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YCNEHHOE MOLEJIMPOBAHME CTPYU PASPEXXEHHOIO IFA3A,
UCTEKAFOLLEIO U3 MOHHO-ONTHUYECKOU CUCTEMDI
MOHHOIO ABMI ATENA

K. 1. XXapukos, U. C. Basunos

OMCKHH rocyaapCTBEHHbIN TEXHUHYECKMIH YHUBEPCUTET,
Poccus, 644050, r. Omck, np. Mupa, 11

PaccMaTpMBaeTcs CTPysi MOHM3MPOBAHHOIO PAa3pPeXeHHOro rasa, BbIXOASALWlasi M3 MOHHO-ONTMYECKOM
CMCTeMbI NPOTOTHINA Pe30HAaTOPHOro BU-MOHHOrO fBMraTensi B OKpy»aiollee NPOCTPAHCTBO C HU3KMM
(oHOBbIM AaBneHneM. Mocne pspa NPeAnoOnNOXeHMH MCTeKalowas CTPys B MEepPBOM MNPHOAMMKEHMH
3aMeHeHa Ha HeHTPanbHbIM Pa3pPeXeHHbIH ra3, YTO NO3BOJIIET OXapPaKTepPM3OBaTh TeyeHMe, YA OBneT-
BOpSIOLLEe IrMNoTe3e CMMOLWHOCTH NMOTOKA. YpPaBHEHMSl, ONMCbIBAIOWME ABMXKEHME CMNOLIHOM Cpepfbl,
PeLLaloTCsl YMCNIEHHO C NoMoLblo MeTofa by6HoBa—TanepKuHa, NPMMEHSIIOLLErocsl B AMHAMMKe pas-
PEeXXeHHOro rasa. YYreH HeCcTalMOHapPHbIM MepPeHOC Tenna 3a cYeT B3aMMOAEHCTBMS ra3OBOro NOTOKaA
C NOKanbHOM O6NaCTbLIO TEMJOBLIJENEHUS B 3a30PE€ MEX[Y CETOYHbIMM INIeMEHTAMM MOHHO-ONTHYe-
CKOM CHUCTEMbl. MeXaHM3M TEMNNoBbIJENEHHsl ONMCbIBAETCSl YPaBHEHHMEM TEMONPOBOJHOCTH, KOTOpOEe
pellaeTcsi COBMECTHO C YPaBHEHMSMM Fa30BOM AMHAMMKM. MonyyeHHble pe3ynbTaTbl Pac4eTOB NPUBO-
ASATCS B CPABHEHMM C 3KCMEPHMMEHTalNlbHbIMM AaHHbIMK. C MOMOLLBIO MPOBEJEHHOrO MOAENMPOBaHMS
YAQNnocb NOJYYMTb MPOCTPAHCTBEHHYIO CTPYKTYPY NMOTOKA HEMTPANbHOrO Pa3pe)KeHHOro rasa B LiM-
NMHAPHMYECKMX KaHaNlaXx M MMKPOKaHanax Asuratens.. bnarogaps cpaBHeHMIO MONYy4YeHHOM MPOCTPaH-
CTBEHHOM CTPYKTYPbl C peanbHOM TePMOBM3YaNM3aLMOHHON KAapPTMHOM CTPYM MOMHO OLLeHMTb BKNaj
PE30HAaTOPHOrO YCKOpPEeHHUs B O6LLYIO 3HEPrHIO CTPYM.

KnioueBble cnoBa: YucneHHoe MopenMpoBaHMe, pa3pe>|<eHHbu"1 ras, ocecMMMeTpuiyHoe Te4yeHme, Tenno-

BbifjeNieHne, CTpys, TePMOrpamMma, CTPYKTypa NoToKa.

BBepeHnue

Co3paHue MaTeMaTHYeCKHUX MOAeAed M CIOCOOO0B
UX MOAEAUPOBAHUSA AASI MCCAEAOBAHMSA IPOIECCOB,
NPOTEKAaIoUINX B MUKPOABUTATEASX KOCMMYECKUX all-
11apaToB, OOBACHAETCSA NPAKTUYECKOU BA’KHOCTBIO pe-
IIeHWsT ITUPOKOrO Kpyra 3apad, CBSI3aHHBIX C COBpe-
MEHHBIM 3TallOM Pa3BUTHS OCBOeHMS KocMoca [1—3].

Ba>kHOM 0COOEHHOCTBIO OOBeKTa UCCAEAOBAHUS SB-
ASIeTCS IPOTOTUIl MUKPOABUTATeAs], IPUHIIUN PabOTEHI
KOTOPOT'0 OCHOBAH Ha YCKOPEHUHU 3apsi’KeHHBIX YaCTHI]
B éMKOCTHOM 3a30pe TOPOMAAALHOTO pe3oHaTopa IIpHU
YCAOBUU HAAW4YMA B €ro OObEMe HCTOYHUKA DAEKTPO-
MarHuTHOro wusAaydenus [4]. Wcrounmk BY/CBUY-
KOAeDOaHUM, 3a0AHO M HCTOYHUK IIAA3MBI, BBEIIOAHEH
Ha OCHOBe TBepAOTeAbHbIX CBY-saemenTtoB. PaGouee
TeAO MIPEACTaBAsIeT COOOU CMech MAA3Mbl M HEUTpPaAb-
HOI'O ra3a, UCTeKAIoLlero U3 OrPAHHUYEeHHOTO0 O0BéMa
B IIPOCTPAHCTBO C IOHMJKEHHBIM (DOHOBBIM AABAECHU-
eM (<100 ITa). IloryueHHBIEe aBTOpaMU paHee 3KCIle-
PUMeHTaAbHBIE UCCAEAOBAHUS [4, 5] IOCAY>KUAU OCHO-
BOM K IIDOBEAEHUIO TEKYIIUX HCCA€AOBAHUMN B 4YaCTHU
BO3MOJKHOCTH OII€HKHU JHEepreTUYecKOro BKAaAa pe-
30HATOPHOT'O YCKOPEHMS B OOIIyIO 3HEPIuio MOHU3U-
POBAHHOW CTPYU IIO TEIIAOBOMY CAEAY IIPHU MaABIX Ha-
npskennax B MMOC, a TakKe OTCYTCTBUM B OTKPBITON
nevyaTd IPEACTaBA€HUS O AMHENHBIX U IIOIePeYHBIX
pa3Mepax pa3pe’keHHON cTpyu. TeM caMbIM BO3HHUK
BOIIPOC, @ BO3MOJKHO AU C IIOMOIIbIO TEOPUU Ta30BOMU
AMHAMHUKN Pa3pe’keHHOro rasa OIUCATh IIPOIlecC HUC-
TeueHUs HEUTPAABHOIO ra3a B BUAE CBOOOAHOU CTPyU
C IIeABIO ONPEAEAeHUs CTEIIeHW BAUSHUS TEIAOBOTO
BO3AENCTBUS, TeOMeTPUYeCKUX IlapaMeTpOB CeTOY-

HBIX 9A€MEHTOB MOHHO-OITUYECKON CUCTeMBl Ha Tep-
MOTa30AMHaMUYeCKHe U TeoMeTpudecKue IapaMeTphbl
cTpyn?

3a mocAepHUEe AeCATUAETHS pa3paboTaHbl pa3sAny-
HBIe MaTeMaTuueckme wmopeam CBY-mmaasmbl, wmcTe-
Kalolel B OOAQCTb NMOHUJKEHHOTO AaBaeHuda [6— 10],
OAHAKO A@HHBIE MOAEAU UMEIOT OTPaHMYeHHBIN Aualla-
30H BXOAHBIX IIapaMeTpoB (pabouee TEAO, MaCCOBBIN
pacxop, 00beMHasi MOITHOCTb TEIIAOBBIAEACHUS U T.A.),
U He paccMaTpMBAIOT ra30AMHAMUKY IIOTOKAa IIAA3MBI.
Takum oOpazoM, AAsE 9PPEKTUBHOTO ITPOEKTUPOBAHUS
UOHHO-TIAA3MEHHBIX MUKPOABUTATEAEM KOCMUYECKUX
anmnapaToB U COKpallleHus 3aTpaT Ha IIPOBeAeHUe AO-
POTOCTOSIIUX U TPYAOEMKUX 3KCIIEPUMEHTOB SIBASIETCS
aKTyaABHBIM pa3paboTKa MaTeMaTUUYeCKON MOAEAU AAS
MOAEAUMPOBAHUA CTPYU PA3pe’RKEHHOro rasa, MCTEKaro-
1ero U3 MoHHo-onTudeckom cucremul (MOC) nonHoro
ABUTaTeAs B IIPOCTPAHCTBO C MOHUKEHHBIM (POHOBBHIM
AABAEHUEM.

ITocTaHOBKa 3dAd4u

CoraacHo aHaam3y AuTeparypsl [11— 18], Moapean-
poBaHMe IIpollecca Ta30AMHAMHUKU B KaHaAax C pas-
AWYHOM KOH(UTrypalnuel IONepeyHOro CeueHUs sB-
AsIeTCST OAHOM M3 Hamboaee 3HAUMMBIX B IIPUKAAAHOM
acrmekTe obracTel AMHAMUKM pa3pe’keHHOoro rasa [19].
Kak m3BecTHO, AMHAMUKA Pa3pe’KeHHOTO ra3a sSBAseT-
Cd pa3peAOM a’3POAMHAMUKY, IIEABI0 KOTOPOH SIBASIET-
Cs UCCAEAOBAHUE IIPOIECCOB C y4eTOM MOAEKYASIPHOM
CTPYKTYpHbl raza. OOAAcCTb MCCAEAOBAHMN AWHAMUKU
pa3pe’keHHOro rasa OXBaThIBAaeT IPOIeCCHl, IpOTeKa-
IOoI[Ye B ra3ax OYeHb MaAOW IMAOTHOCTH (HAIIpUMeD,

™
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Puc. 1. Moaeabp Mukpoasurareast ¢ CBU-yckoputeareM paboyero
TeAa: 1 — BHeIIHMH MAMHAPHUYECKHI Pe30HaTop;
2 — BHYTPEHHHMI IUAMHAPHUYECKHUI Pe30HaTop;
3 — IOAOCTH IAA3MoOreHepaTopa; 4 — 3AeKTPOABI eMKOCTHOTO
BU-pa3psipa; 5 — mpoAeTHast MOAOCTh; 6 — CeTOYHBIA SAeMeHT
TOPOMAAABHOIO Pe30HaTopa; 7 — KOPHyC C aHOAOM; 8 — aHoA;
9 — mTynep nmopBoAa rasa; 10 — KOpIyCHOH dAeMeHT;
11 — 3ammuTHas CeTKa;

12 — ceTo4YHBIe DA€MEHTHI HOHHO-OIITUYECKONH CHCTEMBI
Fig. 1. The model of the microthruster with a microwave
accelerator working substance:

1 — external cylindrical resonator; 2 — internal cylindrical
resonator; 3 — plasma generator cavity; 4 — capacitive RF
discharge electrodes; 5 — flight cavity; 6 — toroidal resonator
grid element; 7 — housing with anode; 8 — anode;

9 — gas supply nipple; 10 — housing element; 11 — protective
grid; 12 — grid elements of the ion-optical system

ABWJKEHUEe AeTaTeAbHBIX alllapaToB Ha OOABIINX BHI-
coTax) UAU IPOIECCH], B KOTOPBIX AAMHA CBOOOAHOTO
npobera MOAEKYA COM3MepHMa C XapaKTepPHBIMH cede-
HUSMH CaMOTO IIOTOKa (YAQpPHBIE BOAHEI).

AKTHBHOe TIpUMeHeHHe YHUCAEeHHBIX MEeTOAOB IIO-
3BOASIET MOAEAMPOBAThL TeUeHHs B IIMPOKOM AHUala-
30He uncen KHyaceHa — OT IePEeXOAHBIX Pe’KUMOB
DO TEUEHMU CO CKOABKeHHeM moToka [20—22]. OaHa-
KO HEOOXOAUMO OTMETHUTH, 4YTO B OOAACTU IIEPEXOAHOIO
TeyeHHUs1 HCIIOAB30BaHMe ypaBHeHull Hasbe —CTOKCa
HeIpuMeHuMO [23], TaK KaK HY’>KHO YUYMTHIBaTh CTaTU-
CTUYeCKOe paclpeApereHre YacTUI] B CpeAe, OIUCHIBA-
eMoe KMHeTHYeCKMMM ypaBHeHuUsSMU Boablimana [20,
24, 25].

B pabote [26] mpoBepeH aHaAM3 U OllEHKA Xapak-
TEepPHBIX MacITaboB 3AeMEeHTapHBLIX IIpoljeccoB B BU-
nAas3Me TOHWYKeHHOTO AaBAeHUs. COrAacHO IIOAyYeH-
HBIM A@HHBIM, BU-TIAa3Ma B AMalnazoHe NOHMKEHHOTO
paBaeHus (13,3— 133 Ila) u TeueHUs A@MHUHAPHOTO IIO-
ToKa (2 £ Re < 700) mMeeT caepyronire OCOOEHHOCTH:
CTelleHb TepMUuecKoN HepaBHoBecHocTH 10 <0 < 100;
uynucro KuyaceHa aag HemTpaabHoOro rada 0,008 < Kn
< 0,07; aas monHoro rasa 5-107% < Kn < 51073 aps
aaekTponHoro raza 0,001 < Kn < 0,1. Takum o6pasoM,
TeyeHHe 3AeKTPOHHOTO M HEeWTPAALHOIO Ta30B MOJKHO
OXapaKTepu30BaTh TeUeHUEM MeJKAY IIePEeXOAHBIM pe-
JKUMOM ¥ PEKUMOM CIIAOIITHOM CPEABI, a TeueHUe 3a-
PSIKEHHBIX 9aCTHI] — PEKUMY CIIAOIIHOM CpeAbl. TeMm
CcaMBIM OIIpeAeAseTCs IleAb AQHHOM paboThI: pa3paboT-
Ka MaTeMaTHYeCKON MOAEAU, OTBedalollleidl TIuIIoTe3e
CIIAOIIHOCTU IIOTOKa AAS MOAEAUPOBAHUS Ta30AMHa-
MHUKU CTPyU HEUTParbHOTO pa3peskeHHOTro rasa, UcTe-
Kalolllero B IMPOCTPAHCTBO C HMOHWKEHHBIM (POHOBLIM
AaBAeHHEM. AOCTVIKeHUe AQHHOM ITeAU OCYIIEeCTBHUMO
NIPY PellleHUN CAEAYIOUIUX 33Aau:

1) ompepereHUe KOH(QUIypaluu MOIEPeyHOro ce-
JeHUsl KaHaha M peskuMa TeueHUs;

2) oIleHKa pacIpeAeAeHUs IOTeHIHaAa 3JAEKTPO-
CTAQTUYECKOTO TIOASI OT CETOYHBIX JAEMEHTOB HOHHO-

OIITUYECKOU CUCTEMBI AASI OIIPEAEAEHUS BEAUUYUHBI Te-
IINOBBIAEACHU A,

3) omucaHue mporecca HeCTaI[MOHAPHOTO IepPeHOo-
Ca TellAa HpI/I ABHDKEHUN CHAOLHHOI;I CpeAbI.

Teopus

B xope paHHUX WMCCAEAOBAHUM OBIAUM CO3AAHBI
TPOTOTUIIEI HMOHHBIX ABHUTaTEAEM: JIAEKTpPOCTaThde-
CKUM HMOHHBINM ABUTATEAb M AByX3a30pHBII CBY mon-
HBEIM ABHUTaTeAb [4, 5]. Y 00OMX ABUTaTeAel HMeeTcs
AByxarekTpopHasg MOC ¢ HOCTOSSHHOU yCKOpPSIOIen
Pa3HOCTBIO HOTeHUIMaAOB (puc. 1). Yckopsmoilasg CH-
cTeMa IIpeACTaBAe€Ha ABYMS CETOUHBIMU 3JAeMeHTaMHu
(mo3. 12) — nepdOpUpPOBaHHBIMU JAEKTpOopAaMH. Ha-
PY’KHBIA pAuaMeTp cocTaBageT d = 50 MM, TOAIIUHA —
6 = 0,635 MM. AraMeTp OTBEPCTUM CETKU dKpaHa CO-
craBasteT 0,8 MM, a AMaMeTp OTBEPCTHN CETKH YCKO-
penuss — 0,5 mm. KoAnuecTBO OTBEpPCTHUM B CETKAX —
1o 856 MITyK.

[Mo wuMeromMMCS AQHHBIM CETOYHBIX 3IAEMEHTOB
MOJKHO OIPEAEAUTH KOHMUIYPAIIUIO IIOIEePEIHOrO
CeueHUsT KAaHAAOB, B KOTOPHIX ITPOUCXOAUT TeUeHUe
paspexxeHHoro rasa. CornacHo A@HHBIM paboT [27—
30], OpeArOKEeHO pPa3AeAsiTh KaHaAbl B 3aBUCUMOCTHU
OT 3HAUYEHUs TMAPABAUUYECKOTO AMaMeTpa Ha OOBIUHBIE
D, = 3-107° m; Munu-KaHaabl 2-107* < D, < 3-107% m
1 MuUKpokaHaabl 107° < D, < 2:10~* M. CaepoBaTeAbHO,
paccMaTpuBaeMbie OOAACTH TeYeHUs ra3a B IKpPaHU-
POBAHHOU IMOAOCTU 3A€KTPOAOB (mo3. 12) OyaeT cooT-
BeTCTBOBATb OOBIYHOMY KaHaAy, @ OOAACTb B MeXKIAeK-
TPOAHOM 3a30pe — MUKPOKaHaAy.

MopaeAb CIAOIIHOM CpeAbl AAST Pa3pe’kKeHHOro rasda
MO3BOASET HCIIOAB30BaTh ypaBHeHHd Hasbe —CTOKCa
AAST OTIMCAHUS TTIOBEAEHUS Ta3a IMIPU OTHOCUTEABHO HU3-
KUX AaBaeHHAX. OpAHAKO HeOOXOAUMO OTMETHUTh, UYTO
MOAEABL CIIAOIIHOM CpeAbl UMeeT CBOM OTpaHNYeHUs
U MOJKeT ObITb HEKOPPEKTHAa B YCAOBUSX OUE€Hb BBICO-
KOM pa3pe’KeHHOCTH Tasa, Koraa uncao Kn < 0,1.

Ans paccMmarpuBaeMoil KOHCTpykuuu MOC u KoH-
durypanum IONEepevYHOTO CeYeHUsi KaHana OIlpeje-
AeHHe peXKUMa TeueHUsI OCYIeCTBASETCS IO OlleHKe
BeAMYUHBI KPUTEPHAABHBIX unceA PeliHoabAaca u KHyA-
ceHa. Tak, pAg aszoTa B Aualia3oHe ckopocrer oT 1
20 85 M/c m paccMaTpUBaeMbIX KOHMUTypalui KaHaAOB
yicA0 PeMHOABACA AEKUT B AMANa30HE AAS OOBLIYHOTO
kaHana 1 < R < 300 u mukpokaHara — 4 < Re < 450, uto
XapaKTepu3yeT AAMUHAPHBIN Pe’KUM TedeHU.

AAst amamnazoHa pAaBaeHuM rasa ot 10 po 100 Tla
B paccMaTpuBaeMoM obracTu TeueHUs: uncAro KHyace-
Ha coctaBasgeT 0,0014 < Kn < 0,013, uTo 0O3BOASIET pac-
CMOTpPETh TPUMEHEHUE MOAEAU CIIAOITHOU CPEABI AAS
AQHHOM 3apau¥ C IIPUEMAEMOM TOYHOCTBIO.

Pelienue 3apauu O paclpepeAeHUH IOTeHIIHaAa
9AEKTPOCTATUUECKOTO TIOASl $SIBASIETCS KpaeBOM 3a-
Aadel, HMeIollell COOTBETCTBYIOIee pelleHue IIPU
3@A@HHBIX TPAHUYHBIX YCAOBHUAX. TakK, IOTEHIIHaA
9AEKTPOCTATUIEeCKOro moast E = —grade onmuchIBaeT-
cs1 OOIIen3BeCTHBIM ypaBHeHUeM [lyaccoHa, KoTopoe
AASI IIAOCKOIIAPAAAEABHOU 3apauM SIBASIETCS AMHEUHBIM
pAUddepeHIINaABHBIM YpaBHEHEM B YaCTHBIX IIPOU3-
BOAHBIX BTOPOT'O HOPSAKA U mMeeT BUp [31]:

2 2
e + e =0. (1)
ox* oy’

[MTpu paccmorpenuu pacyerHou ooractu MOC npu-
HHMaeTCs AByMepHas oCeCHMMeTpHYHas 0OAACTh, KO-
Topasi IpeACTaBAsgeT COOOM IIOAOBHUHY OT Hapy’KHOIO
AMaMeTpa CeTOUHBIX HIAEMEHTOB (PHC. 2).



Puc. 2. PacyéTrHasi 00AaCTh HOHHO-OIITUYECKOI CHCTEMbI
Fig. 2. Computational domain of the ion-optical system

AAs pellleHHs ypaBHeHUs (1) AOIIOAHUTEABHO BBe-
AeM KpaeBble YCAOBMS COTAACHO pacyeTHOM oOAacTH
(puc. 2):

— Ha BEepXHUX M OOKOBBIX I'DAHUIAX PACYETHOU
00AQCTH, YAQAEHHBIX Ha AOCTAQTOYHOM PACCTOSHUU OT
CETOYHBIX 9AEMEeHTOB, IPUHATO ycAoBHe HeliMaHa:

— Ha HIWDKHEeM IPaHUlle PacyeTHOU OOAACTH, SABAL-
IOLIIeNCS OCBIO0 CUMMETPUU CeTOYHBIX 3AeMeHTOB 1OC,
NIPUHATO YCAOBUE AUDHUXAE:

0
X o
oy
— Ha IIOBEPXHOCTAX Ka)KAOfI IIapbl CEeTOYHBLIX
OAEKTPOAOB IIPUHATO YCAOBUE AI/IpI/IXAe, COOTBeT-

CTBEHHO, Ha KPAHHOM CeTKe MOTEeHI[MaA ¢ U Ha CeTKe
YCKOPHUTEAS @,

Takum o00pasoM, IOTEHIIWaA ¢ YAOBAETBODA-
eT YypaBHeHHIO Aamaaca B PACYeTHOM 0OOAACTH
x€(0,1,)y €(0,d,) wu 3apaHHEIM TPaHUYHEIM yC-
AOBHSIM!

npu x € (0,d,,) u y € (0,d/2) 69 =0;

mpu x € (0,1,.) % =0;
oy

npu X € (dag,d +8) o=, ;

IpH X € (dgc,d + 6) =0,
rae 1, d, — AAMHA M AMAMETp BAaKyyMHOW KaMephbl
COOTBETCTBEHHO.

[TAOTHOCTB 3HEPTUU IAEKTPUUECKOIO MOAST OIIpeAe-
ASIeTCS ypaBHEHUEM:

1
= J(E-D)dr, (2)

rae D — BeKTOp 9AeKTPUUEeCKOTro CMelleHUs:

™

D = E-, (3)

€ — KOOPPUITUEHT AUIAEKTPUUYECKON TTPOHUITIAEMOCTH.

[MpeanonaraeTcs, 4TO OCHOBHBIM MeXaHH3MOM Te-
IIAOBBIAGAEHUS SIBASETCSI OOAACTh B 3a30pe MEeJKAY
ceToyHBIMU dAeMeHTaMu MOC; Hanps>KeHHOCTb AEK-
TPUYIECKOTO TIOAS M IIAOTHOCTH TEIAOBOM JHEPIruy,
B TeKylllell cUcTeMe KOOpPAWHAT (pPUC. 2) cOBIapaeT
C IIOAEM M 3Hepruel B CUCTeMe KOOPAMHAT, IIPeACTaB-
AeHHOU Ha puc. 1. [IAOTHOCTbL TenmAOBOU sHepruu (2)
00yCAOBA€HA TOABKO BEAWUYMHOM Pa3HOCTU MOTEHIua-
AOB 9AEKTPOCTATUUECKOTO TOAS U He 3aBUCHUT OT ra-
30AMHaMUYECKUX IIapaMeTpPOB pacCcMaTpUBaeMOIo Te-
YeHUsI TeM CaMBbIM pacCMaTpUBaeTCs (PUKCUPOBaHHAS
00AACTb 9HEProBBIACACHUS.

[NMpu yKasaHHBIX BHIIIIE AONYILIEHUSX pellleHHue 3a-
paud O AMHaAMHKe rasa C ydeToM HeCTallMOHapHOIO
mepeHoca TelAa OyAeT HCIOAB30BaThCS CAEAYIOIIast
CHCTeMa YpaBHEHUM, BKAIOUAIONasd B ce0sd ypaBHeHUE
aBrokenus Hasbe — Crokca [32]:

apu,)  lpu,) _—ap.
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ox oy ot
ou, ou,
p . + uX
ot 0x ]

-op 0 ( ou, j o ou,
=t |H |t |k g
ox O0x\ 0ox oy oy
811 au 8uy
p| —L +u, =
ot ox Yoy

-op o0 Ou, o ou,
oy Ox\ 0Ox oy oy
aU ‘u ou ou

N +u, — | =
ot ox oy
- 0
= 6(pux) (p y)+V()\VT)+qV,
ox oy
p = pRT; (4)

TA€ U, U, — TPOEKIMH CKOPOCTH IO OCAM X U ;

p — IIAOTHOCTB;

p — MaBAEHHeE;

W — KO3 PUIINEHT AUHAMUYECKOM BSI3KOCTH;

U — BHyTpeHH:AS JHEPIHUd;

T — TeMIeparypa;

A — KO3 PUITUEHT TEIAOTIPOBOAHOCTH.

CucreMa ypaBHeHUHN (4) oIpeperseT IIOAS CKO-
poCTH, TeMIlepaTypbl U AABA€HUS C y4eTOM KOHBEK-
TUBHOTO ABUDKEHUSI pa3pe’KeHHOro rasa. I'paHHYHBIe
YCAOBHS, IO3BOASIONIME PEIIUTbh AAHHYIO CHUCTEMY,
SIBASIIOTCSI CAEAYIOIIMMU: Ha TPaHUIle COIPUKOCHOBe-
HUSI CIAOIIHOM CPEABI C TBEPAOM CTEHKOM — BEeAMYUHA
IIPOEKIIUN CKOPOCTU pPaBHA HYAIO:

u =0,

uY
x' Ty

a TeMIlepaTypa U HOPMaAbHAsA COCTABAAIOMIAST TEIIAO-
BOT'O IIOTOKA ABAAIOTCA HEIIPEPBIBHBIMU CpYHKI_[I/IﬂMI/IS

ror 20T T 5
on on

A€ MHACKC W — ob6o3Havaer IIapaMeTpbl, OTHEeCEeHHbIe m
K TBepAOﬁ CTeHKe.
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Ha BxoAe B pacueTHYIO MOAEABL 3aAAIOTCS CAEAY-
IolMe IapaMeTpPhl: OceBasg CKOPOCTh U U TeMIepa-
Typa T, HEBO3MYIIEHHOTO Ta30BOTO IOTOKA, MOII-
HOCTb OOBEMHOTO SHEPTOBBIAGACHUS ¢, PACCUMTAHHAS
TI0 YPAaBHEHMIO (2) ¥ AOIIOAHAIOIIAs CUCTEMY YPAaBHEHUN

(4), — ypaBHeHHe TEeIIAOIIPOBOAHOCTHU B BUAE:
ver = —9v, 6)
a

[lpu pacdeTe TedeHHN HEOOXOAUMO YUYUTHIBATH
3 (eKTEl BA3KOCTHBIX CUA, A€UCTBYIONIUX OT HEIIOA-
BMJKHOM CTEHKM Ha II€PeMelaloIIyIoCs CIIAOIIHYIO
cpepy. PaccMaTpuBasi TedeHme pa3peskKeHHOTO Trasa,
MPUHUMAETCS BO BHHMAaHHWE TOT (PAKT, YTO BSI3KOCTH
pa3pe’keHHBIX Ta30B HE 3aBUCUT OT AABAEHUS] U UMeeT
CTEIIeHHYIO 3aBHCHMOCTBH OT TeMIlepaTyphl. AAS 4ero
BBOAUWTCS B pacyeT 3aBUCUMOCTb KO3 pUITMeHTa ANHA-
MUYECKOM BS3KOCTU pa3pe’keHHOTO ra3a OT TeMIlepa-
TYPHI, UCIIOAL3Ys ypaBHeHUe YsnmeHna — OHckora [33]:

w=26603-10° YT
620

(7)

rae M — MOAsIpHasl Macca rasa;

QLL — UWHTErpan CTOAKHOBEHUM, OIpeAeAseMBbId
c momolbio noreHimasa Llltokmatiepa;

6 — AuaMeTp 3(p(PeKTUBHOTO IOIepedHoro ceue-
HHSI COYA@PEHUST MOAEKYA.

Pe3yAbTaThl pacueToB

PacyeTHasg 0oOAACTE MOAEAMPOBAHHSA IIPEACTABASAA
co0OM IMpPOCTPAHCTBO, OrpaHWYEeHHOEe CTeHKAaMH BaKy-
YMHOM KaMepbl U ceTouHBIMU 3AeMeHTamu MOC. Tlo-
CTpoeHHe OOAACTHM MOAEAUPOBAHUS OCYIIECTBASIAOCH
IIOCPEACTBOM 3aAAHUA AMHEWHBIX KOOPAUHAT pacydeT-
HOM 0OAACTH.

AAs pelleHus ypaBHeHHUs (1) MCIOAB3yeTCS HATH-
TOueuHasi Pa3HOCTHAsA CXeMa AAS SAAUNTUYECKUX ypaB-
HEeHHU Ha ceTKe C OAMHAKOBBIM IIIAroM IO OCSIM X U ¥
B BUAe [34]:

oo )= @21 =207 )+ e 1))

h2
L0 =) =29 )+ 9 M0 g 1),
12
rAe I, ] — KOOPAUHATEI Y3A0B CETKU IO OCSM X U Y;
h, 1 — mar ysaoB IO COOTBETCTBYIOIIUM OCSAM
XHUYy.

AASL OTBICKAHUS pelleHUs AQHHOW CHUCTEMBI ypaB-
HeHUM (4—6) UCIOAB30BAAUCH NIPSMBIE METOABI MaTe-
MaTU4eCKOM (DMU3UKU, B YACTHOCTH, CUCTEMY ypaBHe-
HUN (4), OIKUCBIBAIOIIYIO ra30AMHAMUKY ra3a, pPellaroT
c nomouplo Meropa byOnoBa—Tlarepkuna [20, 25],
a ypaBHeHHe (0) alllpOKCHUMUPYIOT C IIOMOUIbIO SBHO-
HesBHOI Pa3HOCTHOM cxeMhl [34]. [IpudyeM ypaBHeHHe
(6) OyaeT pellaTbca IpeskAe, YeM cucTeMa (4), T.K. Be-
AWYUHBI KO3(@MUITUEHT BI3KOCTU U TeMIlepaTypa SIBHO
BXOAAT B CUCTeMY (4).

Koaddpuiuentsr pa3rosKeHus OTIPEAEASTIOTCS
U3 WHTETrPAAbHBIX YCAOBUY, BBIPa’KalOIIUX OPTOTO-
HAABHOCTb HEBSI3KM K KaXKAOM Oas3MCHOM (PyHKIMU.
Taxum o6pa3oM, 3apada CBOAUAACE K PellleHUIO0 CUCTe-
MBI aATeOpandyecKuxX ypaBHEHUHU AAST KOI(PMUINEHTOB
Pa3A0KEeHUA.

OOmuit BUA PaACUETHOU CETKU AASI UYMCAEHHOTO
MOAEAVPOBAHUS pAaCYeTHOM OOAACTH IPEACTaBAEH

Puc. 3. KoHeyHO-3A€MeHTHasi MOAEAb pacyeTHON 00AacTu
Fig. 3. Finite element model of the computational domain

Ha puc. 3. OOI1ee KOAUYEeCTBO DAEMEHTOB pacyeTHOMU
obaactu naMmeHsIAoch oT 300 Teic. Ao 500 TBIC. sTUEEK.

HNcxopHBIe  3HAaueHUS BEAWYMHBI IIOTeHIIMaAd
Ha CETOUHBIX JAeMeHTaxX OBIAM IPUHATHI PABHBIMU
600 B. Pe3yaAbTaTbl pacyeTOB IIPEACTABACHBI KOHTY-
pamMu pacnpeApeAeHusi MOTeHIuara (puc. 4a), Hamps-
JKeHHOCTU (puc. 406) U TAOTHOCTU 3Heprum (puc. 4B)
3AeKTpOoCTaTud4ecKoro moasg. CoTrAacHO IOAyYeHHBIM
pe3yAbTaTaM, BEKTOD HAIpSKeHHOCTU IOAsI HallpaB-
A€H MepHeHAUKYASIPHO 3KBUIIOTEHIIMAABHBIM IIOBEpX-
HOCTSIM, UTO CBUAETEABCTBYET O BEePHOM IIOCTAaHOBKE
3a7a4uU U ee peIlleHuu.

MopaeAnpoBaHUe Ta30AMHAMUKU CTPYU HEUTPaAb-
HOTO Pa3pe’KeHHOIO ra3a OCYIeCTBASIAOCH IIPU CAEAY-
IOIIUX TPAHUYHBIX YCAOBUSIX!

— QopMupoBaHuEe TOPU3OHTAABHOU COCTABASIO-
el CKOPOCTH, PABHOM U =5 M/C CO CTOPOHBI A€BOTO
TOpIla pacuyeTHOU obAacTu (puc. 2);

— YCTaHOBA€HHE YCAOBHUS OTKPBITOTO (BEIXOAHOIO)
KaHaaa [35] p = 0 co CTOPOHEI IIPaBOTO TOPILia pac-
YeTHOM 0OAACTH;

— YCTaHOBA€HHE YCAOBHUS IPUAUINAHUS ITIOTOKA
V = 0 u HeNnpephBHOCTU (PYHKLUU TeMIEepPaTyphl
U TEIIAOBOTIO IIOTOKA (5) Ha 'PaHUYHBIX IAE€MEHTax pac-
4YEeTHOM 00AQCTH.

Pemrenue cucremMbl ypaBHeHUM (4) HO3BOAMAO IIO-
AYYUThb pe3yAbTaThl, NpPEACTaBA€HHBIE Ha pHC. da.
W3 puc. 5a caepyeT, 9To HauboAee BLICOKAasl TeMIlepa-
Typa HaOAIOAQeTCS BOAM3U CETOYHBIX d3AeMeHTOB MOC,
110 IpUYUHE HEeIIOCPEACTBEHHOU OAM30CTU AOKAABHOTI'O
HUCTOYHUKA TEeNAOBBIAeAeHUs. boree HHM3Kas TeMIepa-
Typa HaOAIOAQeTCsI B pacyeTHOM OOAACTHU U C TeueHUeM
BpeMeHM (HeCTallMOHApHOCTBIO IIpollecca MCTeueHUs)
He MeHseTCs.

OOCy>XAeHue pe3yAbTaToB

B pesyabTaTe NIPOBEAEHHBIX HCCAEAOBAHUU OBIAU
IIOAyYeHBI TTapaMeTphl CTPYH HMOHU3UPOBAHHOTO pas-
peskeHHOro rasa, yckopenHoro MOC mpoToTumna, 4To
DAAO IIPeACTaBA€HHE O AWHEMHBIX U IIONepPedHBIX
pa3Mepax cTtpyu. CpaBHEHHE PEe3yALTAaTOB MOAEAH-
POBaHMUA TEeMIIEPATypPHOI'O IOAS (PUC. 5a) C 3KCIIepH-
MeHTAABHBIMU pe3yAbTaTaMU TepMorpaMM (puc. 50)
IIPOTOTHIIA MUKPOABUTATEAS] CBHUAETEABCTBYIOT O TOM,
YTO IIOIIEPEYHOEe pacCIIpeAeAeHUe TeMIIepaTyphl B 060-
UX CAydYasiX OAMHAKOBO. AmMaMeTpaAbHBIM pas3Mep
B o0oux caydagx cocraBageT = 50 mMMm. OpHAKO Ipo-
AOABHOE  paclipepeAeHHe TeMIepaTypbl PasAndHO
(puc. 6). Tak, AAT MaTeMaTH4eCKOI'0 MOAEAVPOBAHUS
YCTaHOBUBIIIEECS 3HAYEHWE TeMIepaTypbl CTPyd CO-
craBasieT 18 °C mpu AMHeMHOM pa3Mepe CTPyH, paB-
HOM = 57 MM. B cayuyae sKcIlepUMeHTa yCTAHOBUBIIIE-
ecs 3HaueHUe TeMIlepaTyphl cocTaBageT 18,3 °C npwu
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Puc. 4. I30AMHHAN S9AEKTPOCTATUYECKOro MOTeHuaAa (a), more HanpskeHHoCTH (0)
M MAOTHOCTH SHEPTUH (B) SAEKTPUYECKOTO MOASI MEXKAY CETOYHBIMHU IAE€MEHTaMM
HMOHHO-OIITUYECKON CHCTEMBI
Fig. 4. Isolines of electrostatic potential (a), field strength (6) and energy density ()
of the electric field between the grid elements of the ion-optical system

S B

a)
Puc. 5. TemneparypHoe noae (a) u repmorpamma (6) CTpyu HeATPaABHOIO pa3pe’kKeHHOro rasa, MCTeKaromast
M3 IPOTOTUIIA MUKPOABHUTaTeAs
Fig. 5. Temperature field (a) and thermogram (6) of a jet of neutral rarefied gas flowing out of a prototype microthruster

MVHe, paBHOU 70 MM. AaHHOe pa3AnMyde AWHEWHBIX
pasMepoB CTPyH B IIPOAOABHOM pPACIpPEAEAEHUU CBU-
METEeABCTBYET O TOM, YTO KpOMe IIOABOAA SHEPTUM K
rasy B 3a30pe Me)KAY CEeTOUHBIMU 3AeMeHTaMU MOHHO-
ONTUYECKOU CHUCTEMBI IIPUCYTCTBYET ellle OAUH HCTOY-
HUK JHEPrUM, KOTOPBIM yBEAUUYUBAET CKOPOCTb CTPYU
U, COOTBETCTBEHHO, 'AYOUHY IIDOHUKHOBEHUSA CTPYU B
(OHOBBIA ra3. AQHHBIM HCTOYHUKOM MOJKET SBAATHCSA
BEeAWUYMHA IepeMeHHOTO YCKOPSIOIero HalpsyKeHU,
BO3HUKAIOIIEr0 B TOPOMAAABHOM pe3oHaTope. IToTok
UOHHU3MPOBAHHOTO rasa, B3aUMOAEMCTBYsS C IlepeMeH-

Mot

6)

HBIM IIOA€EM, IIOAYyYaeT IIpupalleHne 3JSHepruu, 4TO B
MaTeMaTU4YeCKOU MOAEAM MOJKET OBITh HPEeACTaBACHO
KaK IIOABOA AOIIOAHUTEABHOM TEIAOBOM 3SHEPIUM K
ra3y. B mpepcTaBA€HHOM MaTeMaTU4eCKOM MOAEAMPO-
BaHWM AQHHBIM MOMEHT MCKAIOYEH, T.K. pacCMaTpHuBa-
eTCsl TOABKO paboTa MOHHO-ONTUYECKOU CHUCTEMBL.
AOIIOAHUTEABHOE yBeAWdYeHUe CKOPOCTH HOHM3U-
POBAHHOI'O IIOTOKA MOJKET ObITh OOYCAOBAEHO IIOSIBAE-
HHEeM MHOTO3apSAHBIX MOHOB IIPU IIOCAEAOBATEABHOM
repecevyeHNy yCKOPSIOIMUX 3a30POB (3a30p IepeMeH-
HOTO HAIPSDKEHUS W 3a30P IOCTOSHHOI'O HAIIPSI)KEHUS

™
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Puc. 6. I'paduk n3MeHeHUs TeMIepaTyphl 0 OC MOHHO-ONTUYECKOH CHCTEMBI CTPYH
HEHTPAAbHOIO pPa3pekXeHHOro rasa
Fig. 6. Graph of temperature change along the axis of the ion-optical system of a jet of neutral
rarefied gas

MOC), paccMOTpeHHOE aBTOpPaMU B XOAE ITPOBEAECHUSA
SKCIIePUMEHTAABHBIX HccAaepoBaHuY [4]. C OGOAbBIION
AOAeM BepOATHOCTH MMEIOT MecTo oba IIpoliecca: pe-
30HATOPHOE YCKOPEHHEe U IIOBBIIIeHNE 3apgAd MOHOB.

PaspaboraHHas 4MCA€HHAs MOAEAb ITO3BOASIET HC-
CAEAOBATh IIPOCTPAHCTBEHHYIO CTPYKTYPY IIOTOKA CMe-
CH TIA@3MBl M HEMTPAABHOTO Tasa B IIMAMHAPUYECKUX
KaHaraX M MHUKPOKaHaAaX B 3aBUCHMOCTU OT CKOPO-
CTH IIOTOKAa ¥ IAOTHOCTH TEIAOBOM dHepruu. Mopeab
TIO3BOASIET YUUTHEIBATH BAUSHUE KaK KOHCTPYKTHBHBIX
0COGEHHOCTEN PaCIIOAOKEHUs KOHCTPYKTUBHBIX I1apa-
METPOB CETOYHBIX SAEMEHTOB HMOHHO-OITHYECKOH CH-
CTeMBl, a TaK)Xe IIapaMeTpOB TeUYeHUs HEeHUTPaAbHOTO
rasa.

BbIBOABI U 3aKAIOUEHUE

Hcxoapsd U3 MOAYYEeHHBIX Pe3yAbTaTOB, MOJKHO CAe-
AQThb BBIBOA O TOM, YTO IOAXOA K MCCAEAOBAHUIO TAKUX
TEUEHUU C UCIIOAB30BAHUEM YHCAEHHOI'O MOAEAUPOBA-
HUA gBAdgeTca OOOCHOBAHHEIM. CTpyd HEWTPAAbHOI'O
rasa, IpoOTeKarollasg dyepe3 CEeTOYHbIe 3AeMeHTHl MOH-
HO-ONTUYECKOU CUCTeMBI, UMeeT AOCTATOYHO CAOSKHBIN
NPOCTPAHCTBEHHBIM XapaKTep BCAEACTBUE HepaBHO-
MEPHOCTH pacIpeAeAeHHUs I1apaMeTPOB B IIPOAOABHOM
U IOIIEPEYHOM HAIpPaBACHUAX. AAABHEHWIIUM 3TAllOM
HCCAEAOBAHUSA ABASIETCSI AOPabOTKa MaTeMaTH4eCKOU
MOAEAM C IIEABIO y4eTa Pa3AWYHBIX (DAaKTOPOB U COKpa-
LIeHUsT YMCAQ IPUHATHIX AOMYILEHUM.

CoBpeMeHHBIE CPEACTBA YUCAEHHOTO MOAEAUPOBA-
HHSI TIO3BOASIOT IIPOBOAUTEH Pa3AMYHBIE aHAAU3BI, HC-
CAEAOBATh IIPOLECCHl C YYEeTOM PA3AUYHBIX (DAKTOPOB,
4TO OOeclieuyrBaeT YAaCTUUYHYIO 3aMeHY HATypPHBIX UC-
MIBITAHUM BBIYMCAUTEABHBIM 3KCIepuMeHTOM. [Tocaea-
HHUU MO>KHO MCIIOAB30BaTh TaK’Ke Ha dTalle MPOeKTUPO-
BaHMs KOHCTPYKIIUM MHKPOABUTATEAs] KOCMUUYECKOTO
anmnapara AAS OIPeAeAeHUs] ONTUMAAbHBIX KOHCTPYK-
TUBHBIX IIaPAMETPOB KOHCTPYKLUU U TedeHUM. B dya-
CTU AAOOPATOPHOI'O HCCAEAOBAHMS HOBBIX 00pasIloB
MUKPOABUTATEAEN YHMCAEHHBIM METOA IIO3BOASET IIPO-
U3BECTU OTCeUeHHe HU3BECTHBIX BO3AEUCTBUI OT CyM-
MapHOTO BO3AEMCTBUSA C LEABIO OIpeAeAeHUs YPOBHS
HEeU3BeCTHOI'O M3y4aeMoro Bo3pencTsusd. [Ipu aTom pe-
3YABTAQTHl YUCACHHOI'O MOAEAMPOBAHUSA CPABHUBAIOTCS
C IKCIIEPUMEHTAAbLHBIMU AQHHBIMU. B paHHOM pabote
SKCIIEpUMEHTaAbHasd TAyOMHA IIPOHUKHOBEHUS CTPYyHU
NPOTOTHUIIA YCKOPUTEABHOTO MHKPOABUTATEAsT B (Do-
HOBBIM Ta3 CpaBHUBAETCS C MOAEAUPOBAHHOM TAyOuU-
HOU IIPDOHUKHOBEHUS OAHOU U3 YCKOPAIOLIUX CUCTEM

npototunia MOC. Tlapamerpsr MOC (HampsikeHue,
TOK) A€TKO OIIPEAEASIOTCS IPUOOPHBIMU CPEACTBAMU
B IIpollecce IKCIEPUMEHTa, YTO HeAb3sd CKasaThb O Ia-
paMeTpax IIepeMeHHOro HAIPSIKeHHUS B YCKOPSIOIeM
3a30pe TOPOMAAABHOIO pe3oHaTopa. COOTBETCTBEHHO,
YHUCAEHHOE MOAEAMPOBAHHUE ITO3BOASET OIEHUTH BKAQA
[IePEeMEHHOTO HAIPSKEeHUsS B SHEPIHI0 MOHU3MPOBAH-
HOT'O IIOTOKA.
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NUMERICAL SIMULATION OF A RAREFIED GAS JET EMANATING
FROM AN ION-OPTICAL SYSTEM OF THE MICROTHRUSTER

K. I. Zharikov, I. S. Vavilov

Omsk State Technical University,
Russia, Omsk, Mira Ave., 11, 644050

A jet of ionized rarefied gas escaping from an ion-optical system of a prototype resonator RF-ion
thruster into the surrounding space with low background pressure is considered. After a number of
assumptions, the escaping jet is replaced in the first approximation by a neutral rarefied gas, which
allows us to characterize the flow satisfying the hypothesis of flow continuity. The equations describing
the motion of a continuous medium are solved numerically using the Bubnov—Galerkin method, which is
used in rarefied gas dynamics. Non-stationary heat transfer is taken into account due to the interaction
of the gas flow with a local heat release region in the gap between the grid elements of the ion-
optical system. The heat release mechanism is described by the heat conduction equation, which is
solved together with the gas dynamics equations. The obtained calculation results are compared with
the experimental data. The conducted modeling made it possible to obtain the spatial structure of
the neutral rarefied gas flow in the cylindrical channels and microchannels of the microthruster. By
comparing the obtained spatial structure with the real thermal imaging picture of the jet, it is possible to
estimate the contribution of the resonator acceleration to the total energy of the jet.

Keywords: numerical simulation, rarefied gas, axisymmetric flow, heat release, jet, thermogram, flow

structure.
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