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Pedepar

BBICOKOYACTOTHAS TTJIABMA., MATEMATUYECKOE MOJE-
JTMPOBAHNE, NNOHNZKEHHOE JIABJIEHUE, CTPYMHOE TEYEHHE,
METO/ TIPAMOI'O CTATUCTUYECKOTO MOJEJNPOBAHWMA, BY-
[JIASMEHHAS OBPABOTKA

OFBLEKTOM HCCIeI0BAHNS SBJIAETCS CTPY# BbICOKOMACTOTHOMH MasMbl HO-
HIKEHHOIO JIABJICHHS.

[Inasma  Buicokouacrorubix  (BY)  paspanos NOHIZKEHHOTO JlaBJIEHUS
(p=13.3-133 Ila) ¢ mpomyBsoMm rasa speKTUBHO NTPUMEHACTCA JUId MonQrKa-
pue (B TOM dHCIe Ha ypOBHE HAHOCTPYKTYPbI) PA3jHYHbIX MATEPHaIon, TaK1X
KAK CTAJb, TUTAH, NOJUITHIEH, KOXKa, MeX W Jip. Jlna 3pdexTuBHOrO ynpas-
senmst mapameTpami 06paboTKi HOJMMEPHBIX 1 HEOPraHuYeCcKUX MaTepHasos B
cpejie BYU-m1a3Mbl OHIZKEHHOTO JaBb/1eis rpebyercs nudopMalns 0 XapakTe-
pHCTHKAX IJIA3MEHHOTO MOTOKA: (POCTPAHCTBEHHOM Paclpe/eneHnn rasoBoi n
3JIEKTPOHHON TeMIIePAaTyPbl, KOHIEHTPAIHH SapsACHi bIX YACTHIL B JP.

[lenbio MPOEKTa ABJIALTCS CO3/AHMUE vareMaTHaeckoil Mo i Heejedo-
sanue ceolicrs noroka BY-muiazMbl NOHUKEHHONO JaBICHIA B [IePEXOIHOM Pe-
Me Teuenns B ananasone uncen Knyacena 8 - 10°3 < Kn < 7-107% D10
CBAAHO € HE0BXOAMMOCTHIO MoAbopa napamMeTpoB TeteHns BY-naazmel s 06-
paBOTKHU MOJTHMEPHBIX M HEOPraHHHCCKUX MaTEPHAJIOB.

B xoje npoexTa paspaboTaibl MaTeMaTHdecKasn MOLED 1 GUCJACHHBLH Me-
TOJ ISt MOJETUPOBaHs crpyiHoro revenmnst HeliTpadabHoOl 1 3apsAKeHHON KOM-
Homient BU-nnazMbl DM HOHUMKEHHBIX JABJCHUIX, KOMILIEKC [porpamMm Jiis
pactera JBYXKOMIOHEHTHOrO CTPYHHOrO TEHEHN BY-masmbl 1pyH MOHHMKEH-
HpIX asieHusx. [IpoBesensl HHCACHHbIE SKCIePHMEHTDI [10 pacueTy rasojiMHa-
MirgecKnx napamerpos BU-miiasMpl MOHIZKEHHOO AaBACHHA JUUTS HEBO3MYILIEH-

Hofl cTpyR M CTpyn ¢ 0OpasioMm. Onpejenensl ra3oinHaMiYeCKHe mapamMerphbl



niasMbl B6M3H 06pabaTniBaeMoro usjienns. Janbl peKOMEHAAIHH 110 PEAKUMAaM
reyenust pabouero raza u ONTHMAaIbHOI 30HE 06paboTKI MaTepualios MpH JlaB-
gernn 13.3-133 [la st pasiauuHbIX cTeneHeil HoHusalin 1 TepMHUUeCcKOit Hepas-
nogecHocrn BY-TiasMbl NOHUKEHHOTO JaBIeHUs B JIHANIA30HEe THCE Knyjicena
JUIsL Hecyero rasa 8 - 103 < Kn<T7-1072%

B paMkax BbITOJHEHNH TPOCKTa onybaukosato 11 pabor.



Conepxkanue

ONPEAEJIEHNSA, OBOSHAYEHUS U COKPAILIEHU S
BBEIEHUE . . . . ..t e e e e e e e e e o
1. Paspaborka mMaTeMaTnieckol MOJENN 1 YHCACHHOIO METOAA LIS MOjie-
JMPOBAHUA CTPYHHOIO TedeHus HelTPasbHONH U 3apsSyKeHHOH KOMITO-
HenT BY-nutasmbl npu nmoHMKEHHBIX JABICHIAX
1.1 Ounenka ocHoBHBIX Mapamerpos BY-nnasmbl HOHUKEHHOrO jaaBie-
5
1.2 Maremarnueckas Mojesb ¢rpyitnoro tevenus BY-miasmpl nomnu-
KEHHODO JIaBJICHUS ¢ [IPOJAYBOM rasa
1.3 Paspaborka unciaeHHOro MeToia penieHus 3aja4m cTpyiftHoro reve-
nusg BYH-nusrasmbl nonmkenHoro gasienust . . . .
1.3.1 Yucnenuslit meroj pacuera OCHOBHBIX XapaKTePHCTHK
crpyiinoro revenus BY-nnaszMbl NOHMKEHHOIO JABICHUS
1.3.2  Metroauka npoBejieHus YHCHEHHBIX 9KCIEPUMEHTOB PACHeTa
razojuHaMikn BY-nuasmbl noHIKEHHOrO J1aBieHns
2. PaspaboTka KOMILIEKCA MPOrPAMM JUIS PACYETA JIBYXKOMIIOHEHTHOTO
crpyiinoro revennst BU-nuazMel 1pH HOHMXKEHHBIX JABJICHHAX
2.1 Onucanue ayiropuT™Ma U HPOrPAMMHOIO KOMIICKCA IS pacueTa
OCHOBHBIX XapaKTepucTHK ¢TpyiHoro Tevenus BY-nnasmbl nonn-
XKEHHOTO HABJACHHUS . . . . . . . . . . . . . .
2.2 Cocras naxera («case» B repmunonorun OpenFOAM) nns npose-
JEHUA PACUYCTOB . . . . v . 0 v v o e e
3. llpoBejenue qmuCHCHHBIX PACUETOB [APAMETPOB CTPYHHOrO TedeHus
BY-nnasMbl nOHUMKEHHOTO JaBlIeHHs Uit BaKyyMHOII Kamepbr BUY-
JIA3MEHHON YCTAHOBKY B MOJIEJIH ¢ 0DPa3IoM u onpejiesleHne rasoni-

HAMHYECKUX [MapaMeTpOB ILJ1a3Mbl BOJIM3H O6]’JEL6&1’]‘I.:IBHBMOPO MBHeHA

10

19

23

| ]
e |

[s%]
=]

31



3.1 Momudugannst TporpaMMHOrO KOMILIEKCA IS Pacdera TeYeHusl

BY-nsasmbl npu Haguwyuu B ¢Tpye obpasua . . ... ... .. 32
3.2 TlapaMeTpnl PACHETOB . . . . « v v« v v v v v o v v on ... 34
3.3 Kornenrpamms 31€KTPOHOB . . . . . .« v v v v e v e e 3D
3.4 DNEeKTPOHHAA TEMOEPATYPA . « « « « v v v v v v e e oo oo 3T
3.5 JlaBnenue HeCymero ra3a . . . . . . . . oo oo v .. 4l
3.6 CKOpPOCTb HECYIIIErO FABA . . . & « « « o 4 « =+ o« o o v o0« 43

3.7 Temneparypa necymiero raza u spdexr neperpesa B HEKOTOPBIX
PEXKUMAX TEUEHHUST . « o v v v v v v v vovn o o oo w v w0 44
4. Paspaborka pekoMeHialluii 110 pexuMaM TedeHuns pabouero rasa u or-
THMANBLHO 30He 0O6paboTku Marepuasos npu Aasiaenun 13.3-133 Ila
JUISL PASIMYHBIX CTeneHeil HoHu3aluny 1 TePMUIeCKOl HEPaBHOBECHO-

et BY-11a3mbl OHUZKEHHOTO AdaBJIeHHA B JiManasoHe “YHCEJ Kﬂy,’l-

cera JUIsl HeCYIIero HeiTpaasbuoro raza 8 - 1077 <Kn< 7 - 1072 . ... 50
SBAKJIFOYEHUE . . . . . . . e . D2
CIIMCOK UCITOJB30OBAHHBIX UICTOYHUKOB . . ... ... ... 5



Crucok obo3HaAYCeHUIT

B nacroswem ordere o HUP npumensior cnepyionme repMunbl ¢ cooT-
BETCTBYIONAMU OTIPeJeNeHHsaMM:

BricokouacToTHbIN paspsas — IEKTpHIECKHH paspsl B rase, BO3MUKAIO-
UM B 9JIEKTPUYCCKOM 10JI€ BLICOKOH 9aCTOTDI.

DUICKTPHYECKHIT PA3Psi/L B ras3e — COBOKYIHOCTD MPOMECCOB, BOBHUKAIOULIX
MpH IPOTEKAHUM ITEKTPHYECKOIO TOKA "Mepes BElIeCTBO, HAXOMAILeeCs B Ma30-
obpasnom cocroaunu. [ BOSHHKHOBEHUS M NOMICP/KAHUS Ta30BOT0 Paspsjia
rTpedyercsa cymecTBOBaAHUE WICKTPHICCKOrO MoJId, TaK KaK MjasMa MOXKeT cylie-
CTBOBATb, TOJBLKO B CJy4ae, ecjii 3JIeKTPOHbl NPHOOBpeTalorT BO BHEUIHEM [10J1e
IHEPIHIO, AOCTATOUHYIO JUIs MOHU3AIMU aTOMOB, M KOJMYECTBO 0OPA30BAHHDBIX
MOHOB [PEBLILIACT YUCI0 PEKOMOMHMPOBABUINX HOHOB.

[InasmMa — HONHOCTBIO MJIM YACTHYHO MOHM3MPOBAHHLLL a3, KBA3HHEH-
TpabHOE COCTOSHUE PAZHOMMEHHBIX 3aPSMKEHHBIX YaCTHIL, JIeMOHCTPHPYIOUNX
KOJLIIEKTUBHOE TOBEJeHNE,

NounusupoBanublii raz — cocTogHHE rasa, Korja OT 3JeKTPOHHBIX 000J10-
qeK 3HAYUTeJILHON YacTi ATOMOB WIIH MOJIEKYJ OT/ENEN 110 Kpalitneil mepe oaun
K TPOH.

KpasunelTpajbHblil — 03HA4YAeT, 4TO HECMOTPS Ha HAJUTHE CBODOJHBIX
3aPsiZIoB (9JEKTPOHOB M HOHOB), CyMMAapHBI 3JIeKTPHYeCKHil 3apsiji MIa3Mbl HpH-
OGum3HTEeNbHO PaBeH HYJIO.

Houn — opnoaromMuas i MHOMOATOMHAS HJIEKTPUUECKH 3apsizKeHHas 1a-
cTHIA, 00pas3ylomancs B pe3y/ibTare HOTepH WK [PUCOCAMHCHUS OJIHOTO HITH
HECKOJIbKUX 9JIeKTPOHOB ATOMOM WJIM MOJICKYJIOH.

B nacrosiem oruere o HUP npumensiior caepyioume yenosusie obosna-

HeHMT:

B —  BEKTOD MarHnuTHOW WHJVKIINH;



Va — BEKTODP CKOPOCTH Tra30oBOro HOTOKa, BEKTOP CKOPOCTH Hei-

TpaJibHbIX YaCTHII B NJa3Me ((![)(-.‘.,TIHS{}I. cpejnemMaccoBasd CKO-

POCTh):

Ve - BEKTOP MAKPOCKOIHYECKOH CKOPOCTH 3JICKTPOHOB;

D ~  BEKTOD JIEKTPUUYECKOTO CMENICHUSI;

D, —  Koappuuuent ambunonaproit puddysun;

e —  3apsjl ANEKTPOHA;

E MOJ1YJ1b HATIPSDKEHHOCTH 3JIEKTPHIECKOTO MOJIsT;

E; —  HOTEHIHAJ HOHUBAIINH;

E —  BEKTOD HAlPAKEHHOCTH 3JEKTPHYECKOro 110J15;

f —  HaCTOTA TeHEPATOPA;

G —  pacxo/jl rasa;

H —  BEKTOP HaNPAKeHHOCTH MAarHuTHOIO MOJIS:

j —  BEKTOD ILIOTHOCTH TOKA!

kg — nocrogHHas bosbimMana;

l..1; — cpejHue JUIMHBbL cBOB0AHOrO npobera 3JeKTPoHOB U HOHOB;

Mg, Me, M —  Macca aroMa, 3J1eKTpoHa, HOHA;

1o —  MAarHUTHas TIOCTOAHHAS:

Ve HACTOTA YNPYIHX CTOJKHOBEHHH 3JI€KTPOHOB € aToMaMH u
HOHAMH;

v —  4acToTa WOHU3AINN;

n —  BHEIIHAs HOPpMaJlb K I'paHulle obnacTu;

e —  KOHIEHTPAILMsl IEeKTPOHOB;

c —  BEKTOP MOJIEKYJSAPHOH CKOPOCTH HEHTPaJbLHOTO rasa;

(4 — Teruiosast, cobeTBeHHan WM CaydaiiHas cCKOpoCTh MOJIEKYI:

fle,r,t) — («pyHKIMS pacnpefeseHus o CKOPOCTSIM;

Tintet —  TeMmIepaTypa HECYIIero rasa Ha BXOJE B BaKyyMHYIO KaMepy;

Vinlet —  CKOPOCTL HECYHIEro rasa ia BXOJe B BAKYYMHYIO Kamepy;

o0



P25 Pa — JaBJlieHune ]'IJIEIT3MOO6I.'}213YK)IIIG-P O rasa.

Py —  MOIHOCTh, BblIesgeMast B paspse:

r =22+ y'z 22 — TeKylUlasd pajitalbHasds KOOpANHATA,

D — paebaeBckuii pajauyc;

R —  pajinyc paspajHoil Kamepshl;

Rig. —  paJinyc BaKyyMHON KaMepsbl;

Lriige JIIMHA BAKYYMHOI KaMephbl;

t - BpeMs;

Y N A — TeMieparypbl aroMoB, HOHOB, 3JeKTPOHOB!

5 = ?T?,t,_/Q??T,H —  J0JI5 9HCPTHH. nepegaBaeMard JICKTPOHAMKM aTOMaM 1 HOHaM

B YIPYTI'UX CTOJKHOBEHUSX;

€ —  OTHOCHTEJbHAS JUNIEKTPHYECKas TPOHHIIAEMOCTD;
£0 —  IEKTPUYECKAs 10CTOSIHHASL;

Ae —  KO3()(PUILHEHT TEIIONPOBOJAHOCTH 3JIeKTPOHHOIO rasa;
p —  TUIOTHOCTBH Tasa;

o MPOBOJANMOCT TJIa3Mbl;

w=2rf —  Kpyropasl 4acTora 5JeKTPOMaruHuTHOrO HOJIs;

Kn — uncno Kuyucena;

r paamnyc - BEeKTOp;

S{f) — HHTEerpaj CTOJIKHOBEHHII.

B nacrosmem orgere o HUP npumenaor caeayomme cokpaliesus:

BY  — BbicOKOYaCTOTHDII;
BYM — BBICOKOUACTOTHBII MHILYKIHOHHbI;
KIIJ — xoadduipent nonesHoro aeicrsus;

CJIAY — cuerema Jimneiinpix anrebpanvaecKux ypasHeHil;
3D — TpéxmepHoe 1npocTpaHCTBO;

IO — muporpammuoe obecriedexue.



BBenenue

[Tpu npoexTHpoBatii COBpeMeHHbIX TPYOOIPOBOAOB U JIEAOCTONKNX KOH-
CTPYKIMII HEKOTOPbIE BayKHble MaTepuasibl MOUYT ObITb 3aMeHeHbl Ha [OJIH-
MEPHBIE W METAJJIMYeCKHe ¢ MOBBINEeHHOH H3HOCOCTONKOCTBIO, NPOYHOCTBIO H
APYTUMHE KadecTBeHHO HOBbIME XapakTepucrukami. CoBpeMennble TeXHOI0MMH
obpaborku nuacrmace B Bbicokouacrornoii (BY) niasme nonmkennoro jgasie-
HUST TO3BOJIAIOT TOBBLICUTEH €€ MPOMHOCTL, MOPO30- M TeIO- CTOHKOCTL 3a cuer
obbemuoit Mogudukaunn. Yaaercda H00UTHCA MOBBLILIEHHS [TPOMHOCTH HEKOTO-
pbix Marepuaios B 1,5-2 paza. Onucannpie BOZMOKHOCTH TO3BOJIAIOT CO3/1aBATh
0 UCTIONB30BATH TOAYHEHHBIE MaTepHalbl B 9KCTPeMajibHbIX obiacrax ApKTu-
KH 1 KocMudeckoro npocrpatcersa. Obpaborka MaTepHaios pasiuyHoil Hpupo-
bl tpoucexoanT B BY-yeranoskax crpyeit BY-nnasMbl nOHUKEHHOIO JaBJ/IeHUsL.
Jlnst ycoepuieneTBoBanus mpoiecca 00paboTku HeoOXOAUMO HaHTH 30HY Oll-
THMAJIBHON 06pabOTKH MATEPHANOB PA3IMYHON HPUPOIbL, TEM CaMbiM [10JIY1HB
BOBMOYKHOCTD PABHOMEPHOTO BO3eicTsus Ha obpabarbisaemblii MaTepuan [1].

[linasma BY-paspsjos nonuxennoro pasienunst (p = 13.3 — 133 lla) ¢
MPOJLYBOM rasa NPUMEHSETCs Jlsi MOAH(HUKAILIN HOBEPXHOCTEH PasInIHbIX Ma-
TepHAJIOB, TAKMX KaK CTajb, THTaH, nojmsruien, u ap. [lnasma BY-paspsna
obJagaer caegyoumuMi npeumyinecrsaMn: ahMpexTHBHO 1 yeToHYHBO U3MEHs-
eT NOBEPXHOCTHBIC cBoiicTa 00pasia, e yxyamaer obbeMHbX (B TOM 4HCie
bUBNKO-MEXAHNYECKIX ) XapaKTepHCTHK, He HarpeBaeT Marepual J0 Temmepa-
TYPBI, BLI3BIBAIONICH €10 PACIIaBIeHie WK JecTpyKirio. VsMenss napaMeTpbl
paspsjia i BHJL INIa3M000pasyoero raza MOXKHO yIPABJIATL COCTABOM XHMHUYe-
CKM AKTHBHBLIX YaCTHIL U, ClleJloBaTesbHO, XapakTepom sosjeiicrsua BHE pas-
psijia a noaumepHbie Marepualibl. CiiibHask HEPABHOBECHOCTD J1a3MbL, TEHEDH-
pyemast BHE paspsajiom moHMAKEHHOrO JaBjieHus ¢ sHeprueit 4acTuil 1o 100 »B.
NPHBOAMT K MOAM(UKALNKM HE TOIBLKO HAPYKHBIX TOBEPXHOCTHBIX CIIOEB MOJIH-

MepoB, HO 1 B o0beme MarepHala, Mpu 3ToM 00pabaTbiBaeMblil B IL1A3ME MaTe-
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PHAJT OCTAETCS XOJOAHBIM, YTO MO3BOJIACT € IOMOMILIO J1a3MEeHHOr0 NOTOKA M0~
Aaydarh 3hekTsl, HEAOCTHKUMBbIE JIPYIUMHU BUIAMY [JIA3MEHHOTO BO3efCTBIS
12-7,30).

[lnazma, cosjaBaeMasi JaHHBIM BHIOM paspsja, obaajaer ciaeyiomnim-
Mi csolicTBamu: crenets normzamn 1071 — 1077, KonnenTpanus 31eKTPOHOB
ne = 101% — 10" m~3 snexrponnas remneparypa T, = 1 — 4 3B, remneparypa
ATOMOB U MOHOB B miasMentom crycrke T, = 0.2 — 0.3 2B, B nuiasmennoii crpye

»=0.03 —=0.07 3B.

3a nocaeaHne JAeCATHICTHST HAKOIVICHBI ODIIMPHbLIC SKCIEePUMEHTAJIbLHbIE
NaHHble 0 cBoiicTBax MiasMbl BYU-paspajos NOHMKEHHOrO JMaBjeHN:d, Pe3y/ib-
TaTax B3AUMOJIEICTBUS €e ¢ PasiudHbIMU MarTepHajaMi, cO3jaHbl MaTeMaTH-
qeCKMe MOJIETH, YUUTHLIBAIONIME JICKTPOANHAMUKY H miaasmopnHamuxky BY-
paspsiios |2, 3]. Oguako, napamerpst revenna BY-naasmer nosydensr sMnnpy-
HECKHMM MyTeM B J1abopaToOpHbIX YCIOBHSX JUls orpaHnyenHoro #abopa napa-
METPOB PaspsijloB U [UIA3MOTPOHOB, a CYLIECTBYIOUIHe MaTeMaTHIeCKHEe MO
BY-m1a3Mbl MOHHXKEHHOLO JIABJIEHH, HEe YHUTLIBAIOT aJleKBATHO FasoinHaAMIKY
[OTOKA CTPYH M TEM CaMbIM HE PACCMATPUBAIOT BCIO KAPTHHY TEXHOJIOIHIeCKOro
npotecca 06paboTKn MaTepuaslos.

Jast Gonee ahpdex THBHOTO 1IPOEKTHPOBAHMA TEXHOJOIHYECKUX [IPOIECCOR
¢ ucnodnb3opannem crpyitnbx BYU-paspsaios noHMzKeHHOTO JaBienns HeobXou-
MO cozanmue maremarTHueckoil mojenn revenus BY-nuasmpl, ¢ noMompio Ko-
TOPOii MOYKHO TPOBOJIMTH HCCIEA0BAHUS 3aKOHOMepHOCTeH (hOPpMUPOBAHIS Xa-
PAKTEPHCTHK MOTOKA MJa3Mbl, &, CJIEJ0BATENLHO, M NapAMeTPOB Ia3MeHHOI]
06PabOTKH 1MyTeM YUCJIEHHBIX PACUYeTOB, YTO YMEHBIIAeT 3aTpaThl Ha MPOBE/Le-
Hite GOMBIION0 KOAMYECTBA JOPOLOCTOSIINX M TPYAOEMKHX 3KcnepumenTos. B
CBA3M ¢ 9TUM, 3aJaa MOJeINpoBanns razoaunamuky crpyit BH-miasmbr nonn-
JKeHHOro JABJIeHNs sIBSETCA aKTyalbHO.

OHUM U3 NapamMeTpoB, ONPeJeTA0NIIX XapaKTep TeUeHus rasa ABJIaeTcs

queno Knyacena, Yneno Kayacena Kn ana ueifrpaJbHOrO rasa HaXOJUTCT B
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auanazone 8-107% < Kn < 7-1072 [Tpu srom uncna Knayucena s snekrpon-
Horo rasa 1079 < Kn < 107!, ana rasa nonos 5-107* < Kn < 5-107%, Hosromy
B Auanasone gapjeduit p = 13.3—133 Ila npu pacxoze raza G = 0—0.25 r/c re-
UeHHEe HEHTPAJIbHOIO ras’a MPoNCXOAUT B MEPEXOAHOM PEXKIMe MEesKy TeueHem
CILIOLIHOM CcpeJibl U ¢BODOAHO-MONEKYIAPHBIM TOTOKOM.

KpasnneiiTpasibuas miazma XapakTepusyercs KOJIeKTHBHBIM B3aHMO1eH-
CTBHEM 3apsxKeHHbIX yacTuil. IIpu pasjgenenun 3apsKeHHBIX YACTHII BO3HUKA-
0T 3HAMUTEIbHbIE KYJIOHOBCKME CHJIBI, KOTOPBIE MPUTOPMAKHBAIOT I1€KTPOHbI
M YCKOPAIOT HOHBL. B pesynbrare snekTponsr n noubl Audynanpyor B napax.
Taxum obpaszom, B KBasHHEHTPAJILHON 1JIA3Me CPEJIHIE CKOPOCTH 3JEKTPOHOB I
WOHOB PABHDI, 103TOMY JINIA OLEHKN XapaKTepa TeHeHus 3apsizKennoil KOMIOHeH-
Thl NJIA3MbI LeJlecoobpasHo ucnoib3osarh ducao Knyacena anst wonos. Takuwm
obpasom cnemudguieckoil ocoberrocTbio Teuenus nnaszmbl BY-paspsaga nownn-
HKEHHOTO JIABJICHU S ABJISIeTCH COUeTAHNE NePEXOIHOT0 PeKUMA, J1Is HEHTPATbHOM
KOMIIOHEHTBI # PeXXUMa CIUIOUIHOA CPeJibl JIs1 3apsiZKeHHOH KOMIIOHEHTHI.

Anajnz TuTepaTypHBIX JAHHLIX HOKAZAJ, YTO Ia3olHHaMIIecKne MO,
3aXBATBIBAIOIIHE YaCTh AHANa30Ha [ePexo/HOr0 peyknMa TeUeHns rasa, Xapak-
TEPH3YIOTCS TPEMS OIXOTAMMN:

1) mogenn ypasuennii Hasbe-Crokca B nepsom npubixennn (8],

2) mozenn ypasuenuii Hasbe-Crokca ¢ BBejienHoil BTopoit BASKOCTBIO [9]

3) erarucruueckue mogenn Mounre-Kapio, ocHoBaHHble Ha ypaBHEHHH
Bonsumana [10].

[Tepsbie apa nojaxojia K MOAEJNPOBAHKIO TeUCHUIT Ta3a yCNelmHo IpUMeHs-
IOTCS JYIst PEXKUMa CIUIOITHON ¢pejibl i 3aXBATHIBAIOT YACTH JANANA30HA Hepexo/i-
noro pexkuma redennst (Kn < 107%). Tperuii noaxo, B 0OCHOBHOM, IIPHMEHSIETCH
JUIsA CBODOIHO-MOJIEKYIISAPHOIO pexuma Tevennsd rasa (Kn > 1).

st MosenupoBanns ra3’oiMHAMUKH IOTOKOB HU3KOTEeMIIEPATYPHOI [171a3-

Mbl OOBIYHO [MNPUMEHAIOT MOJIEhH CIJIOILIHOI cCpeasl, OJIHAaKO, B /AHala3zoHe jJaBlie-



Huit p = 13.3 — 133 lla, gannas Mojiesib He TPUMEHMMA, TAK KaK HEe pacCUHTaHA
Ha ee MCTIOJIL30BAHUE JUIA [NePeXOAHOr0 peXkuMa TeYeHus.

[TockoibKy XapakTepueTHKN TeUYeHHs ONPeesIsioTes B OCHOBHOM TeMIle-
paTypoii, 1aBJICHHEM U CKOPOCTbLIO HECYIero rasa, To yCJIOBHMCS Ha3biBaTh pe-
KHUM TevdeHns BH-nnazmbl nepexognbiM, Takxke Kak peskuM TeYeHHus HeCyllero
rasa.

Kak ckazano ssiie, tedenne BY-m1a3Mbl NOHNMKEHHODO AaBileHust ocy-
HeCTB/AeTCs B nepexoaHoM pexkume. [liis reqenus HeiiTpaabHONO rasza Brepe-
XOJIHOM PeXKHMMe He CYHIECTBYeT YCTOABIIMXCS Mojesell Tuna ypastuenuii Hapbe-
Crokca. a Juid NPUMEHeHUs CTATHCTHYECKHUX MEeTOM0B JUIs MOJACIHHDOBAHUA I'a-
sonnHamMukn BY-nnazmel B nepexojiHoMm pexxume Tpebyercst pazpaborka HOBOI
CHEIHAJIBHON MOJIEJIH.

B nocaepune jecsruierns, BBULY pocTa MPOU3BOJINTEIBHOCTH BbIYHCIIH-
TeNLHON TeXHUKH, MOSBHIACH BOZMOMKHOCT b MOJIYYCHUS CYIIECTBEHHO HOBBIX Pe-
3YJILTATOB JUIS TeveHnil ra30BbIX NOTOKOB B IIEPEXO/IHOM PEXKUME, B TOM YHCIe 1
JACTHYIHO-HOHHM30BAHHLIX ra30s. B cBa3u ¢ 3TuM nogasuIach BO3MOKHOCTE MOJle-
JmposaTh Tevenne BYH-11a3Mbl HOHMIKEHHOIO JaBIeHAA B IePeXo/IHOM peKiMe.

Weccneposanus B obnacru ¢usukn miaszmbl BY-paspsajios B nacrosiee
BpeMsl MHTEHCHBHO NpoBoaaTcs Bo scem mupe |1, 2|. Ocnosuble rpynnsr ne-
aneposareneii paboraior 8 CIIA (M.J.Kushner), Kanage (M.Boulos), ®pan-
wun (J.P.Boeuf), Huzepnangax (Godheer), Poceun (FO.I1.Paiizep), HOxnoit Ko-
pee, Kurae. OcHOBHbBIM HapaBIeHWEeM 3THX MCCAC0BAHUI sABISCTCA U3yUeHue
cpoiicTs BYU-1y1a3Mbl B pasyinyibiX YCJIOBUAX, pa3/invHbIX razax. Pabor, nocss-
HIEHHBIX VUCCIIEIOBAHWIO Tazo/iMHaMuYecKnX napaMerpos BY-nnasmer nonmxken-
HOTO JIaBJEHUS B NMePexojiHOM peskuMe TedeHns dpesBbivaiino maiio.

B eBasu ¢ aruMm, rema HUP apasiercst akTyanbHOl 1 UMEeT Hay' HYIO 3Ha-
HHUMOCTb.

OcnoBanuem s paspaboTku Tembl ABisieTcsa noxeprsopanne BP-Pocenn

C49-12 or 13.01.2012. HexopnbiMu JaHHBIMK JIIA pa3spabOTKH TeMBbl SBISIOTCH
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Pe3yIbTaATLl NPEABAPUTENBLHLIX HCC/IeA0BAHMN, BBINOJHEHHBIX KOJJIEKTHBOM UC-
nosHuTeNel B npebiyme rojasl [11-22], a Takxe undopmanms us Jureparyp-

HbIX MCTOYHHUKOB.
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1. Pazpaborka maremMaruveckoil Mojgeam u
YUCJIEHHOI0 MeToJa /IJisd MOJECJUPOBAHUS CTPYIi-
HOTO TeYeHUd HEeWTpaibHOW 1 3apsaKeHHOl KOM-
noHeHT BY-mia3Mbl 11pu MOHU>KEHHbBIX JIaBJICHUIX

].—[()("I‘].')OEI“I'(I. MaTeMaTHYeCKa:d MOJACIL Ta30/JJMHaMHUKM (‘,ri']')'\/ﬁi'l(')l‘() Tevermns
BY-minasMbl HOHUZKEHHOTO AdaBJiecHUA B NMepexojJjnoM pexKume Te'leHMst.

Pﬂ-(!(TMa'I‘pHB’ch'I‘(,'}'i TeHeHHe ILTa3Mbl B YCTAHOBUBINEMCH Bq—lﬁlaf'il)ﬂll(? B
NpeAnoJoOyKeHun, 910 ])EL()O‘]I-IH raz ABJAeTCH MHCDTHBLIM M TLIa3Ma COCTOWUT U3
HAaCTHL TpexX copToB: H('-)}?I'I‘I)EI.J'IbI-Ib][-". ATOMDbI, JICKTPOHbBI U MOJOXKHTEJIbHbLIE O-

HO3apPAJIHLIC HOHDBIL.

1.1. Omenka ocHOBHBIX napamerpoB BY-nsiazmbl MOHMXKEHHOTO JlaB-

JIEHMH

Obuee onmucanne BY-niazmMbpl npu NOHUYKEHHOM JIABJCHUH, KaK [10Ka3a-
HO B (35|, upe3sBblYaliHO CIOXKHO, TAK Kak BK/IOYaeT B cebs NOMHYIO cHCeTeMy
ypasHenuit Makepesia, ypaBHeHus JUHAMIKN [JIOTHOCTH, SHEPPHH M UMITYJILCA
YACTHIL IJIA3MbBI ¢ yYeToM 3aBucuMocTeil Koa(hOUIUeHTos nepeoca 1 Matepm-
AJIbHBIX YPABHEHUIT OT [JIOTHOCTH W 9HePrun Jactuiy [35)].

OJIHO U3 OCHOBHBIX YTIPOMEHWI MOMTHOI 381481 CBA3aHO ¢ YUeTOM MacilTa-
HOB NPOLECCOB, TPOTEKAIONINX B MOTOKE KBA3HHEATPAABLHON MIa3Mbl. XapakTep-
HBIMH MacIITabaMi CTPYN ABISAIOTCS PAJAMYC Pas3psaaHoil kameps By ~ 1072 w,
BpeMst Jndpy3un 3apaKeHHblX YacTUIl K IPaHULe CTPYH Tyif ~ 1072 ¢ u epej-
HIE SHEPTHN HMeKTPoHOB £, ~ 1 = 4 3B u nonos £; < 0.4 5B.

Opunm u3 (pyHIAMEHTANBHBIX MTAPAMETPOB I1J1a3Mbl, OIPEJIEsIAIONNM BO3-
MOYKHOCTB PACUYeTHOTO MPEJICKA3aHus ee CBOHCTE, sIBJsIeTCsl CTeNeHb Hen1eallb-
HocTH. Kpurepnem njaeanbHOCTH (MM TEPMOJMHAMIYECKOrO COBEPIIEHCTRA) 5B-

JAeTeH MaJlocTh CpejiHe i1 9H €pPruy B3anmMole HCTBUST YacTHIL 11O CPaBHEHHIO C KX



kuneruueckoil sueprueit. Ipu p ~ 133 Ia, T, ~ 10° K crenens neupeaibio-
CTH [J1A3Mbl OTHOCHTE/ILHO B3aUMOJEHCTBUSA ¢ yHacTueM HellTpajibHbIX YaCTHII,
HallpUMep, aToM-3JeKTpon (a — €), aToM-aToMm (a — a) WiIn aToM-HoH (a — i),
nperebpexnmo mana [36].

Cpentee BpeMsi MexK/y CTOJKHOBEHUSAMU YacTHIL T, OOPATHO MPONOPILHO-
HAJILHO YacToTe CTOJMKHOBeHUH 7= 1/v.

VunTeiBas NpHBEJCHHbBIE B |2] pesy/ibTarbl H3MEpPeHuii V., MoayvuM, 4To
cpejiiee Bpemsi MeXK/Iy CTOJKHOBEHHAMM 3JIeKTPOHOB ¢ aroMamn 7. &~ 10710 —
1079 ¢,

MacimTab crionrantoro pasjiefieHus 3apsaj0B B KBa3nHelTpaasHoil miazme
OIPEJACJIACTCA PAJUYCOM IKPAHUPOBAHUA NMOJIA 3apAXKeHHON YacTHLbl, KOTOPbIl
B BAealbHOM 11asme pasen j1ebaeBCKOMY pajuycy rp.

B pacemarpusaembix yenosusx rp < 1077 M, 4T0 MHOrO MeHbIIE pajii-
yea paspsja. dnddysusa 3apsrkeHHbIXx 4acTUll B [JIa3Me TTPH 9TOM SIBJISETCS
ambunonspuoi [34],

UsBecTHO, 4T0 OCHOBHBIM MEXAHU3MOM YXO0/1a 3aDAAKEHHBIX YACTHIL U3 Das-
psia MpH HU3KUX U HOHNKEHHBIX JIaBJCHNUAX sipsiercd uX jaudpysus u noce-
nyiomas pekombunaiius na crenkax kamepst [31]. Tlostomy xapakTepHbiv Bpe-
MEHEeM MaKpPOCKONMYeCKHX U3MeHeHril B janHom caydae Oyner spems andpdyzun
Tdif MEKTPOHOB M HOHOB K rpanuue paspsja. OHo obpaTHO NPONOPHUOHATLHO

qacrore anddysnonnbix yxonos |37
viig = Tap = D/A? (1.1)

rie D - xoadpdpunment auddyzuu, A - xapakrepnast audpdysnonnasn JiunHa.

s npnunapa paguycom R w o gnnnoit L sunagenue A onpejessiercs cOoOTHOLIE-

ayem [33] 0 405\ )
A= (“'h O) + (—ﬁ)“. 1.2
R L (1.2)

[lpuanvag cpejnee snavenne koadhdunmenra ambunonspuoii anddysnn

D, = 5-10° m?/c [37], quamerp crpyu By ~ 1072 m, L1 =~ 1071 m, nosuy-
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qMM, 4TO XapakTepHoe Bpems Juddysun 4 = 1073 = 1072 ¢. Yunrbisas, 4o
le/R<1ut/7y - npubinzKeHe CaoHON cpelibl I ras3a 3apaXKeHHbIX
HACTHUIL SBJAACTCS puemMaeMbim |34].

M3BecTHo, 4TO NPH NOHMMKEHHOM JaBIEeHHH B TUIA3ME OTCYTCTBYET JIO-
KaJibHOe TepMojuHamudeckoe pasuosecue [38]. OTkionenne oT paBHOBECHONO
cocrosinns B BY-paspsijie Bui3biBaeTcs crenmduKoil npouecca nepejadn sHep-
UM 9JEKTPOMArHUTHOTO TOJISE H4acTHIaM (3JeKTPHYECKOe 110J1¢ — HNCKTPOHDI
— aTOMbl M HOHBI), YTO NPUBOJANT K 3HAYUTE]LHOMY NPEBBIIIEHUIO HJIEKTPOH-
HOIl TeMmIepaTypbl oTHOCHTeNbHO rasooil [36]. Tlosromy npu nocrpoennn ma-
TeMATHYCCKUX MOJIENel MIa3sMbl OJIHMM N3 OCHOBHDLIX SABJISAETCA BONPOC O BHJE
dbyukuun pacnpesesenis saekTponos. OT Hero 3apucaT BeIDOP cHCTEMbl Napa-
METPOB, XaPAKTePU3YIOLUIX COCTOSHUE [1J1a3Mbl, BUJIL yPABHEHUH, HCTIOIb3YeMBIX
JUIS ee OMUCAHUA M COOTHOMEHWH, CBA3BIBAIOIMX KO MUIHEenTs nepetoca ¢
SHEPIHsAMHU YaCTHIL.

B yenosusx, THIMYHBIX Ui nporekanus BY-paspanos nonnkenHoro nap-
aerust (B < 10° B/m, v =~ 10° ™1, T, < 4 -10* K), byuxuus pacnpejenenis
31eKTPOHOB 110 9Heprun 8 BY-muasume npu gasnennn 13.3 < p < 133 Tla 6nnska
K MaKCBEJLJIOBCKOI.

JunaMuka 3J1eKTpo-MarHiTHOTO 10JIsl ONUCHIBATCS CUCTEMON ypaBHEHU i

Maxkesesia

rot H :j—lu%, (1.3)
ot E = —92, (1.4)
div H =0, (1.5)
divD =p (1.6)
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Cocrosnue 3apsizKeHHOl KOMIIOHEHTH J1a3Mbl () = e, 1) onucbiBaeTces {36—

38| ypasuenusiMu Hepa3pbIBHOCTH

on, , _
0—; +div (n,v,) = n,, (1.7)
VPABHCHUAMU JIBUZKCHUS KaZKJ0r0 KOMIOHEHTS,
v, o
™M, E + (v, - grad) v,| = F, — grad p, 4+ Diva, + R, (1.8)

W ypasiHetHuAdMH Nepeqoca BH}’TPE‘-HHF.‘.I'-’I DHEePTHUI

T \ !
gn_-, (% + v, - grad 'IJ) = —p,div v, + ”zt:j frn.g% J —divg,+Q, (1.9)
3peck j — BekTop miorHoeru Toka, B, D — BexkTopbl MarnwTHON HHIYKIHK
H 3JIEKTPUYECKOr0 CMEIICHUs, p — [IOTHOCTH ¢BOOOAHOIO 3apsjia, V, — BeK-
TOP MaKPOCKONMUYECKON CKOPOCTH, 1, — Pe3yJIbTUPYIOUIasl JIOKaIbHas CKOPOCTh
poxaenust u rubemm qacrtun, F, — BekTop 06beMHbIX CHII (noutlepoMoTopHas,
CHJIA TSKECTH M Ap.), T, — TeH30p BA3KUX Haupskenuit, Div — ero jusepre-
und, R, - nmnyise, nosyvaeMplii 9acTHiiaMu JIaHHOrO COPTa OT OCTaJIbHBIX, (
— 1OTOK Temta, (), — o0bemMHad IOTHOCTL UCTOYHUKOB U CTOKOB Teria.

Cucrema (1.3) - (1.9) jgonosausiercs MarepuabHbIMU YPABHEHHAMH JICK-
rpojuuamuxy [39,40)

B =4iH, D =¢E, (1.10)
rje fi, € — TEH30Pbl MArHUTHON 1 JHAJIEKTPUIECKONH MPOHUIIaeMOocTel, BbipazKe-
HUSIMU JLIs BEKTOPOB IIOTHOCTH TOKA, OObEMHbIX CHII, HePejaBaeMblX HMILYJIb-
COB, TIOTOKOB TEIJIa, KOMIOHEHTOB TEH30POB BA3KUX HaIlPAKEHH, MarduTioi
H JIMICKTPUYECKOH NpoHuuaeMocTeil, TepMOJAHHAMUEeCKHMEU YPABHEHNAMN CO-
CTOSIHHUS, W JAPYIHMU COOTHOIIEHHSAMHA, KOHKPETU3HPYIOUIHME XapaKTePUCTHKH
cpejibi [35,36,41].

Cucrema (1.3) - (1.9) npn yuere Bcex B3aMMOACHCTBUMI sBJSIETCA CY-
HIECTBEHHO HeJuHeiHoi. 3ajady MOKHO 3HAYUTENbHO YIPOCTHUTh, HUCKITIOMHB
H3 pacemorpenus psji ahhekToB, BiMsHAe KOTOPLIX, B cuiy cremuguxn BY-

paspsJios U DOHM2KEHHOrO JIaBJaeHdd rasa, ne CyuecrBento.
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1.2. MaremaTu4deckast MOJeJb CTPYHHOro Tevyenns BYU-maa3mbl nonu-

ZKEHHOro mapJjieHus ¢ 1npoayBOM rasa

AHaln3 W OUEHKA XAPAKTEPHBIX Macurrabos 9JeMeHTAPHbLIX [POIECCOB
B MJ1aszMme nokasajun, 4910 B crpye BY-mnasmbl HOHMKEHHOTO JaBJeHHS YHCIO
Kuyacena Kn ans snexrponnoro rasa 1072 < Kn < 107!, anst rasa nonos
5-1074 < Kn<5-1073, qus Hefirpasbtoro raza 8- 107% < Kn < 71072,

BsaumozeiicTeie Mexxy 3apsKeHHBIME HACTULAMYE B PA3PSIAE OCYILIECTB-
JIACTCA JAbHOJIEHCTBYIOINMHE KYJIOHOBCKMMHU custamu. [lnasma B 1enoMm Kpa-
suHedTpalibHa, TO eCTh 1eKTPoHbl ANMMYHIUPYIOT €O CKOPOCTHIO HOHOB, YTO
JA€T BO3MOKHOCTH PACCMATPUBATE TEUEHUHE JTCKTPOHOB B 110ToKe BYU-miasmbl
B peXKHMe CIUIOIIHOI Cpejibl KaK M TedeHue HOHOB. Takum o6paszoM, cTposiiia-
Acst MOJIedb crpyiiHoro Tevenust BY-11a3Mbl MOHUAKEHHOTO JABICHUS SIBJISIOTCSH
KOMOHHUPOBAHHOI, TO €CTh B Hell PEANN3YeTcs MOAETb TeUCHMUs HelTpaJibHbIX
aTOMOB B IE€PEXOHOM DEeXKUME U MOJIe/Ib CINIOLIHON CPe/ibl IS 3AEKTPOHOB I
HOHOB.

[Ipu nocranoske 3a1a4u MOAENMPOBAHNS CTPYitHOrO Tevenust BU-niasmpl
MOHUZKEHHOI'O JIABJIEHNA B HEPexo/IHOM PexKuMe, BBUAY He3HAUNTETbLHOCTH 116-
PEUMCIEHHBIX SBJCHNUH JUIs JaHHOrO BHJAA IU1a3Mbl, HpeHeOperkeM Hporecca-
MU NIPHJIHTIAHUA 3JCKTPOHOB, BO30YK/ACHNA aTOMOB, 0OLEMHON pekoMOUHALLN-
eit, obpasosanuneM MHOrozapsiiHelX HOHOB, addextom Xosna, nMpocKaib3biBa-
HUEM HOHOB, I'DAJIMEHTOM 3JIEKTPOHHOIO JABJICHUSI, [OTEPAMHU IHEPIUH HA H3-
aydenne. Ipeanonoxnm, 4To OCHOBHBLIM MEXAHU3MOM DPOXKIEHUA 3aPIKEHHBIX
HaCTHIL ABJSETCH yJapHas HOHMBALNA, CPela SABISIETCs W30TPONHOM, HE rupo-
TPOIHOI, 3JEKTPHUECKOE 110JIe B COMYTCTBYIONIEH CHCTEME KOOPAMHAT COBIATACT
¢ mosieM B j1abopaTopHOil cucTeMe KOOPAHHAT, TeMIepaTypa HOHOB COBNAIaeT ¢
TeMIIEPATypoil HeliTpaJbHBIX aTOMOB,

Upeanonoxum, uro Bakyymuas kKamepa BY-nsiazMennoi yeTaHOBKH [10HH-

KEHHOrO JaBienus npejcrasiaser coboil nuauuap pagauycom Ry u anunoil L.,
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Puc. 1.1. [Ipunuunuanbias cxema j1asMentol yeTaHoBKH.

B KOTOPBIH yepes orseperue pajuyca R, nocrynaer noToK niaasMbl NOHUZKeH-
noro gassenust (puc.1.1). Crpyst BH-1m1asmbl noHUAKEHHOrO JlaBJieHis BbITeKaeT
HEepe3 BBIXOJHOE OTBEPCTHE MJIA3MOTPOHA PaAnyCcoM R, KOTOpOe pacionoxKe-
1o na 6asoBoii maure (puc. 1.1). Paspsja renepupyercs ¢ noMOIIbIO HHAYKTOPa
W/UiM BHELIHHX KOJIBUEBLIX 3JEKTPOJIOB, COOCHBLIX ¢ paspsaaHoil kamepoii. Bee
rpaHUYHBIC YCJIOBUSA IS BAKYYMHOI Kamepsl Oy/ieM ycTaHaBJIHBaThL Ha CJIejy-
orrpx obsracTsax, 0603Ha4eHHBIX HHACKCAMU: BXOJIHOE OTBEPCTHE BaKyYMHOI Ka-
mepbl - inlet, soixoanoe - outlet, obpasent -body, ocrajbible CTEHKH BAKYYMHOI
Kamepbl - walls.

Wcnoabsys (opmyiy st onenkn ducia Peiinonsica [29] Re = pvd/p,
e d - XapaxTepHblil JHaMeTp CTPYH, [t - BA3ZKOCTD r'a3a, MOYKHO NPUOTHZKEHHO
oneHuTh uncito Peitnonbaca B crpye BH-nrasmbl kak 2 < Re < 700. Yuncno
Maxa jutst Hatero ciydas ouennsaercs B auanasone 0.1 < Ma < 1.

B BujLy BBIIEH3I0KEHHOTO JIs HOCTPOeHs MaTemarudeckoil mogenn BY-
H1a3Mbl TOHUKEHHOTO JIABJICHUA BOCIOJb3yeMesl YPABHEHHAMN HEPA3PbIBHOCTH

W COXpAHEHUs IHEPTHH IeKTPOHHOro raza U3 cucreMsl ypasuennii (1.3) - (1.9)
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¢ yueroM gomnyiienuii naparpada 1.1, a aaga €Hecyuero rasa npeobpasyem ypas-
nenne Bonbumana, BBeist CHILY, OTBEHAIONLYIO 34 Nepejavy IHeprau oT rasa sa-
PSAYKEHHBIX 1ACTHIL HefiTpasbHO# KomnonenTe BY-nnasmel (Hecyumit ra3) nonu-
JKEHHOTO JIaBJICHNA.

[Ipu ykazanHbIX BbILIE PEANOJOKEHHAX MOJIENb cTpyitHoro Tedenus BH-
M1a3Mbl HOHUKEHHOTO JIABJICHUST OIMUCLIBACTCH CHCTEMON, cocTosimeil na:

1) ypasuenusa Boavumana g (yHkuuu pacnpejenenns HeiiTpaabHbIX

aromoB f(c.r,t) 1o cKopocTsim:

df af = oOf B
o te s+ F oo =S(f), (1.11)
f(e,r,0) = fo(c,r),
F = —Lgrad Wi,
My

2) ypaBHeHHnii HEPA3PLIBHOCTH M COXPAHEHUS SHEPIUHU JUIA 3JICKTPOHHOTO

O, diy (Dagrad ng — Vane) = Vitte \L13)

ot

cj,,pﬂ% — div (/\egrad Ts— gk:gn.c vaf) 4

3 {
+§k735rlc'n.e (T, — T.) = 0 E* — uin Ej. (1.13)

Baecw f(c,r,t) - dyukius pacrnpejiejnednsd NJA0THOCTH YacTull HeHTpaib-
HOM KOMIOHEeHTHI J1a3Mbl B (pa30BOM [POCTPAHCTBE, € U T' - BEKTOPA CKOPOCTE
M KOODIHHAT COOTBETCTBEHHO, fo - MakcBesoBekas (hyHKINs pacrpejleenns
no cxopocram, S(f) - unrerpan CroJNKHOBEHHI, F - NpUBEJACHHAs CHIA, Jiei-
CTBYIOLIASl HA HEHTpajibHble aroMbl B HPOLECCe YOPYIUX COy/lapeHHil ¢ S71eK-

tponamu, Wy - aneprus, nepeiapaeMasn HeHTPaibHbIM aTOMaM J1EKTPOHAMU B

21



npouecce ynpyrux coyapeHuil, 1, - KOHUEHTPAIUS JIEKTPOHOB, V, - BEKTOD
CKOpoCTH 3JeKkTponos, D, - koapgduumnent ambunonapuoii guddyzun, v; - va-
CTOTA MOHUBALUH, A, - KOA(DDHUIMEHT TEILIONIPOBOIHOCTH IEKTPOHHOTO rasa, ¢,
- TEMJIOEMKOCTD 3JIEKTPOHHOrO rasa, kg - nocrosiunas Bonbumana, Er - noren-
IMaJ HOHH3AINHN, V. - HaCTOTa YIPYTHX CTOJKHOBEHH{T 3JeKTPOHOB ¢ aTOMaMu
H MOHAMH, 0 - MPOBOAUMOCTb MIA3MbL, 0 = M, /2m,, m, — Macca aroMma, m, —
macca sekTpona, p. = skgT.men,.

['panmnansie yenosus jus ypasuenus (1.11) yeranaBausarores npu peajin-
sanuu qucstennoii exemsl MmerogoM [ICM. Vpasuenus (1.12)-(1.13) nononusiores

crnenyiomumMn rpadtdaibiMi 11 HaYdaJdbHbBIMI VCJTOBHAMHI

nf‘linlvt = n"’:‘ntnr? n"lmltlet = 0’
r —_— [ — n —_— iy /
n't"'wai]:-a o 0 n'ffllmtly o 0’ Melp—g = ey, (114)
o . n )
T"\l'liI]IEl- - Tff-nm:m I-’[OUT-IBT T jﬂﬁuum’
aT, .
I [wa.lls = Leroomt E)—n o =0, 7:-r||_=0 = I"fu (110)
hody

Kosddunnenrsr D, v;, A\, siBasgiores (pyHKIPAMEI JI€KTPOHHON Temuepa-

Typbl T, u nHaxoasTea uz coornomenuii (77) n (77),

va(r, t) = ]zt:f(&r,ﬁ)dc, Pa = nakpTa,
71(.%621/{.'
me (V2 + w?)

— Vi) , CF= /_'xl_czf(c, r,t)dc,

Ve =V, — (Dy/n.)grad n., o = . (1.16)

L' ]

B mac’? My
“ 3kp Skg(
rpe T, us coorromenuit (1.16) onpeaenena s OJHOATOMHONO HECYHero ra-
3a [53).

Takum ob6pazom, MmaTemarudecKas Mojeldb crpyiiHoro tedenns BY-

JIA3MBI TOHUYKEHHOrO JlaBjenus spjasercs KombuHuposanuoii. IToaromy neob-

XOHUMO pa3 pdG ATBIBATH CHENUAJILHBIA YHCACHHBIHT MeTo/I.
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1.3. Paszpaborka YHCIIEHHOTO METO/Ia PelIeHus 3aJia9u CTPYHHOro rTe-

Jenusa BY-miasmMel noHM>KEeHHOTO JIaBJeHus

1.3.1. Yucnennslit MeToq pacyeTa OCHOBHBIX XapPaKTE€PHUCTHK CTPYii-

Horo tedeHnsi BY-nazmel mOHMKEHHOTO JJaBlieHAd

st pacuera crpyiinoro revenus BY-nuasmbl noOHMMKEHHOro jaBieHms
UCITOJTB3YIOTCS CJeAyIolHe nojaxo/bl. Y pasuenne BoabiMana pemnaercst ¢ 11o-
MOIIBIO METOJOB CTATHCTHYECKOTO MOJICIMPOBaHus, 4 ypasHenus auddysun u
JNEKTPOHHOI TEIONPOBOJIHOCTH - METOJIOM KoHeuHbIX obbemos (MKO).

Meroy I'\Bépja xopoio onuesiBaeT razonHaMuydecKne mponecesl B nepe-
XOJHOM PeXKUMe JUUIs TeHeHHsl HeHTPallbHbIX PaspesKeHHbIX as0B.

[orok mnasmpl OTIIHYAETECA OT HOTOKA HEATPAIBHOTO rasa HAJMYHEM Pac-
PeJeJIeHHOIO 110 00beMy HMCTOMHUKA TellJia, TakK Kak B pesyibTare YIpyrux
CTOJIKHOBEHUII 3JIeKTPOHOB € aTOMaMi W HOHAMH TPOUCXOJNT HATIPEB TSHKEJbIX
HACTHLL

Hacrora yupyrux ¢ToMKHOBEHHI, MTPH KOTOPBIX NPOHCXOJANT 0OMEH 3Hep-
rueil Mex<ry dactuiamu miasmel, B BU-paspsae nonmxkennoro pgapjieHusi v, ~
1019 — 10" I'n. B ynpyrux cToOAKHOBEHUAX 3JEKTPOHDI NePeaior aToMaM IHep-
[HIO

B = gﬂtgduﬂne(Tc —T,) (1.17)

y,[le.l'l]')ﬂ)f]() MOIIHOCTL paclipe/ef/leHHOro HCTOMHMKA Tellyla MOYKHO 3allHcaTbh B

Bl

Wi = [ E,dVdt, (1.18)

rie dV - snement obbéma.
B cBasu ¢ arum npumenenne merona [.Bépaa s pemenns 3ajgayn Moje-

JIMPOBaHWA TTOTOK: BY-rmrazmbl noHMKEHHOTO JdaBJeHsa Tpeﬁyefr ero M()IU[(I’)I‘I’-
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Kalli#, YHUTbIBAIOUEH HATHYNe DACIIPEeJeHHOr0 HCTOMHUKA Telaa U COMTAcO-
BaHUsA C MOJE/IbIO CIJIOUIHON CPeabl Il NOTOKA YJIEKTPOHHO-HOHHOTO raza.

Hnsa pemenust cucremsr ( 1.11)-(1.16) cTpoutes aByxCTyneHuaTii nurepa-
unoHHbI npouece. B navane merogom [TCM I"Bépna [53] HAXONTCH pelieHne
sagaun (1.11), uz koropoit onpenensiiorest v, T, u Pu- DTH 3HATEHUS UCTIOJIB3Y-
[OTCA Janiee JUId pelenns Kpaebix sajay (1.12), (1.14) u (1.13), (1.15). Jdanee
n3 noacucrem (1.12) u (1.13) naxousirest n, u T, KOTOPBIE UCHOJBL3YIOTCS B
sajtave (1.11) va caeayomuem mare urepaluuonnoro nponecca. [ponece nponoi-
HKaeTes 10 JOCTHXKEHUs CXOAUMOCTH, KOTOPas OIEHUBATACH OTHOILEHUEM M0C16-
JIOBATEILHLIX TPUONMKEHTT B HOpMe

2+l _ i
- < e, (1.19)
D€ 2 NPUHUMACT 3HAUCHUA Do, Ne, T, & ¢ - HeBaA3Ka (< 10_2).

Hnst pemennst ypasuenns BonbiMata B KauyecTBe OCHOBHOI pacyeTHol
eJMHUILI BRIOpaH seMenTapHblil 06béM, conepxxatimii 101 aromos rasa (Me30-
gacTuia). Cunraercs, 4T0 B ME30YACTHIE BCe ATOMbI 0BJa1a10T OJMHAKOBBIMH
XapaKTePUCTHKAMH, TO €CTh Me30YaACTHIIA IPEICTABIACT BeCh aHCAMOIL ATOMOR
BEIOPAHHOIO BJIEMEeHTAPHOIO 06beMa.

Hust Beibopa KommuecTsa peanbHbiX aTOMOB «BXOASANINX> B MEe304aCTHILY,
Obil 1poBesien YNCACHHBI HKCHCPUMEHT JIIsl PASINYHOTO KOJMYECTBA ATOMOB
B Mesouactuie (10" — 10'%). Veranosneno. uro mis pPACCMaTPUBACMOro JIHa-
Na30Ha NapaMeTpoB TeYeHHsl YAOBITBOPUTEILHBIM SBISICTCS HCHOAB30BAHIE B
KaqecTse OCHOBHOH DPAaCUeTHOMl eJIMHUIBL 3JeMEeHTAPHbI 06bEM, cojpepkaliii
10" aromos.

st pemienus ypasuennst (1.11) B pabore nenosbsyercs MO UITTPOBaH-
ubtit noaxon [.Bépaa.

Momudummposanupiii noaxon I'Bépaa cocront uz cienyiommx sranos:
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1) Pasbuenne reomerpun pacuernoii obnactn Ha sueiiku 3aJaHHOr0 06be-
Ma;

2) lenepanus Me3ouacTuil Ha ocHoBe By HK LN pacnpeneinenus Makcsesia
H COOTBETCTBYIOIIMX HAYAILHLIX M MPAHMYHBIX YCJIOBHIT B stueifkax pacueTHoil
obnacru;

3) Pacuer crosiknOoBeHMil ME30UACTHIL, BLIYMCJICHHE HOBBIX CKOPOCTEH
HANPaBICHUN JIBHKEHIST ME30UYACTHIL;

4) Cipur ME304ACTHIL B COOTBETCTBUH ¢ HX CKOPOCTSIME H IIATOM [0 Bpe-
MeHH, (PUKCALMST ME304YACTHIL B HOBLIX SUeiiKax;

5) [puvenenue sueniteii cuint F, JEHCTBYIOMEH HA MEe304aCTHILb.

[Iponeaypa mMerojga npsaMoro cTaTHCTHYECKOr0 MOJETMPOBAHMS COMTACY-
ercst ¢ ypaBHenuem Bosbinmana [53].

Hemuneiinbie kpaessie 3agaun 8 (1.12), (1.13) nuneapusyiorcs MeToaom
CHOCA HeJIMHEeHHOCTH Ha npeabliyumii cioi . [lonyuenusie B pesynbrare -
nefinble JudpepeHinaibible YPABHEHUs IUCKPETU3YIOTCS ¢ [TOMOIIBIO METOJIa
KOHEYHBIX 00beMOB.

B merose koneunbix o0beMOB JIsl KAXK 00 KOHTPOJILHOrO 0bbema ), 06-
PasOBAHHOTO MOCTPOEHHOM ceTKoil, s ypasHenuii (1.12), (1.13) sanucbiaorest

DaTaHCOBBIE COOTHOIICHUS B narerpaJibHOM BHUJE

on, : ‘ | N
/s ) Be d§) — ZA: ]S‘;-. (D,grad n, — v,n.) -nds = /( : vinedS), (1.20)

: dT. } 5 _
./51 c;,pt,—a-t—dﬂ — Z;.: /;& (Apglad T, — §k,gu€Tr-w) ‘nds =
= /;2 (—akgéu(.ne (To— TL) 4 oB° — u?-_-n.eE,r) ds?, (1.21)
rJle M - BeKTOP HOpMaJiu, Sy, - KyCKH MOBEPXHOCTH KOHTPOJILHOrO ofbema €.

Hanee, nus 6anancossrx ypasaennii (1.20) u (1.21) erpouTesa auckperHplii

aHaJ10r, HHTErPaJibl B YPABHCHUAX BLIMHCIIAIOTCA C [TOMOULBLIO KBAPATYPHBIX (I)Op-
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myJ1 Fayeca. Cxema umeer BTOpoil NOPSAOK AMITPOKCHManun HaJaHcoBbIX ypas-

netnit (1.20) u (1.21). Ilo BpemeHu B pacueTax HCIOIL3YETCH ABHASI CXEMA.

1.3.2. MeTtoauka rnpoBeieHusi YUCJIeHHbIX 9KCIIepUMEHTOB pacyeTa ra-

sognHaMukn BY-mazMbel HOHMXKEHHOrO JaBJIeHUS

Pabounmn napamerpamu BY-masmennoii yeranosku aBiasiioTest gasjienne,
TeMIEPATYPa | PACXOJ] M1a3Mo0bpa3yIoIero rasa, 4acTora MmoJs, Cujla TOKa HH-
JykTopa (ecin o6paboTka BEJETCs B HHJYKIIMOHHOM Pa3psi/ie), HalpsKeHne Ha
JEKTPOJIax (B pa3psijie eMKOCTHOTO THIIA). DKCIEPUMEHTAIbHBIE JIAHHBIE 110 PAC-
NpejeJeHnio 3JeKTPOMANHUTHOIO 10J15 B BakyyMHO#l Kamepe BY-mrasmennoit
VCTAHOBKH HCMOML3YIOTCS NP 38/laHiK [TPOCTPAHCTBEHHOrO pacnpeaeienns Ha-
HPSZKEHHOCTY NMeKTPUUECKOro nojis s ypasHeHuil nepaspbiBHOCTH H cOXpa-
HEHUsl SHEPIHN 9JIeKTPOHHOTO raza. Pasmepbt n kondurypanus BakyyMHON Ka-
mepsl BY-mnasmennoii yeranopku takxke ussecrun! [1]. [lo sanannbiv pasme-
paM CTPONTCS PeoMeTpuiecKas MOJeIb BAKYYMHON KaMepbl H TeHepUPYeTest pac-
gyeTHas cerka. Jdanupie no mnazmoobpasylomnemMy rasy # ero OCHOBHBIM a30]1H-
HAMU'YCCKUM XapaKTePUCTHKAM Ha BbIXOJE U3 MJIa3MOTPOHA Npeobpasylores B
HCXOAHBIE JaHibie (HAYadbHBIC 1 FPAHUYHDIE YCJIOBHUA) JUIA CHCTEMDI ypaBHe-
nuit (1.11)-(1.16). Tlocne onpejenenns MCXOAHBIX JAHHBIX JIIA HUCIEHHON CXe-
Mbl, ¢ TIOMOILBIO KOMIIEKCA MTPOTPAMM HPOU3BOAUTCH DacUHeT J1aB/IeHis 1 CKOPo-
CTH TeueHus HefiTpanbuoil KoMnoHenTbl BY-nsasMbl, KOHIEHTpaUN 31eKTpo-
HOB M 3JIEKTPOHHON TeMIIepaTyphbl ra3a 3apsiyKeHHbIX YaCTHILL.

Pacuers xapakrepuctug crpyifnoro redennsi BY-nuasmbl nonuzkenno-
PO JlaBJEHUs [O3BOJSIOT [POBECTH ONTHMHU3aluio pexumos paborsr BY-

IasMeH o VCTaHOBKHW MOHMMAKEHHOTO JTaBIeHA.



2. Pazpaborka KoMILJIeKCa NOporpamMmm JiJjist
pacydeTa JBYXKOMIIOHEHTHOI'O CTPYMHOIO TeYeHud
BY-n1a3mbl 1Tpy MOHU2KEHHBIX JIABJICHUAX

OnucwrBaercst aJIrOpUT™M H l!pOl'I)ELMMHbe;I KOMILIeKC [JIA pacteTa OCHOB-

HbIX XapaKTepHCTHK CTPY ftnoro reuenns BY-nn d3Mbl NOHHMKEHHOI'O JdaBJIeHnsd.

2.1. Onucanme aJropurmMa M NpPporpaMMHOI0 KOMILIEKCca JJisi pacdera
OCHOBHBIX XapakTepHuCTUK CcTpyiitHoro redenust BY-nyazmer mo-

HUKECHHOIO JaBJlIeHHNHA

st pacuera OCHOBHBIX Ta30JMHAMHYECKUX Hapamerpos noroka BY-
[J1a3Mbl TTOHHKEHHOIr0 JaBjienus paspaborTan nporpaMMHbIil KOMIIEKE, KOTO-
phlii TO3BOJIAET HAWTH NPOCTPAHCTBEHHbIE DACTIPEICTCHUS Ve, Pa, 1o, 1e, T, B 38~
jpannoil 3D-reomerpun BakyyMHOR Kamepbl JUId HEBO3MYIIIEHHONH CTPYH.

Kommieke mnporpamm mannean #a #spike OOl CH+ B cpeue
OpenFOAM [50] (nenosssyer 6ubauorexkn DSMC u FVM) n paboraer noa
ynpasaeanem OC Linux.

[IporpaMMuBIl KOMILIEKC COCTONT U3 CIELYIOMNX KOMITOHeHT:

1) Moayan (bash-ckpunT) s MoAeaMpPOBAHHA PA3INYHBIX 3aMKHYThIX
3D-reoMeTpuii UMAMHAPHUECKON BaKyyMHOH KaMmepbl JUis nocjieaytoueil reme-
pauun cerku yrusnroil blockMesh,

2) Mouyan (case-naker B norarmn OpenFoam), moprorasiusaomuit Kpa-
eBbIe U HAUAJbHbIE VCAOBUA s IPOBEACHUS PACHETOB MaKeTOM MporpaMmm Jjis
pewenust cucremsl (1.11)-(1.16),

3) Haker nporpamum, paboraomuii nog OC Linux, nossossaionuii paccau-
THIBATH OCHOBHBIE XapakTepucTuku noroka BY-mimaszMmbl B BakyyMHON Kamepe

[NOHHKEHHOI'O JaBjleHi:d B 3a1alHo it 3D-reom eTPHNR,COCTOA LN " 13



- IlporpaMmsbl juist pacuera HeHTPaJIbHON KOMIOHEHTbI J1a3Mbl ¢ VUeTOM
pPACHPeIeNIEHHOTO MCTOUYHHKA Tellia;

- [Iporpammel Ju1st pacyera NpoOCTPaHCTBEHHOIO PACIIPE/IETICHNs] 3apsiyKeH-
HBIX HACTHIL IJIA3MbBI € YHETOM KOHBEKTHBHOI'O MMEPEeHOCA;

[IporpaMMHBIi KOMIJIEKC HO3BOJSET HA OCHOBAHMH 3aJaHHBIX TAPAMETPOB
BAKYYMHOI KaMepbl 1 m1a3mMoo0pa3yioniero rasa (Kondurypaims u pasmepsl Ba-
KYYMHOII KaMepbl, MOJIEKYJISIPDHBbIE XapAKTePUCTUKH I'a3a, HavallbHOEe NaBJIeHuHe
B Kamepe, pacxoj rasa Ha BXOje, Temreparypa M CKOPOCTb IOTOKa Ha BXOJE,
TeMieparypa rasa Ha CTeHKaX, BXOJHAs SJeKTPOHHASI KOHUEHTpalisa i Temnepa-
TYypa) PacCHUTBIBATL Ia30/[MHAMIYECKUe XapaKTepueTukn noroka BY-nnasmbl
NOHMYKEHHOTO JIABJICHUS.

Tunuanast reomerpust pacaeTHoit objiacti co cryuaoeiics ceTkoil npej-
craBiena Ha puc. 2.1 cupapa, ¢jieBa B IpOeKUK Ha mwiockoeTh XOZ cxeMaTuiio
pecTaBaeHbl 0bJACTH ¢ MX MHACKCHBIMH 0DO3HAYEHUAMM, Ha KOTOPBIX yCTa-
HABJIMBAIOTCS PPaHMYHBIE yeaoBus. Bee paciersl MPOBOAMINCH JIIA TPEXMEPHO
FEOMETPUH BAKYYMHOI KamMepbl B JIEKAPTOBOI cHCTeMe KOOPAUHAT.

AJropuT™M METO/a COCTOUT U3 caeayioumx mwaros. Ha nepsom mare nog-
rorapiusaercs 3D-reomerpusi 06JaCTH € TOMOUILIO Pa3pabOTAHHOIO CKPUIITA U
repepupyercs pacuerHast cerka. Ha Bropom ware noarorasinBaeTcs naker gaii-
noB («case» B Tepmunax cpejbt OpenFOAM) ¢ mavanbHBIME W PDAHHYHBIMU
yeaosusimu. Ha rperbeM iare mposexoinT pacder HauajlbHOro npubinzKenus
TS TA30IMHAMUTECKHX XapaKTepueTHK HellTpaibioll koMnoneHTsl BY-uiasmbl
MOHUZKEHHOTO JIaBJeHust B coorsercTBun ¢ ypasuennem (1.11). Pacuer npopnos-
JKAETCS! J10 YCTAHOBICHUS CTAMOHAPHOIO COCTOSHUSA XapaKTePHCTUK TeveHus
Vo, Ty Po IPH 3J0AHHOM HAYAIBHOM PACHpEIeNeH KOHIEHTPAIH 3J1eKTPOHOB
W 3NeKTpoHHOIT TeMiieparypbl. [locsie sroro, Ha uersepToM lare Ha4MHAETCH
urepalMonHbiil npolece pacdera sapsykenHoll komnonenTsl BY-nmasvbl nonu-
JKEHHOTO JIaBleHns 1 pacyera neitrpanbroii kommnonents (1.11)-(1.16). Ha xax-

JOM BpeMeHHOM CJjroe JJId BHOBb PaCCHHUTAHHLIX [HapaMeTpOB M. 'TF APOHCXOJIHT
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outlet

walls walls

walls | ' walls

Puc. 2.1. Tunuunasa reomerpust pacuertoit obiactu

[epecder napaMerpos HeflTpaidbHOIro raza Vg, 1y, pe. Hanee npoucxoanr nepe-
X0/l Ha CJIeAYIONniHil BpeMenHoil ciloii 1 npoBepKa CXOJAUMOCTH 110 HOpMe, 3ali-
canHoil g asyx G/nekaitmux caoes (1.19) ps napamerpos BY-nnazmbt n,, T,
n pg. [ocne mocruxkenus CXOAMMOCTH, Ha MOCAEHEM MIare, JaHHbIC Hepejiator-
csl HA nocTnponeccuir. Biok-cxema nporpaMMHOro KOMILIEKCa [PeJICTaBIeHa Ha
puc. 2.2.

Jdns pacnapanneinusanust pacdera npumensiercs dGubaumorexa MPL ana
sapika C---+. TIposoauTes JEKOMMO3UIUS PACUYETHOH 0O/IACTH 110 PACHETHBIM
gueiikam, B KOTOPLIX NapasieseNbHO Ha Kax</JI0M BPEMEHHOM [are MpouCXOJuT
pACYeT NapaMerpos, jJajee nponsBojuTes obven panubiMu. Pacuersl nokasanu,
9TO, HAIIPUMEp, [IPU pachnapaiiennatn Ha 6 1poueccopoB CKOpoCTh pacyera
yBeJgunauBaercs npubausuresnsno B 2,5 - 3 pasa 10 CPaABHEHUIO ¢ PACYETOM Ha

0JIHOM 1IpOLECCope.
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Case-NakeT (Ha4alibHble

CkpunT ans co3na-
" A A IrpaHuyHLle ycnosus)

HWA 3D-reoMmeTpumn

! l

Pacyer HavyanasHoro NpUBAMMKEeHWs ANA HeNTPanLHoN
KomMnoHeHT bl BY-nna3smel

PacyeT HelTpalkHOW KOMMNOHeHThI PacyéT 3apsa>KeHHON KOMMOHEeHTbI
BY-rinasmbl NOHMKEHHOTO AaBNEHWs BY-nnasmbl MOHWKEHHOTO AaBneHus
(meTon NCM) Vs, Ta, Ps fis: T (MKO)

(y-e Bonbumana) =1 _pacuet ypaBHeHus Hepa3pLIBHOCTY
-pacyeT ypaBHEeHWA COXpaHeHus
SHEPruK 3N1eKTPOHHOro rasa

-CABWT HacTuLl
-pacyeT CTONKHOBEHWIA

4 -Y4ET pacnpefenieHHoro
x no o6BLMy UCTOYHKUKa Va, Ts, Pa
Tenna yaensHow . pacueT Ne, Te
MOLLHOCTBLIO W
o
PacnapannenusaHue
MPIL (ynpasneHue)
Het ~
< r,->
—

MoCTNpOUECCUHI faHHbIX [__l \‘//
[Na

Puc. 2.2. Bnok-cxema nporpaMMHOINO KOMILICKCA
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2.2. Cocra nakera («case» B Tepmunosiornn OpenFOAM) st ipo-

BeIeHNdA pac4deToB

B cocras nakera juisi nposeienus pacieTos BXOMNT:

1. [Tanka «0» ¢ HAYAIBHBIMY ¥ TPAHHYHBIMH YCIOBUSIMH,

2. Ilanka «constant» ¢ dalinamn pacuernoit cerku u  daiiiamu-
napamMerpaMi JLis 3anycka pacuera,

3. MManka «system» c daiinamu-HacTpolikaMi napamMeTpoB YHCAEHHDBIX
CXEM, HHTePBAJIOB 3allUCH PACHeTHbLIX I1ePEeMEeHHbIX B BBIXOJHbIC (haiabl U na-
pamMeTrpaMu pacrnapaJ/iienBaHns.

st yeTanoBKH MPAHUYHBIX U HAYMAJBHBIX YCJAOBUH MCHOAL3YIOTCSH (hailiibl

«Ne, Te, bondaryU, bondaryT, p» u3 nanku «0». [Ipumep 3aganns rpannynbix

YCJIOBHI CKOPOCTH Ha rpaHuie ¢ obosHauenuem «inlets:

inlet
{

type fixedValue;

value uniform (0 0 350);
}
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3. IIpoBeneHue 4YmMCIIEHHBIX pacYeToOB Iapa-
METpPOB CTpyWHOro Tedyenuss BY-miaa3zmbl moHH-
JKEHHOT'0 JlaBJieHus JJd BaKyyMHO#I Kamepbl BY-
IJIa3MEHHON yCTaHOBKM B MO/ C 0Opas3ioM
1 ompejiejieHne Tra30JuHAMUYeCcKuX IIapaMeTpoB
IJ1a3Mbl BOJIN3KU 0O0pabaTbiBaeMOro n3/1e/aus

OnucpiBaloTesa saeMenTbl MoANMUKAIINHE TPOrPaMMHOTN0 KOMILIEKCa i 4HC-
JieHHbIe pacuersl razoaunavuku BYH-nnasmel nonmkennoro gapienus B csoboj1-

HOM MOTOKe W MPW HAJHYHK B cTpye obpasiia.

3.1. Moaundukanmnsa mporpaMMHOro KOMILIEKCA /Jisd pacuyeTra TeyeHusd

BY-nuiazmMel Ipu HaJUYUM B cTpye obpasua

Jlna pacuera OCHOBHLIX PasoJiHAMUYECKHX OapameTpos mnotoka BY-
[J1a3Mbl TOHMKeHHOTO JaBJICHIs B IPUCYTCTBUN B cTpye 0Dpasiia MporpaMMHbLii
KoMIIeKe Obr Mogudpuiposan. 3a cder npoBejeHuoil JopaboTKn KOMILIeKea
[IPOrPaMM CTAJIO BO3MOXKHBIM /151 3aaHH0 3D-reomerpun BaKkyyMHON KaMepb
Npu HAJMYUE B cTpye 00pasiia, HailTH NpPOCTPaHCTBEHHBIE PACHpPeie/eHud Oc-
HOBHBIX Tas30[HHAMUYECKUX XapakTepucTuk notoka BY-nuiazmbr nonnzkennoro
Jasjienus B crpye n B obsactu obpasua.

[IporpaMMHBIiT KOMILIEKC MO3BOJSIET Ha OCHOBAHWN 3aJlaHHBIX [lapaMeTpoB
BAKYYMHOIl KaMepbl 1 [1a3Mo00pasyomero raga (Kondurypanmns i pasmepbl ba-
KYYMHOH KaMepbl, MOJIEKYIAPHbIe XapaKTePUCTHKN ra3a, HavdalabHoe JaBjeHune
B KaMepe, pacxojl rasa Ha BXOZe, TeMIleparypa M CKOpOCTh IOTOKa Ha BXOJe,
TeMIepaTypa raza Ha CTenKax, BXO/HAs 3J1eKTPOHHAS KOHIEHTPALNs 0 TemIepa-
Typa) PacCYMTBIBATL [a30/HHAMHYECKNe XapaKTepucTuky notoka BY-nnasmbl

[MOHHZKEHHOI'O AaBJens: B CTpye H BOJIMEH MOBEPXHOCTH 061)‘(].63.T‘I.)IB'rLUM()I‘O Teda.
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outlet

walls walls

walls |

Puc. 3.1. Tunnunas reoMerpus pacueTHoi obaactu mpu Hajauduu obpasia

Tunuunasg reoMeTpust pacdeTHol obaacTH ¢ MOUeJTUPYeMbIM obpasiom
npejicraBiiena Ha puc. 3.1 crpasa, ¢j1eBa B NPOEKINH Ha ILIOCKOCTD XOZ cxema-
TUYHO HPeACTABICHBI 001aCTH ¢ UX HHJIEKCHBIMH 0bo3HAMEHUAMY, Ha KOTOPBIX
YCTaHABINBAIOTCH TPaHUYHble YCIOBUIL. Obpasel pacronoXkKeH Ha pacCTOAHUH
Ly, OT BXOJHOI'O OTBEPCTHA.

Jist pacueroB ¢ MOJETHpyeMbiM 00pasiom norpebosanach paspaborka
HOBOII reoMeTpuN BaKyYMHONH KaMephbl. [Ipu coznanuyu HOBOH reoMeTpHUn pes-
KO BO3POCJIO MUCIO COCTABHBIX ajiemMenTon 3D-mojesn BakyyMHON KaMepsbl ¢ D
npu «nycToi» Mozenn Jio 26 npu 106aBICHHOM HUINHAPUIECKOM 00pasLe B MO-
nesib. B Bujly 9TOro co3jian HOBLIH (bali-CKPHIIT JUld PeHepaiin BaKYyyMHOI
Kamepsl ¢ 06pas3ioM, B KOTOPOM B HaaJe haitna onpegensoTes J0HOJTHHTeI b
HBIE TAPAMETPbl, BKIOUaonie rabapurbl obpasila 1 onucaHbl COCTaBHbIC YaCTH

3D-Mmoenn BAKYYMHONH KaMepbl.
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Ynenennstit MeToj U1s pacuera Tedenuss BY-numasmbl nonu»keHuoro jas-
JIeHHA B IPACYTCTBUN B ¢Tpye 0bpasia Obit 1opaboTan ¢ yaeToM MosBJIeHus HO-
Boit rpanuusl «body» U HOBBIX rpaHnuHbIX yejosuit. [Iposepennsie nopaborkn
HOTpebOBANIN [epereHepalui pacueTHol CeTKN /Il MOJe/IH BaKyYMHOH KaMepbl

¢ obpasuom (puc. 3.1, cnpasa).

3.2. IlapameTpsl pac4eToB

[lepes YnCIEHHBIM MOJIEJIMPOBAHUEM IIPOBe/ieHa BepupUKalisl TPOrpaMM-
Horo kommiekca: MKO - no Toynomy pemenuio (n.(z,y) = ¥ Asin(bz) cos(cy),
rie A, b, ¢ = const, BeibupaloTes U3 rpaHuanbix yeaosnii), a meroga [ICM ny-
TEéM CPABHEHUA C IKCIEPHMEHTAILHBIMU AaHHBIMI, KOTOPbIE ONUCAHDI HIXKE.

[Iposejensl pacuersl XapakTepucTHk Teuennd BY-nuiasmbl noHnzxKeHHo-

PO JIABJIeHHst IS MOJiean BakyyMmHOl Kamepsl pajguycom Ry = 0.1 +0.3 M,
pagauycom Bxojpnoro orseperus Ry = 0.005 <+ 0.02 M u aiMHOH Kamepbl

L-,}k =0.2+0.6 m.

[Ipeanosnaraercst, 9T0 4epe3 BXOAHOE OTBEPCTHE BAKYYMHOH KaMepbl BTe-
KAeT MOTOK [MJA3Mbl aproHa ¢ JaBjeHHeM Ha BXOJe B JHANA30HE Pinlet =

35 = 165 Ila, remnepatypoit Tiye = 300 = 700 K, cKOpocThIO NOTOKA Vipjet =

300 = 1000 m/c n amekrponnoii Temneparypoii 7, = 10000 + 30000 K. Pac-
xon rasza cocrapasn G o~ 0.02 — 0.24 r/c, crenenb MOHH3AIMM B Kamepe
A, = 1077 = 107, nauanbHoe gasjienue B kamepe pg = 3.5+ 16.5 Ila. Obpaba-
THIBAEMOE M3/1eJIHe MOJACAMPOBAIOCH uinHpoM pasmepamu iy, = 0.01--0.06 M,
Ly = 0.01 = 0.06 M, KOTOpBIii pacnonarajcs 1o [HeHTpy MoToKa Ha PacCTOAHNH
Ly = 0.03 = 0.3 m or Bxoanoro orseperis. [Inockoers obpasia paciojaramach
NepreHinKyIspHa HOTOKY.

Pacuersl nokasajiu, 9T0O BpeMsi YCTAHOBICHNUS TYeHUs JI0 CTAIHOHAPHOTO

—_
COCTOAHUS TIPU JAHHBIX YCIOBUAX cocTaBAno ~ 1077 ¢.
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Puc. 3.2. Pacupenenenue n, (na puc. o6osn. Ne [1/M%]) Bionb nesosmymennoit
crpyu (Rep = 0.012 M, Ryp = 0.2 My Ly = 0.5 M, G = 0.08 r/c, Tiner = 400 K,
Viniter = 350 M/¢, N, ,,, = 10°® 1/, T, = 11600 K).

B pesyibrare 9HCACHHBIX PACTYeTOB YCTAHOBJICHBI OCHOBHDIE 3aKOHOMEp-
pocTu crpyitnoro tedenus BY-miasmbl HOHMMKEHHOTO JaBileHns 1A HEBO3MY-
WEeHHOf CTpyM U CTpyH ¢ 0Opa3iuoM, npuseenbl rpauky pacuuTaHHbIX Xapak-

TEPUCTHUK.

3.3. KoHuenrpanus 3JIeKTPOHOB

Pacu@rpl nokasajn, 4TO KOHUEHTPAlMs 3JIeKTPOHOB 1, yObIBaer BJIOJbL
crpyu (puc. 3.2) ¢ 10" g0 10", 410 COOTBETCTBYET IKCIEPHMEHTAIBHBIM JIaH-
HbIiM [2].

[Tpodbunu n, B pagnajbHOM paclipeJeleHnin KoJI0KoI0oOpastble u pac-
npejienesue BhipaBHuBaeTcd K Kouiy crpyi. s crpyn ¢ obpasuom n. pesko
criaflaer y obpasiia, Tak Kak [MPOHCXOAUT PeKoMOnHAIMA, YTO MOKHO BHIETH Ha

puc. 3.3. DTo roBOpuUT 0 TOM, YTO paspal Asjfercsa AudQysHbIM.



Puc. 3.3. Uzonunuu n, (#a puc. obosu. Ne [1/m%]) B cpese BakyymHOll Kamepbl
miockocetbio XOZ (R = 0.012 M, Ry = 0.2 M, Ly = 0.5 m, Liyp=0.13Mm, G =
0.08 r/c. Tinter = 400 K, vinter = 350 M/ ¢, N,y = 10" 1/m?, Ty, ., = 11600 K).
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Puc. 3.4. Pacupegpenenne D, (na puc. 06o3n. Da [m?/c|) Bionnb neBosmyiientoi
crpyv (Byp = 0.012 M, Ry = 0.2 M, Ly = 0.5 M, G = 0.08 r/¢, Tinjee = 400 K,
Vintet = 390 M/, Mg, = 1018 1 /m3, Ty,.i = 11600 K).

Buauenue koapduuuenta ambunonaproi gudpysun B Havaie CTpyn pac-
TeT, 3ATeM BBIPABHUBAETCS M PE3KO cnajlaeT K CreHKaM, 9TO CBA3AHO C BbIpab-
HUBAEM KOHIEHTPAIMN 3JeKTPOHOB 1 HOHOB 110 Kamepe (puc. 3.4).

YacTora MOHU3AIMH CHAYAIa YMEHBIIAeTCs, 3aTeM BhIDABHUBACTCH BOJbL
crpyu (puc. ?77) u najlaer K CreHKaM KaMepbl, 9T0 aJIeKBATHO OMUCBIBACT YMEHb-

meHue Muciaa pozKaaeMbiX HOHOB B CTPYe BY-nazmbl NOHUKEHHOTO JaBJCHHA.

3.4. DaekTpoHHas TeMmIileparypa

W3 paauanbHOro pacipeieneHus TeMIepaTypbl 9JeKTPOHOB BHIHO, 4TO
y CTEHOK Kamepbl TeMmIlepaTypa 3J1eKTPOHOB Pe3KO Najaer B BUJLY IDaHH'UHBIX
yCIoBRil, & B LHEHTPe KAMepPbl TeMIepaTypa 3JeKTPOHOB pacnpejesena paBHo-
mepHo (puc. 3.7).

Boab crpyn T, paclipejenesa NpakTHUYeCKH PaBHOMEPHO [0 Kamepe u

pe3ko yObIBaer y cTeHOK BakyyMHoil kamepbl (puc. 3.6). Pasnomepuocts pac-
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Puc. 3.5. Pacnpenenenne v; (na puc. obosn. NUI [1/¢]) B pagnanbHom ceveHun
neposmyiennoit crpyn (R = 0.012 M, Ry = 0.2 M, L. =0.5m G =0.081/c,
Tintet = 400 K, Uipter = 350 M/¢, ng,,,, = 10'8 1/a®, T, = 11600 K).

npenenenns T, cBazana ¢ ppekTnBHON Terionepeaiel B 3JIeKTPOHHOM rase.
Peskoe majeHie TeMIeparypbl 3AeKTPOHOB OKOJIO CTeHOK 00YC/I0BIeHO TPaHit-
HbiMp yesosaamu nepsoro poga (T, = 300K).

[Ipu noMmenienne B crpyio obpasua Temieparypa fnajaer y rpanulibl Te-
Jla 10 TEeMIEPATYPbl Teia B BUJLy HEBBICOKOH KOHIEHTPAI[K SJIEKTPOHOB U Ma-
71011 OTHOCHTEJBHON IHEPrun npuxojsieiica Ha eJIMHIILY VIOl MaTeprala
(puc. 3.8), uto coracyercs ¢ (pU3NUECKUMH [TPOLECCAMI BO3JIE obpasua.

Koaddnupent 21eKTpoHHON  TenJonpoOBOJHOCTH  CHAJAET 10 CTPYe
(prc. 3.9). D10 OOBICHACTCS TEM, HTO SMCKTPOHD PACHIPEAEAIOTCH 0 KaMEPE 1
cpejiEme B cBOBOLHOrO Npobera yBeH1nBAIOTCA, BBUY HEro BO3MOKHOCTH

nepejadn refia B FNEKTPOHHOM Ia3e VMeHbINaeTCH.
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Puc. 3.6. Pacnpenenenune T, (na puc. obosu. Te |[K|) Broan neposmyiennoii
crpyu (Ryp = 0.012 M, Ry = 0.2 M, Ly = 0.5 M, G = 0.08 r/c, Tinier = 400 K,
Vintet = 350 M/¢, N, = 1018 1/M3, Ty, .. = 11600 K).
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Puc. 3.7. Pacupenenenne T, (na puc. oboszu. Te [K]) B pagnanbrom cevwennn
neposmyinennoit erpyu (Ryp = 0.012 M, Ry = 0.2 M, Ly = 0.5 m, G = 0.08 r/e,

Tinter = 400 K, vjnier = 350 m/c, n,,,, = 10" 1/m% T, = 11600 K).
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Puc. 3.8. Pacnpenenenne T, (na puc. 0bosn. Te |K|) Bons erpyn npu naaniun
obpasua B crpye (R, = 0.012 v, Ry =02 M, Ly = 0.5 M, Ly = 0.13 m, G =
0.08 r/c. Threr = 400 K, vinger = 350 M/, 1, = 1017 1/m% Ty, ., = 11600 K).
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LAMBDAe, (K/(m*s))

Puc. 3.9. Pacupeuenenue A, (na puc. 0DO3H. LAMBDAe [K/(m - ¢)]) B pa-
AMAJILHOM CeueHMI HeBO3MYIIEHHOH CTPYH (Ry = 0.012 M, Ry = 0.2 M,
Lo = 0.5 M, G = 0.08 r/c, Tiner = 400 K, Vinter = 350 M/¢C, Mg,y = 108 1/m7%,

T. . = 11600 K).

Einlet
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Pue. 3.10. Pacnipesenenne p, (na puc. obosu. Pa [Ila]) B pagmansiuom ceuenun
HeBoamymennol crpyn (R = 0.012 M, Ry = 02w, Ly, = 0.5m, G = 0.08 r/c,
Tinter = 400 K, vjpree = 350 m/c, Reviter = 10 1/m%, T, 1 = 11600 K).

Ciy

3.5. /laBnenme Hecymiero rasa

[Tpohuan jgaBiennss B HEBOZMYUICHHON cTpye — KOJIOKOJ00Opa3suble, 3a
HeKJodenneM npoduig B Hagasie crpyn. Ha Bxoje Bokpyr crpyu cosjiaeTcs 30Ha
paspeskeHus. DTo BbI3BAHO, 10 BUANMOMY, 3phekTom «nojicocas OKPYKaioniero
raza B cTpylo. Japnenue poipauuBaercs Ha Hebonbinom yaagenun (oxoso 0.05
M) OT BXOJIHOrO oTBepeTus (puc. 3.10).

Ha rpaduke pacnpegesnenus gaBiaeHnsa HEHTPaJIbHBIX AaTOMOB BIOJb CTPYH
(puc. 3.11) BujiHo, YTO jaBjieHHe yxKe Ha paccrosuuy okosio 0.05 M BeIpaBHIBA-
eTcsl 110 Kamepe.

[Ipu nomewmennn B crpyio obpasua (puc. 3.12), nasieHue Ha yaaaeHUu
0.05 = 0.15 M 0T BXOAHOI'O OTBEPCTHUS cHAYAJA NTajlaeT (KpuBbie 2, 3), 3aTeM npH
noaxoje rasa K obpasiy — Hapacraer (Kpupas 4), 4T0 CBA3AHO ¢ TOPMOKEHHEM
noroka. 3a obpazuom cozpaercs obaacTh MOHUKEHHOrO AaBIEHUs, a 3aTeM OHO

BblpaBHHBaeTCH, KaK 1 B MOJIeJIH bes U()piﬂ.‘.ill?_l..
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Puc. 3.11. Pacupenenenne p, (na puc. oboszu. Pa [[la]) Brons neBosmyiiennoii
crpyu (R = 0.012 m, Ry = 0.2 m, Ly = 0.5 M, G = 0.08 r/c, Tiner = 400 K,
= 11600 K).

Vinlet = 350 M/c, n, ., = 10'8 1/m3, T,
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1==—001m
50 2= -0031m
S0 075mM
4 =02
5 m— 022011
45 6= 03m
g. 40
[
354
el “,:.‘_;,-),4"-' Rameg ﬁ:‘x‘-.-‘..?:-.ﬁ'&i-:- FAAA
kol

0,55

Puc. 3.12. Pacnpenenenue p, (na puc. obosu. Pa [[1a]) B paguanbiom cevennn

Hesosmymenuoii crpyu (R = 0.012 M, Ry, = 0.2 M, Ly, = 0.5 M, G = 0.24 r/c,

= 10" 1/m3, T, .. = 11600 K).

Cinlet

Tinter = 500 K, vinier = 1000 m/c, n

Cinlet
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Puc. 3.13. Pacnpepenenne mopyns ckopocetu v, (na puc. oboszu. Va [m/c|) B
pajinajibHoM cedeHnn Heposmymennoi crpyu (R = 0.012 M, R, = 0.2 M,
Lok = 0.5 M, G = 0.08 r/ec, Tinier = 400 K, vipger = 350 M/c, ne, ., = 108 1/m3,
1e,.,., = 11600 K).

Pacnpesenenne nasienns B mpojoibHOM CeHEHHN BAKYYMHOH KaMepbl Ha-

ISIHO NPEJACTABICHO ¢ MOMONIBIO u3oaunuit (puc. 77).

3.6. CkopocThs Hecymiero rasa

B nesosmytiennoii erpye npoduiib MonepevHoro cedeHns CKOpoCTH HMeeT
KOJIOK0/1000pasiy1o (popmy, MpHieM ¢ yialeHneM 0T BXOJAHONO OTBEPETHS BbICO-
Ta «KOJOKOJa» (3HAYeHHEe CKOPOCTH MO OCH MOTOKA) YMEHbIIACTCS, & OCHOBANHE
YBEJIIHYHBACTCH, TO €CTh CTpys pacupsercs (puc. 3.13).

Ha rpaduke pacnpejenenns ckopocTi HefiTpaibHBIX ATOMOB BJIOJIb CTPYH
(puc. 3.14) Buano, 4TO cHAYANA TPOHCXOAMT HEGOILINOE YCKOPEHHe HefiTpalib-
HOTO rasza W3-3a nepenajia JaBjieHnit Mexx1y Kamepoil ¥ Ha BXOJHOM OTBEPCTHM.

[Ipn yseanuenun ckopoern rasa g0 1000 m/¢ na Bxoje B BAKYYMHYIO Ka-

Mepy npoduan ocraloTes KonokoaoobpasusiMu (pue. 77).
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Puc. 3.14. Pacnpejenenne moayns ckopocetu v, (na puc. obosu. Va [M,r"c|) BJLOJIb
HepoamyteHHoi crpyu (R = 0.012 M, Ry = 0.2 M, Ly = 0.5 M, G = 0.08 r/c,
Tinter= 400 K, Dinges = 350 st/¢; ey, = 10'8 1/ssd, T, = 11600 K).

mnlet

B mogenn ¢ obpasnom ckopocthb yObiBaer npu npubimrkeHnn moToka ra-
3a K Teqly, a Jlajiee BOKPYT Tena CTaHOBHTCA 3aMerTHo Dodibiie, vyem B obactu
CTOJIKHOBEHUST TOTOKA ¢ MJIOCKOCTLIO 0bpasia (Kpusbie 4, 5), 9TO COOTBETCTBYET
IKCIIEPUMEHTAJILHON KapTHHe JIBUXKCHUS rasa.

Ha rpadmke nzonnnmii cCKOpoeTH MOXKHO BIAETH Kak NOTOK obTekaer 0b-

paser (puc. 3.16).

3.7. Temmeparypa Hecymiero raza u 3 ek neperpeBa B HEKOTOPBIX

pexxuMax TedyeHusd

U3 anainsa npocTpaHcTBEHHONO PACpe/eIeHNs] TeMIIEPATY Pl HeliTpasib-
HBIX @TOMOB BJOJB CTPYH MOXKHO CllejlaTh BBIBOJ, O TOM, 4TO Ha BXOJE TeM-
neparypa pesko pospacraer (okosio 10 rpaaycos OTHOCHTEALHO TeMIepaTypbl
HA BXOJe B BaAKyyMHYIO KaMmepy), a Jlajiee crajaer BHU3 1no noroky go 320 K

(pnc. 3.17).
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Puc. 3.15. Pacnpenenenne MOy CKOPOCTH U, B PalUaJibHOM CEYEHHH CTPYH
npu Haanaun obpasna (R = 0.012 M, Ry =02 M, Ly, =05 M, G =0.241r/c,
Tinter = 500 K, vinger = 1000 m/c, e, = 10'® 1/m3, T, ., = 11600 K).

B pesyasrare YHCIeHHBIX 3KCIepuMeHTOB obHapyxken addexr neperpe-
Ba crpyn 110 nepudepnn, ocobEHHO OMYTHMBIH TPH CKOPOCTSIX noToka boJbie
750 M/¢ u pasnenun na pxoge Mmenbiie 70 Ia. W3 puc. 3.18 Bugno, uro maken-
MaJIbLHOE 3HAYEHHE TeMIepaTypbl CO3J1aercs Ha nepudepun ¢Tpyu, a MUHUMYM
TeMIepaTypsl jlocTuraercd B neHrpe (Kpusbie 1, 2). Temnepatypa B nonepeiiom
ceveHuy OLICTPO CHAaeT IPH VAAJEHHH OT CTPYH.

[Tpopunn TemnepaTypbl CTAHOBSATCSH KOJOKOI00OPA3HBIMHE HA PACCTOAHUH
(.15 M OT BXOJHOTO OTBEPCTHA BAKYYMHOI KaMepbl, OTOM MJIaBHO YMEHbIIAIOT-
csl ¢ VJIAJICHUeM OT CTPYHM, P 3TOM BhIpaBHHBAHWE TeMIIePaTypPhl B ONEPETHOM
ceveHuy He npoucxoiant. Dddext Harpesa raza 1no nepuepHn CTpyH BbI3BAH,
[10-BUAMMOMY, PE3KHM TOPMOYKEHHEM MOJIEKYJI CTPYH rasa MpH CTOJKHOBCHUM ¢
HEMOJABUYKHBIM ['A30M B Kamepe.

DdppekT neperpesa cTpyu MOATBEPYK/IEH KCITEPUMEHTAILHO COTPY/IHNKA-

vu KHUTY(KXTHU): 6611 cobpan duaanen ¢ repmonapamu (puc. 3.19) u us-



Pue. 3.16. Uzomaunun Mojy/is ckopocTh v, (Ha puc. obosn. Va [m/c|) npu nanu-
quu obpasna B crpye (Ry = 0.012 M, Ry =02 M, Ly, = 0.5 M. G =0.08 r/c,
Tintet = 400 K, vjnier = 350 M/c, 1, = 108 1/m%, T, ., = 11600 K).

“inlet
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Puc. 3.17. Pacnpenenenue T, (na puc. o6o3n. Ta [K|) B paguanbuom cevennn
nesoaMmytentoil erpyn (R = 0.012 M, Ry = 0.2 M, Ly = 0.5 M, G = 0.081/c,
Tontet = 400 K, vimzer = 350 m/c, ne,,, = 1018 1/m3, T, ... = 11600 K).
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Puc. 3.18. Pagunanbroe pacnpejenenne remieparypbt T, (na pue. obosn. T IK])
B MOEPedHoM cedennu Hesosmytuentuoil crpyn (R = 0.012 M, Ry = 0.2 M,

Ly = 0.5 M, G = 0.24 /e, Tiner = 500 K, Vinjer = 1000 m/c).
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Puc. 3.19. ®uanen ¢ repmonapamu na BHHU-nnasmennoil yeranoske.
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Puc. 3.20. Temneparypa rasa na repMonapax B sKClHepHMeHTe.
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MepeHa TeMIepaTypa Hecyllero rasa B ¢Tpye ¢ moMOIlbio TepMonap (puc. 3.20).
[lpu ysesuenun CKOPOCTH POJYBa U COXPaHEHHH TOHUZKEHHOTO JlaBieHn BY-
[1a3Mbl B HEKOTOPOM JIMAIa3oHe TeMieparyp BO3HHKaeT apdexT neperpesa
crpyn no nepudepun (puc. 3.20, Experimentl). Taxum obpasoM, 10JyHeHO Ka-
qecTBeHHOE ToATBepsKaenne s dexra neperpesa Hecyuero rasa mno nepucepiy

CTPYH.
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4. PazpaboTka pekoOMeHJaIluii 110 pexKuMaM
TedyeHUs padbodero rasza M ONTUMAJBHON 30HE 00-
paboTku mMarepuaJioB npu gasjienun 13.3-133 1la
JIJIST PA3JIMYHBIX CTeNeHell MOHU3aIluu U TepMunyve-
CKOi1 HepaBHOBecHOCTN BY-11/1a3MbI IOHNZKEHHOTO
JaBJjieHnsl B auana3zone dnces Knyacena ayd Hecy-
mero HelrTpaJapHOro rasa 8- 1072 <KN< 7-1072

Ha ocHoBannyu mpoBeeHHbIX pactdeToB paspaboTaHbl pexoMerjaluun 1o
BHIOOPY 30HBI paBHOMEpHOit 0OpaboTKK psijia MOJUMEPHBIX W HEOPraHUYecKnx
useanit B crpye BU-miasmbl nonnzkensoro gapinenns. B wacriocrn, s pasno-
MepHO# 00paboTKi GOMBIIHHCTBA TBEPAOTENBHBIX U3/IEJIHI DEKOMEH IyeTCs yeTa-
HABAMBATH Pacxol rasa e dosee 0.2 r/c U uzjenne pasMeliaTb Ha paccTOAHHU
ne menee 10 ¢M OT BBIXOJHOIO OTBEPCTHS IIasMoTpoHa. Pekomenpaunu npej-

CTaBJIeHbI B Tabjne.

Tabauna 4.1
Pexkomen ianmn 10 BLIOOPY napamerpos reuenns pabouero rasa s ob-

paborku uzjennii B noroke BY-nnazMpl noHIKEHHOTO AaBIeHn.

K| T, 1, M7 | Vjnter M/C MunuMaibHOe

Einlet ? “inlet

P}L(:XOJ—L G ,'I_:'-’-i,uh:f- t

r/c 53 paccrosiaue Ly, 10

obpa3sia, cM

0.02-0.08 || 300-500 | 1-1.5 | 10'%-10'" | 150-350 -4.5
0.08-0.12 | 300-500 | 1-1.5 | 10'%-10'7 | 350-500 6.5
0.12-0.2 300-600 1-2 106 - 10 | 500-800 ~10
0.2-0.24 400-600 1-2 | 10% - 10 | 800-1000 ~13.5




Ha ocnoBanum JaHHBIX PEKOMEHAANMH BO3MOXKHO 10100paTh ONTHUMAIb-
Hbi# pexxkum oOpaborTki, obecnednBalomni pAaBHOMEPHOCTE BO3JIEHCTBUS [11a3M bl
Ha MOBEPXHOCTb W3JCINA.

Takum o0bpazom, paspaborana MareMaruveckasd MOIENb JIBYXKOMIOHEHT-
HOro cTpyiiHoro Tedenus BY-nmasmbl HOHHZKEHHOO JIABJIEHUSA B NEPeXoHOM
pexkume Tevennsa g uncen Knyucena 8- 1073 < Kn < 7- 1072, coueraiomas
KHHETHUYECKYIO MOJIe/Ib Ha OCHOBE ypasHenns BojlbliiMana st Tedenns Hecy uero
raza m MOJIedb CIUIOLIHON cpejibl JIIs rasa sapsokennbix vactuil. [Ipoussenena
pazpaboTKa YHCJIEHHOTO MEeTO/a PelieHus 3aJavn MOJAeJUPOBaHMs CTPYHHOIO
reveHns BY-naasMbl NOHMKEHHOPO JIABJICHUS B NEPEeXOHOM pexXuMe Ha OCHO-
Be COeJIMHEHUS MeTO/a NPAMOrO CTATHCTHUYECKOI'O MOJICTTHPOBAHNA JIJIs pacueTa
XapaKTePHCTHK N0TOKa HEITPAJIbHBIX ATOMOB U METO/1a KOHEeHHbIX 00'beMOB JLlst
pacueTa XapakKTepUCTHK MOTOKA 3apsAyKeHHbIX 9acTHll.

Ha ocHoBaHum 4HCJIEHHOrO MeToja paspaboraH MporpamMMHbIi KOMIJIEKe
JUTs pacdeTa OCHOBHBIX Fa30JMHAMUUECKIX napamerTpos noroka BY-miasumbr 1o-
HIDKEHHOTO JABJICHNs JUIs HeBO3MYIIEHHOi cTpyn u crpyn ¢ obpasuom. B pe-
3y/IbTATE NPOBEIEHHBIX YHCACHHBIX 3KCIEPUMEHTOB BbISIBJIECHBI 32KOHOMEPHOCTH
reqenust BYU-11a3Mbl NOHUKEHHOTO JaBlieHust B ¢BODOAHOM MOTOKE U TIpH obre-
KAHWH TBEPJIOTO TeJa, B ToM uucye obHapyxen 3¢ dexT 30npl neperpesa rasa 1o
NepuMeTpy CTPYH Ha BBIXOJE U3 MJA3MOTPOHA, KOTOPbI MOJATBEPK/eH IKCIIepU-
MEHTANBHBIMH MCCICNOBAHUAMM, TO €CTh paspaboTanHas MeTOJMKa pacveTa u

MOJaeJIb UHMeT [Iper.ELCKHBEl'I‘eJIl:HbIﬁ XapakKTep.



SakKJII0YeHnue

B xone suinoanenns paborn «Maremarudeckoe Mope/npoBaHie rasojin-
HAMUKH [TOTOK& BBICOKOUACTOTHOI 11/1a3Mbl TOHHXKEHHOIO JlaBjeHus s obpa-
GOTKH NOTMMEPHBIX ¥ HEOPIaHNYeCKUX MaTepHAIOB» pa3paboTanbl MaTeMaTHYe-
CKas MOJIETh B YHCJIeHHBII MeTOJL Ui MOJJIMPOBAHUS CTPYHHOIO TeUeHnst Heil-
TpasibHoil ¥ 3apsiKeHHol KomnonenT BY-nnasmbr n1pu NOHMKEHHBIX JaBICHHAX,
KOMILJIGKC TTPOrPAMM ISl PACHETA JBYXKOMIIOHEHTHOTO eTpyitnoro Tevetnns BH-
MJa3Mbl [P MOHMZKEHHBIX Jasiaennsx. [Iposejennt vucaentble sKCMepUMEHTb
O pacHeTy razofnHamMuuecKux napameTpos BY-miiasMbl HOHMKEHHOIO JlaBiie-
HUs JUIsE HEeBO3MYILEHHOM erpyn. PaccunTansl napamMerpbl CTPYHHOroO Tev1eHns
BY-ria3Mbl TIOHMMKEHHOIO JaBJIeHNs Uls BakyyMHol kamepsl BY-nuasvennoil
YCTAHOBKH B MOJIEJH ¢ 0OPA3IoM 1 ONPEJEJIeHbl Fa30/[MHaMHYeCKIe TapaMeTphbl
naasMbl 863N obpabaTbiaeMoro uzjenus. Janbl peKkoMeHalni 110 pexumam
tevenust paboyuero raza i onTHMalbLHO 30He 0DpaboTKH MaTEpHasIOB NP 1ab-
aenun 13.3-133 [Ma s pasiaudibiX cTeleHell HOHU3aluu U TePMUeCcKoil nepas-
HosecHoeTH BYU-nsasMbl OHHKEHHOTO JaBienus B auanasone uyncesn Kayicena
TUIST HEeCYINero HeiiTpaiabnoro rasa 8 - 103 < Kn<T7-102%

Buisisiien addexT neperpesa Hecyllero rasa no nepudepun cTpyn s
HEBO3MYIICHHOTO TOTOKA [TPH HEKOTOPbIX napaMerpax Tedenus BH-rnazmbr no-
HUZKEHHOTO JlaB/ICHNS.

Cosfannas MaTeMaTuyecKas MOJAeIb npejcrasiger coboil HOBYIO MOIE/IDL
Tevenns paspeskeHnoil BU-nasmbl B MePeXoJHOM PerkuMe U MMeeT BO3MOXK-
HoeTh Gy/IyIIEro MpHMEHeHUs ee ¢ coOTBeTCTBYloNel JopaboTkoil B 3ajatiax
dbusukn armocdepbl, HAPUMED JUIsl 3a/1a4 BBIXOJIa B KOCMOC KOCMUYECKUX KO-
pabaeii vepes uonocdepy u Apyrux 00JacTAX HAYKH, MCCHIEAYIONINX TEUCHH

I)ELi%I)e}KOIiHOﬁ [Ja3Mbl 1 HaCTHYHO-HOHUB0BAHHOI'O T'a3a.



Obpaborka MaTepuasioB B crpye miasmbl BY-paspsijia noHuKennoro Jias-
Jgennst spisiercs (PppekTHBHBIM ¢rnocoboM YCOBEPIIEHCTBOBAHUS UX TEXHOIOIM-
YECKUX XapaKTepHCTHK, TAKUX KaK HPOUHOCTb, H3HOCOCTONKOCTL U JIp.

[Toppimenue MpoOYHOCTH BOJOKOH HPH pa3pbiBe oDecrnevnBaer yiyuiieHue
IKCIIYATAIHOHHBIX CBOMCTB NOJYHAEMbIX M3 HUX W3JeNuii, yiaydiieHue yenao-
Bl repepaboTKi MaTepuasioB, yMeHbUIeHNe [10TepH MPOYHOCTH TUAPOhUuIb-
HBIX MATEPUAJIOB B MOKPOM cocTognun. MakKcHMajlbHO JOCTHXKHMAas pacueTHasl
NPOYHOCTH He0OPabOTAHHBIX BOJOKOH 3HAMUTEILHO BLIIIE PEajbHO J0CTHIaeMOil
npounocty (HaAOPAMEp, A HeJUHONO3HBIX BOJOKOH TEOPeTHYeCKas MPOTHOCTL
coctapasier 200-450 re/Teke u jgaxe 1350 re/Teke, B TO Bpems Kak sKcnepuMeH-
taabhag npounocts 30 re/rexe). BY-nunasmennas obpaborka nosposaser npu-
OIH3UTH 3HAYCHUE FKCTIEPHMEHTAJILHOH MTPOYHOCTH K PACYETHOMY 3HAYCHUIO.

[Tonyuennsle B pesyibrare HHCJICHHONO MOJEIUPOBAHUA MapamMerpbl Te-
qernst paspeskennoil BU-mnasMbl jUist HEBOSMYIIEHHON CTPYH H ¢TPyH ¢ 00pas-
LOM TO3BOJISIIOT ONPEJACITUTh ONTUMANbHbIE PEZKUMbI 00paboTKu 0Opasios, 4To B
HTOre YCKOPHT MPOBEJeHHe TeXHOJIOMHYeCKHX POLEcCOB 1 MO3BOJIUT MOy THTDL
U3JIeANs ¢ yayUImeHHbIMI (DYHKIHOHAIBHBIME | OTPEONTENLCKHME CBORCTBA-
Mi. PesyabraTnl MpoBejleHbiX HCCIeioBanuil ¢ HeKoTopol 10paborkoil MoryT
GLITH MCIOJB30BAHBI HA NPEANpUaTHaX, npoojsumx BY-nnasmennyio obpa-
boTKy Bhimyckaembix nsgennii. [locrapiennbie B TEXHHUECKOM 3a/JaHUM 3a/1a41

HUP pewenst noauoctsio. Pesyasrarst onybiukosansl 8 paborax [79]- [89)].
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