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3A0AYA PACYETA PABHOBECUA NMNA3MbI B
TOKAMAKE «rNOBYC-M»

1
dxymakaeB T. K.
(Mockosckuii ¢husuxo-mexnuueckuti uncmumym, Mocksa)

Cmasumcs 3a0ava pacuema pacnpeoeieHusi pagHO8eCHO20 NOAOU-
0anbHO20 NOMOKA NAAsMbl 8 moxkamake «Inooyc-M» no 3adannvim
MoKam 8 06MOmMKax noroudanbLHo20 noas. Ilpusodumes wucnennsii
aneopumm  pewleHuss ypaeHenus pasHogecus naamul 1 paoda-
Hlagpanosa, codepyxcawuii 0sotinou yuxn Jlaxuepa-Ilyaccoua.
Co30an k00 8 npozpammuo-eviuuciumensrol cpeoe MATLAB 0ns
pacuema pacnpedeneHusi NoaoUOANbHO20 NOMOKA 8 MOKAMAKe.
Honyuen yucaennvlii pezynsmam pacuiema pagHosecusi niasmul OJisl
TUMUmMepPHOl (hazvl 6bIOPAHHOU 8PEMEHHOU TMOYKU paspada 8 mo-
kamaxe «l106yc-My .

KiroueBbie cioBa: Ita3mMa, TOKaMak, paBHOBECHE, YpaBHEHHUE
I'pana-lladpanosa, MATLAB

1. BeedeHue

Pemenue 3amaun pacdera paBHOBECHS IUIa3Mbl B TOKaMake He-
0o0xoaMMO sl pacueTa CIHEHapus IUIa3MEHHBIX paspsaoB. OTa
3aja4ya pacnajgaercs Ha JBe: npsmyr u oOpatHyro [1]. Ilpsimas
3aJada npeacTaBisieT co00i OThICKaHue KOH(UTYpaluy MIa3MEeHHO-
ro MIHypa NMPH M3BECTHBIX TOKAaX BO BHEIIHMX OOMOTKaxX TOKaMaka.
Pemenune oOpaTHOI 3a1a4u AaeT BO3MOXKHOCTB 110 33aHHON KOH(H-
Typaluy I1a3Mbl OTBICKATh BEJIMUMHY TOKOB BO BHEIIHUX 0OMOTKax
JUTSI TIOJTyYEHUS] ICKOMOTO PaBHOBECHS IIJIa3MBI.

[lon cuenapuem paspsiia B TOKaMake HMOHHUMAaeTCsl HaOOp mpo-
TPaMMHO-U3MEHSIOIUXCS TOKOB B OOMOTKaxX MOJOUAAIBHOTO IO,
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KOTOpBIE O0ECTeYMBAIOT 3aJaHHBIE MArHUTHBIE KOH(MUTYypamuu
TUTa3MBlL.

st pemenus 3aadn pacueTa paBHOBECHS TUIa3Mbl HCITONB3Y-
eTcsl HelmmHelHoe ypaBHeHue |'paga-1lladpanoBa B 9acTHRIX Tpou3-
BOIHBIX [5], KOTOpOE pelraercs mocpeaCTBOM IBOMHOTO BIIOKEHHO-
ro mukia. Bo BHemHem nukie (mporenypa Jlakuepa [3]) wumercs
MarHWTHBIA TIOTOK Ha TpaHuIe. Bo BHYTpeHHEM IHMKIIC YpaBHEHHE
I'poma-llladpanoBa nrHEapu3yeTCs, W pEIIaeTcs MOIYYIHBIICECS B
pesynbTate ypaBHenue [lyaccona [1].

B nacrosmieii pabote pemaeTcs mpsMas 3a/1ada pacueTa paBHO-
Becus. IlpemcraBneH pesymbTaT pacueTa pPaBHOBECHS IUTa3Mbl C
npuMmeHeHueM 1ukia Jlakaepa-Ilyaccona mist Tokamaka «lmo0yc-
M» [2].

2. lMocmaHoeka 3ada4yu

ITocTanoBKka 3amaud pacueTa PaBHOBECHS IUIa3Mbl COCTOWUT B
CJIEAYIOIIEM: NPH 3aJaHHBIX KOOPAWHATAX PACHOJIOXKEHUS BHEIIHUX
00MOTOK IOJIOWAATLHOIO MAarHUTHOTO IOJII M TOKAaX B HUX HaWTH
pacripefielieHle MOJIONIAIbHOTO MarHUTHOTO IOTOKA BHYTPH Baky-
yMHOH Kamepbl Tokamaka «['1modyc-My». Ilon momownmanpHBIM Mar-
HUTHBIM II0JIEM B TOKaMake MOHHMAETCs MOJe, MPOXOAAIIee Yepes
MOJIIOCa MJIMHIPUIECKON CUCTEMBI KOOPAUHAT. TaKkKe CyIlecTByeT
TOPOUAATILHOE TI0JIE, MPOXOAAIIee MO 3aMKHYTBHIM JIMHUSAM BHYTPH
TUIa3MEHHOTO IIHYpa.

st pemieHus 3aja4M BOCTIONIb3YEMCSI YPaBHEHUEM PaBHOBECHS
I'pana-lllappanoBa [5] ¢ kpaeBbIMH YCIOBHSIMH Ha TJIABHOH OCH
TOpa U Ha OECKOHEYHOCTH B LIJIMHIPUYECKON CHCTEME KOOPAMHAT

(rp,2):

r£|:la_l//:| aZ_W__ "y JN¢(r’l//_l//p) l//>l//p
orLr or oz? Ho 2 ho(r—r.z2-2) v<y,
k=1
(1) qw(0,2)=0
lim y(r,z)=0
r,z—o
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TA€ Lo — pa3MepHBIH KOA(p(UITUEHT, TTPH KOTOPOM PaCCTOSTHHE
U3MepsieTcs B METpax, TOK B KA, MarHuTHoe noje B T, MarHUTHBIN
MOTOK B B-c; y — Wckomasi BemM4MHA MOJOUAATBHOTO MarHUTHOTO
MOTOKA, Y, — MOJIOUANIbHBIN MOTOK HA TPaHUIE IUIA3MEHHOTO IIHY-
pa, Iy, Zx — 3aJlaHHble KOOPJAMHATHI BHEITHUX OOMOTOK B IMITUHJIPH-
yecKMx KoopauHaTax. |y — Tok B K-oit oOMoTKe.

3mechk j, — OYHKIMS paclpeieNieHHs TOPOHTAIBHOTO TOKa
TUTa3Mbl, KOTOpas MpEeJIonaraeTcsl 3aJlaHHON B CIEIYIOIEM BHUJC

(1], [4]:

dp di* 1
J,p(r,l//—l//p)_rﬁ w P
2 .

=20 Bry -,V U= B -y (=2 E ).

rae f/ — Oera TOkoBas (BEIMYMHA, XapaKTEPHU3YIOIIas CTENCHb
OrpaHUYCHHS JaBJICHHS TUIa3Mbl MATHUTHBIM IOJIEM); J1, Y2 — MOKa-

3aTellN pacIpee/IeHH sl IOTHOCTH ToKa, R%— cpenHee 3HaucHHE I’
JUIsl CeYEHHs TIIIa3MEHHOT0 ITHypa (2.

Koaddumment A umercst U3 ycinoBusi HOPMHUPOBKH 110 BEJTMUHHE
TIOJIHOTO TOKA TIIa3Mel |y, cuuTaromerocs 3agaHabM [1]:

B) Ao [f f(ry -y, )drdz=1,.

Oynknyst (2) BeIOUpaeTcs TakuM 00pa3oM, 4ToObl 00a ee ciia-
TaeMbIX, 3aBHCAIIUX OT JABICHHA W TOJIOMAAIBHOTO TOKA TIA3MBI
COOTBETCTBEHHO, JaBalld OJJMHAKOBBIN BKJIAJ]] B TOPOUJAIBHBIN TOK,
T.e. UMeJH Obl OJMHAKOBBII Mpoduib B KoopauHarax (r,z). Tarke
9Ta (PyHKIUS TOJKHA COXPAHATH M3BECTHYIO JIISI TOKAMaKa BEJIHMYH-
Hy 3amaca yCTOMYMBOCTH. JTa BEIMYMHA XapaKTepPU3yeT yCTOWYH-
BOCTP y/I€P)KaHHUS TUTa3MBI.

Toxamak «I'100yc-M» siBnsieTcst ceprdecKUM TOKaMakoM, TO
€CTh PAacCTOSTHHE OT OCH BpAIISHHS JI0 IIEHTpa 00pa3yromiero cede-
HUSI KaMepbl JTUIIb HEMHOTHUM OOJIBIIIE PACCTOSIHHS OT IIEHTpa ceve-
HHUS 10 Kpas Kamepsl (pagmyca Kamepsl). Hacrosimas pabora 1mo-
CBSIlIEHA PELICHUIO 3a/laud pacueTa paBHOBECHsI IUIA3MBbl s 3TOH
YCTAHOBKH.
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Puc. 1. Ceuenue moxamaxa «I nooyc-My

ABTOpPOM JaHHOW pabOTHI CO3/IaH KOJ B Cpejie MPOrpaMMHPO-
Baaust MATLAB st pemenwnst 3Toi 3amagu. Ha BXoa HCTIOTHAEMOM
MPOTPaMMBI JIJIsl pacdeTa paBHOBECHS IIa3Mbl ITOCTYyNaeT HHpopMa-
Ul O KOOpJIMHATAaX BHENIHHX OOMOTOK, WX JIMHEWHBIX pa3Mepax H
TOKax B HUX, a TAKXKE O JIMHEWHBIX pa3Mepax CUETHOW OOJIACTH M
KOJIMYECTBE Y3JIOB UYMCIEHHOW CETKM, NOCTpOoeHHOW Ha Hell. Ilo-
ClenmHss HYyXHa I paboThl HCIIONB3YyEMOTO0 B KOJE ITaKeTa
MATLAB PDE Toolbox. Pe3ynbratoM paboTEI IPOTPaMMBI SIBIISIET-
Csl MaTpHIla PacHpeeNIeHns] Ha y3JaX CETKH PaBHOBECHOTO ITOJIOH-
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JAJIHOI'O MarHUTHOT'O NOTOKAa U €€ rpadMuecKoe NpeACTaBICHUE B
BUJIE TUHUH YPOBHS HAa JByMEPHON CUETHOW 00JIaCTH.

3. Memo0 peweHus

3.1. YUCJIEHHBIU METO/] PELLIEHUA 34]]AYU

3amady pacuera paBHOBECHSA, UCTOJIB3YIOMYI0 ypaBHeHHE (1),
HEBO3MOXKHO PELINTh CTAaHIAPTHBIMU YHCICHHBIMH METOJAaMH, U3-3a
HenmHeHHocTH ypaBHeHus | 'pana-1lladgpanoBa u ycnoBuit Ha Oecko-
HEYHOCTH. [l03TOMY NPHXOIMTCS HCHOJIB30BATh HETPUBHAIBHBIN
HOIXOI.

Merton pemieHusi, MpeACTaBIeHHBIA B JaHHONW paboTe, UCTIOMb-
3yeT JBOWHOM BIOXeHHbIH ik Jlakuepa-Ilyaccona [1]. Bo BHer-
HEM IMKJIe, MPOW3BOIHUTCS IEPeXoJ OT YCIOBHH IS MOTOKAa Ha
0ECKOHEYHOCTH K TPAaHWYHBIM YCIOBHSM JJIsI KOHEYHOH 3apaHee
ompeAeNeHHON CYeTHOW oOmacti. Bo BHyTpeHHeM LHWKIE TpaBas
yacTh ypaBHeHus ['pana-llladpanoBa nuHEapusyercsi mMocpeacTBOM
HOJICTAHOBKH PELICHUs] C MpeIbLIylield WTEpald W CBOIMTCS K
ypaBHeHHIO [lyaccoHa, KOTOpOe yxe pelIaeTcss ¢ MOMOIIBIO CTaH-
naptHeiX uncieHHsix ¢ynkimii MATLAB PDE Toolbox (makera
MATLAB nns perenns ypaBHEHHH B YaCTHBIX TPOU3BOJIHBIX).

3.2. BHEIIHUH IJUKJI (ITPOLIE[YPA JIAKHEPA)

Eme 10 BBINOTHEHUs aITOpUTMA 3aJaeTCsl IPSMOYToJIbHas 00-
nacteb ), MPEINONIOKUTENBHO coJiepKaliasi IIa3MEHHbIH IIHYp, HO
HE coJepKalias BHEIIHHX OOMOTOK. DTO HYKHO JUIS YHPOIICHHS
pacueTa, 4ToOBI NpaByr0 4yacTh ypaBHeHHs (1) B obmactu y < y,
MOYKHO OBIJIO CUUTATH HYJIEBOM.

Bo BHemrHeM nukiie Ui j-0i UTEpaluy CYUTACTCS] MarHUTHBIH
HIOTOK Ha TPaHUIIe 3TOM 00IacTh ciexyomum odpazom [1]:

. N .
w2 = s 1G(r 2,5, 2,) +
k=1

@ _ :
+ A1 [[G(r 2.5, 2,)1,(ry! —y,)ds,
QP

rae G(r,z,ry,Zy) — moToK B Touke (I, Z) OT TOKa, PacioloKEHHOTO
B TOuKe (Iy,Zy), ABystromuiics ¢pynkuuei I'puna [3]:
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6) G(r.zr,.z,)= /rkzr [2- k2 )k (k) - 2E(K)]

3nech:
(6) k?= .
(r+r)?+(z-1z,)?
K(k) 1 E(K) — momHbBIe SIIMIITHYECKHE WHTErPANbl MEPBOTO U
BTOporo poxa [1]:

7l2 da
(N K= { Ji—k%sin2g

(8) E(k):ﬁfzx/l—kzsinzedﬁ.
0

4r-r,

3.3. BHYTPEHHUM IJUKJT

[enpi0 3TOrO 3TArna aaropuTMa SABJISIETCS CBEJCHHUE YPaBHCHHS
I'pana-llladpanosa k ypaBHenuto IlyaccoHa, peiaeMoMy CTaHaapT-
HeIMH unciaeHHBIME MeTogamu MATLAB PDE Toolbox. s sToro
UCTIONIb3YeTCs CIIeyIoIas ntTepainonnas gopmyna [1]:

i jin jn
A j.n+l _lal//J ) _ /ij,n+1r f(r!l// _l//p) y >l//p
v = Ho in
9) r or 0 y <y,
r,2)"™  =y(r,z ”‘
y(rz)™  =wn2)|

3mech N — HOMEp WTEpalMM BHYTPEHHETO NHKIA. B mpaByro
YacTh MOACTABIISIETCS PELICHUE, [TOJIYYEHHOE Ha MPEABIAYIIEM Iare,
TeM caMbIM JinHeapu3ysi ee. Ha mepBoi urepanvii UCHOJIb3yeTCs

rpyboe HavaibHOE MPHONMKECHUE JJIS TPEANONAracMoro perieHus
3a/1a9H.
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Puc. 2. Jlunuu ypoens 0151 npubaudiceHus: ROL0UOAIbHO20 MASHUMN-
H020 NOMoKa

HopMupoBoUYHbIIT MHOXHUTEINb A prucsiercs CIIEIYFOIIIIM
obpasom [1]:
(10) ™y [[ £ (ry " =y )drdz= 1.
QP
B nanHoli pabote nmomyuenHoe ypaBHenue Ilyaccona (9) pemra-
ercs B cpene nporpammupoBanusi MATLAB, ncnons3yst cranmapr-
Hyto pynkuuro poisolv makera MATLAB PDE Toolbox.

4. Pesynbmamabi

[ponecc ympapneHus 1ia3Moll B TOKamMake uMeeT ABe (hasbl:
JUMUTEPHYIO U IuBepTOpHYyI0. JlumurepHas (asa xapakrepusyercs
TE€M, YTO IJIA3MEHHBIN IIHYp KacaeTcs B OJHOW TOYKE BHYTPEHHEH
CTEHKH KaMepbl. B nuBepTopHO# (paze rpaHuna miasMbl B CEYCHUH
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SIBJISIETCSL  CAaMOIIEPECEKAIoOLIElcss KPUBOM, a IUIa3MEHHBIM IIHYp
HaXOIUTCA TOJBKO BHYTPH 3TOM KPUBOMW, XOTS YCJIOBHE IJIS CYIIECT-
BOBAHUS IJIa3Mbl BBIIOJIHACTCS U ATl APYTroi 00JIaCTH.

IIpuMeHUB 4YMCIEHHBI METOJ, NMPUBEAEHHBIM B NpPEIbIIyLINX
MYHKTaX, YAaJOCh IOJYYUTh PEIICHHE 3afaud Uil JIMMHTEPHOU
(a3sl B BUIe MAaTPHIBI PACTIpPECTICHUS] PABHOBECHOTO ITOJIONIANb-
HOT'0 MarHWTHOTO TIOTOKA IO y3J1aM pacdyeTHoU ceTku. [ padudeckoe
IPEICTABICHUE PEIICHNUS B BUJE JIUHUNA YPOBHS IIOKa3aHO HA PUCYH-
Ke 3.
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Puc. 3. Paccuumannoe pasnogecue 0Jis TuMUmMepHol (hazvl moka-
maxa «I nobyc-My
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5. 3aknroyeHue

B cpene nporpammuposanus MATLAB Obut peann3oBaH KO,
pelaonuii 3a1a4y pacueTa paBHOBECHS IUIa3Mbl B TOKamake «l Jo-
O0yc-M». Dta mporpamMma OCHOBaHa Ha IBOWHOM Imkie Jlakaepa-
Ilyaccona, KOTOpBIA pemiaeT ypaBHEHUE paBHOBecus ['pana-
[Tadpanosa.

B pabore npeacTaieHo perieHue 3aaadn sl TUMUTEpHOH (ha-
36l TOKaMaka. TeM He MeHee, elle He MOJNyYeHO pPaBHOBECHE IS
TUBEPTOPHOM (pasbl.

Pacuer paBHOBecus mis obenx (pa3 Tokamaka OyIeT BaKHBIM
MIPAKTHYECKAM PEe3yJIbTATOM, KOTOPBI MOKET HalTH MPUMEHEHHUE B
pealbHOM JKCIIepUMeHTe Ha Tokamake «I mooyc-My.
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PROBLEM OF COMPUTATION OF PLASMA
EQUILIBRIUM IN TOKAMAK “GLOBUS-M”
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Timur Dzhumakaev, Moscow Institute of Physics and Technology,
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Abstract: The problem of computation of equilibrium poloidal flux
distribution in tokamak “Globus-M" with given currents in poloidal
field coils is formulated. Numerical algorithm of solving Grad-
Shafranov plasma equilibrium equation which contains double
Lackner-Poisson cycle is given. Code in programming environment
MATLAB for calculation of poloidal flux distribution in tokamak is
created. Numerical result of plasma equilibrium computation for
limiter phase of chosen time point of discharge in tokamak “Glo-
bus-M” is obtained.

Keywords: plasma, tokamak, equilibrium, Grad-Shafranov
equation.
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