KOHEUHYIO YACTh MUIIEHH BIOTb €e OCH. JIBHKeHHe OCTAJIbHON (3HAUUTENBLHOI) ee
YACTHW OCTAETCS HEBO3MYIIEHHBIM W OZHOMEPHBIM, T. €. €r0 MOKHO OMUCHIBATH C MOMOIIBIO OJHOMEDPHBIX
pacyeToB.

B pamkax mamHOrO MOAXOZA, HO C WCIOJHL30BAHMEM B PAaCUETaX TOYHBIX MATEMATHYECKMX MOJIENEH,
AJTIEKBATHO OMUCKHIBAOIINX (DU3UKY TLIA3MBI, YIAJTOCH TMOKA3aTh, UTO MHUINEHb C MPUBEIEHHON 37eCh Teo-
merpueit MOkHO "3axkeun" u nomyunTh K03hdunmenT ycunenns (OTHOIIEHUE BbIIEJUBIIEHCS SHEPTUH K
BJIOJKEHHOIT) ~ 17.

Buepeoie na 3ababaxuncknx urenusix 2003 roga (3arem MosiBUIACH COOTBETCTBYIOIAs crarTbs [12])
ObLTA TPEeJIOKEHA Hesl 3aMeHbI 30710Toro mymiepa (puc. 9) ypanosbim (puc. 10). IIpeamomaramocs, 4To
JIeJISIIAsICs ypaHoBas 000109Ka OYIeT CroCOOCTBOBATH YBEJMUEHUIO SHEPTOBBIIeeHNs u B paboueit D'T-
obsacTu.

S e
T T
Puc. 9. Teomerpust cucreMbl € 30JI0TBIM IIYIIEPOM Puc. 10. Teomerpusi cucremMbl ¢ yPaHOBBIM ITyIIIEPOM

Baropanne DT-TommmBa WHUIUUPYETCA BBICOKOILIOTHBIM Oe3yIapHBIM CXKATHEM BEIIEeCTBA W COMPOBO-
JKJTAeTCsl TIOTOKOM TIePBUYHBIX HeiTpoHoB. [lom ux BO3/elicTBHEM HAUMHAETCS sITIEPHOE SHEPrOBBIIE/IEHIE
B okpykaforieit DT-o6o0uke u3 ypana. OgHAKO MEMHON siIePHON PeaKIuu He MPOUCXOIUT, TAK KAaK KPU-
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THYECKasl TJIOTHOCTH M3-33 MaJIoif MaCChl ypaHa He JOCTUTAETCS, WIET TOJBKO Peakius JejeHus. Boige-
JIEHUE SHEPTUU PACIa/ia YPaHa BbI3BIBAET JOMOTHUTEIHLHOE CXKATHE, pa3orpesB u Beiropanue DT-rTommuBa.
BzanMHoe couetanne JBYX UCTOUYHUKOB SHEPrOBBIIEICHUs (TEPMOSIIEPHOE W HEHTPOHHO-SIEPHOE) TI03BO-
JISIET TOJIYYNUTh KOI(MDMUIMEHT YCUJIEHUsT 3HAUUTEHHO BBIIIE, YeM TTPU TEPMOsIIEPHOM TOpeHuu paboueit
obnactu. Takum 06pa3zoM, BOSHUKAET CAMOMIOIEPKUBAIOIIUICS MPOIECC CYMMapPHOT0 SHEPTOBBIIEIEHUSI,
KOTOPBI 3HAYUTETHLHO YBEJINIUBAET KOIMMUINEHT YCUTEHUS.

Mutiresb ¢ 30/10TOi 060JIOUKOI, OKPYIKAIOIIEil pabodIyo 006/1aCTh, MOKHO 3a:KeUb (HAUMHAIOTCS TEPMO-
SIIEPHBIE PeAKIuu u BbiAenenune sueprum B8 obmactu DT) npu Q* = 6; F = 2,1 — sueprus, BaoKeHHAs B
HOpUCTHI cBUHEN (B mpuBeeHHOil Tabuie pacder ¢ N = 1). [Ipu MEHBIINX IHEPTOBIOKEHUIX MUIIEHB
HE TOPHT.

Bamena 30,1070 0GOOUKHK Ha YPAHOBYIO MEHSET KapTHHY CXKATHs W TOPeHus (CM. B Tab/IuIe pacder
¢ N = 2). Yuer HefiTpOHHO-sIIePHBIX peakimii B ypanosoii obonouke (*38U) ysesmumsaer kosdbdurment
yeusnennst Bo Bceit mumrenn (Kioq) B 4,8 paza (181,4/37,32), a B paboueit DT-obmactu (Kpr) B 1,46
(54,7/37,32). B 1,83 pasa yseaununBaercsd u cpefHsis mioTHocTs DT-crost.

Ho ouenp Baken Bompoc, mpu KAKOM MUHUMAJTLHOM SHEPIOBJIOXKEHUHU 3aroputcs MmutieHb. OKa3biBaeT-
Csl, 9TO MUIIEHb MOXKHO 3axkeub npu F' = 1, nipu srom Kyop = 140 (pesynbrarer npu N = 3). Pesynbrars
pacueta ¢ 23°U coorsercrByior N = 4.

PeByJ’IbTaTbI pacdeToB MUIIIECHU

Q*7 F: Etotal; EDT; EU; AD: Pﬁéx; Tmax; PAT;
N _92 -1 -1 -1 -1 Ktatal KDT KU 3 2
1072TBr/r 107*MIx 10~ 'MIx 10~*MIx 107'MIx % r/cm K r/em
1 6 2,1 37,32 37,32 — 84 17,77 17,77 — 2923 67 2,41
2 6 2,1 181,4 54,7 126,2 90,5 86,4 26,04 60 5338 90,7 3,365
3 6 1 139,3 46,8 91,8 83,9 139,3 46,8 91,8 1863 67,8 1,86
4 6 1 228 47 180 83,3 228 47 180 1820 71 1,9
3akJiroueHue

[Tonyuenbl aHaIUTUYECKUE BBIPAYKEHUS I ONPEIEJCHIs KyMYJIUPYIONIEHCs SHEPIUU B CJIOUCTON CH-
creme obomouek. [lokazano, Kak MCIOMB30BATH WILIO OE3yTAPHOTO CAKATHST TPU KOHCTPYHUPOBAHUN MUKPO-
MUIIIeHe.

Ormeuensr O0KUTENBHBIE (DAKTOPHI TIPU UCTIOIH30BAHUE O€3yIaPHOTO CKATUS (JOCTUKEHUE BBICO-
KX IJIOTHOCTEH TpU MaJibIX 3aTparax sHeprunm). I[lokazano, KaK MOXKHO MPEOIOIETh TEOPETHIECKYIO
HEOTPaHNYIEHHOCTDH IHEPTOBJIOZKEHNA, BOSHUKAIOIYIO TP KJIACCUYIECKNUX TEOPETUICCKUX MOAXO0JaX.

[IpoBeennbie pacuerbl MUKPOMUIIIEHEH MOATBEPKIAIOT MPABUIBLHOCTD H3JI02KEHHBIX MOIX0/I0B.

[TocTpoentbie aHATUTUYECKUE MOJIEIN /I OIEHKH JEeECITOCOOHOCTH MUINIEHEH UTPAIOT BayKHYIO POJIb HA
CTaanu MIPEeABAPUTEIBHOIO UX ITPOEKTUPDOBAHNA, TTO3BOIAIOT BBIABUTH JUATA30H JOIMTYCTUMBIX ITapaMETPOB
" TIPOBOAUTH MOCACAYIOIUE AETaJIbHBIE DACYEThI JJId TMONCKa OINTHUMAaJIBHBIX peI_HeHI/Iﬁ TOJIBKO B 3TOM
Jama3oHe.

Pabora Boimonnena mpu ¢punaHcoBoit moanepkke Poccuiickoro dhonna pyHIaMEHTATBHBIX UCCIEI0BA-
Huit (koz npoexra 05-01-00141).
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