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Annomayua: B craTbe npejicTaBiieH [ByMEPHBI METOJ PacdeTa BA3KUX CKIMAEMBIX
TeYeHHIl B IJIOCKMX M OCECUMMETPUYHBIX 00sacTsX. MeToj OCHOBaH Ha MCIIOJIB30-
BaHUU HECTPYKTYPUPOBAHHBIX CETOK U HESBHBIX NMpUOJIMKeHWit ypaBHeHuil HaBbe—
Croxkca. PaznocTHble ypaBHEeHHsT TIOJy9IEHBI HA OCHOBE METOJ[a KOHTPOJIBLHOTO O0be-
Ma B JeJbTa-(pOopMe OTHOCUTETHHO IMpupaIieHus TpedbyeMoro pemrenus. Ijis moBbIe-
HUSI Pa3pernaonieil CriocCOOHOCTH CXeMbI UCIIOIB3YETCs OHOMEPHAsT JTMHEHHAST PEKOH-
CTPYKIIUsI PEIeHns JJIsi OIPee/IeHNs] [TapaMeTPOB IIPEJIPACIIOIOKEHHOCTH IIOTOKA.
Bsi3kue TedeHus aMPOKCUMUPYIOTCS IEHTPaIbHBIMU pasHocTsMu. CucTema pasHOCT-
HBIX YPABHEHUI PEIIAeTCs C MOMOIIBIO aJIredPanIecKOro MHOIOCETOTHOIO PEITaTeIs.
Hessizkue TedeHusi pacCIUTHIBAIOTCS B COOTBETCTBUU C sABHOM cxemoii. C MCmosb30-
BaHMEM pPa3pabOTAHHON METOJIMKHU MPOBEJIEHBI YHCJIEHHBIE MCCIIeIOBaHUs (HDOPMIPO-
BaHMs CTAIIMOHAPHOTO IOTOKA KCEHOHA B COILIOBOM YCTPONCTBE UM UCTEUEHUS CBEPX-
3BYKOBOII CTpyH B 00/1aCTh BaKyyMa. PacueTHble TapaMeTphbl CTPYHU [TOKA3BbIBAIOT, YTO
B IIOTOKE MOTYT OOPa30BBIBATHCS KjacTepbl. lIpecTaBiieHbl pe3y/ibTaTbl CPABHEHUS
PEe3yJIbTAaTOB PACUYETa C IKCIEPUMEHTAJbHBIMY JTAHHBIMHE.

Karuesvie croea: MareMaTnieckoe MOIEJMPOBAHUE, YUCIEHHBIE METOJIbI, BAKYYMHA
00J1aCTh.

[TocTosinHO BO3pacTaroIuii 00beM 00padaThIBAEMbIX JIAHHBIX TpeOyeT cOo3aHue Mpo-
IIECCOPOB €O Bce DoJjiee YIydIIeHHBIMUA XapaKTePUCTUKAMHU MOIIHOCTA U CKOPOCTU BbI-
qucjiennit. Bo MHOTMX cTpaHax BeyTcd PabOThI 10 pa3pabOTKe HOBBIX TEXHOJOIUN 1
Pa3BUTHUIO HOBBIX HAIPABJIEHUI, KOTOPbIE UCIOJIB3YIOT HOBbIe (DU3MYECKUE TMPUHITUIIHI B
IIPOU3BOJICTBE MHTErpaibHbIX cxeM. OJIHUM U3 TaKUX HallpABJICHUI SIBJIAeTCS paspaboTKa
JiTOrpadUIeCKUX YCTAHOBOK, IIPEIHA3HATYEHHBIX JIjIsI HAHECEHHUS BHYTPEHHUX CTPYKTYP
MUKPOCXeM Ha KPeMHHeBble IJIACTUHBI ¢ MaKCHMMAaJIbHO BBICOKMM paszpemienuem (~ 107°
HM 1 MeHee). JIJis JIOCTHZKEeHNsT TaKOro paspelieHns TpebyeTcsi UCIOIb30BaTh CBETOBOM
HCTOYHUK B 9KCTpeMasbHo yiabrpaduonaeropom (EUV) mmanasone jqymu o, Haunbosee
nepcreKTUBHBIM ucTounnkKoM EUV uziyuenns dBisercs mia3Ma, U3J1ydaionas KBaHThI ¢
sueprueit, 6;mu3kKoit Kk 100 3B, KoTopyio MOXKHO HOJIYIUTDb 3a CYET BO3JICHCTBUS MOIITHOTO
KOPOTKOI'O UMITYJIbCA JIa3€PHOI0 M3JIydeHNs Ha IJIOTHYIO Ta30BYIO CTPYIO KceHoHa. OauH
13 BaXKHBIX IIyTel IpakTHIecKoil peannsaiun 3dexktuproro ncroannka EUV-usnydenus
ABJIIETCS CO3JIaHNe CTPYU ra3a ¢ 33/ [aHHBIMUA T€OMETPUIECKUMH U TEPMOINHAMUIECKIMU
napamerpamu. CorjiacHO IIPOBEJIEHHBIM OIEHKAaM, ITOKA3aHO, YTO TP MHTEHCUBHOCTH Jia-
3epHoro maiaydenus nopsaka 100 T'Br/cv? Ha jamuHe BogHbI 1 MKM M IJIOTHOCTH CTPYH
kcenona 710 0.01 r/cm3, mocruraercs yposenb KOHBepCHH JlazepHoro usiydenns B EUV jo
3%, nocrarounbix g 3aga4 jgurorpadun. Jns npaxkrudeckoii peanusanun 3¢hdeKTrs-
Horo ucrounnka EUV-uziydenns HeoOX0MMO cO3/1aHNEe YCTAaHOBKHU, ITO3BOJISIONIEN (hop-
MHUPOBaTh CTPYU Ta3a C 33 JAaHHBIMA T€OMETPUIECKIMA 1 TEPMOINHAMUIECKIMI TTapaMeT-
pamu. B ¢BsA3M ¢ 3TUM aKkTya bHOI 3ajat4eil aBsgeTcs pa3paboTKa pacdeTHON TeXHOIOT I
JIJISI 9UCJIEHHOTO MOJIEJTMPOBAHUS HECTAIIMOHAPHBIX U CTAIlMOHAPHBIX TeUYeHUl HEBAZKOI'O
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1 BA3KOI'O I'a3a B KaHaJIaX U COILIax.

B nmannoit pabore mpejicTaB/ieHa JIBYMeEpHasl METOIUKA pacueTa BI3KUX CXKUMaeMbIX
TeUYeHUH B INIOCKUX U OCECUMMETPUIHBIX 00/IaCTIX [1] Meroanka 0CHOBaHAa HA UCIOJIb30-
BaHUU HECTPYKTYPUPOBAHHBIX CETOK, HESIBHBIX alllipokcnMariuii ypasaeruit Happe—Crokca.
PasnocrHble ypaBHEHUS TOJIYYeHBI Ha, OCHOBE METO/Ia KOHTPOJBHOTO 00beMa B TaK Ha3bl-
BaeMoii JiejibTa popMe, OTHOCUTEIHLHO IIPUPAIEHNS HCKOMOTO pelneHusi. st moBbIIeHnst
pasperraonieit CrrocOOHOCTU CXeMbI UCIIOIb3YeTCs OJITHOMEpHAas JIMHEeHAasT PEKOHCTPYKITHS
pelleHus JIJIsi OIpeJIe/IeHUs ITPeJIPaciia IHbIX TapaMeTPOB II0TOKa. BA3K1e MOTOKH allpoK-
CUMUPYIOTCS IEeHTPaAJIbHbBIMI pasHocTaMu. CrucTeMa PasHOCTHBIX yPaBHEHMI PelraeTcs ¢
HCIIOJIb30BaHUEM aJIreOpaniIecKoro MHOIOCETOUHOrO perrareisi. HeBsa3kue moToku paccin-
TBIBAIOTCA IO SIBHOM CXEMe.

C ucrop30BaHIeM ITOCTPOEHHOM METOINKN ITPOBEIEHBI YNCIEHHBIE UCCIIeI0BAHIA (POp
MUPOBAHUA CTAIIMOHAPHOI'O II0TOKA KCEHOHA B COILJIOBOM YCTPOUCTBE U UCTEUYCHUA CBEpPX-
3BYKOBOIl CTpyM B BaKyyMHYIO 00j1acTh. PacdeTHble mapaMeTpbl CTPYH IMOKA3bIBAIOT, UTO
B IIOTOKE MOT'YT 00pa30BbIBATLCA KJacTephl. [IpUBoOIATCS pe3yIbTaThl COIIOCTABICHUS pe-
3yJAbTATOB PacyYeToB C JAHHLIMU IKCIICPUMEHTA.
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Numerical investigation of the outflow of xenon gas
through a supersonic nozzle into a vacuum region
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Abstract: This paper presents a two-dimensional method for calculating viscous com-
pressible flows in flat and axisymmetric regions. The technique is based on the use
of unstructured grids, implicit approximations of the Navie-Stokes equations. The
difference equations are obtained based on the control volume method in the so-called
delta form, relative to the increment of the desired solution. To increase the resolution
of the circuit, a one-dimensional linear reconstruction of the solution is used to
determine the predisposition parameters of the flow. Viscous flows are approximated
by central differences. The system of difference equations is solved using an algebraic
multigrid solver. Inviscid flows are calculated according to an explicit scheme. Nume-
rical studies of the formation of a stationary xenon flow in a nozzle device and the
outflow of a supersonic jet into a vacuum region have been carried out using the
constructed methodology. The calculated parameters of the jet show that clusters can
form in the flow. The results of comparing the calculation results with experimental
data are presented.

Keywords: mathematical modeling, numerical methods, vacuum region.
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