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Comentarios sobre o congresso

Pesquisadores de cerca de 35 paises participaram, durante uma semana, do 1lth
International Congress on Plasma Physics — ICPP2002, trocando informagbes e tomando
conhecimento dos avangos recentes na Fisica dos Plasmas. A conferéncia teve como tema a unidade
da Fisica dos Plasmas, abrangendo todos os seus aspectos — de plasmas de baixa temperatura a
plasmas de fusdo, de aplicagdes industriais a astrofisica — e utilizando experimento, observagio e
teoria como meétodos de abordagem na investigagio de fendmenos fisicos. As palestras tiveram
lugar em sesses plendrias, de cardter geral, e sessdes paralelas sobre tépicos especializados, além
das sessdes de painéis. No final da conferéncia teve lugar um debate sobre os desafios cientificos,
tecnoldgicos e politicos da Fisica dos Plasmas nos anos vindouros.

Este pesquisador deu preferéncia as apresentagdes nas areas de Plasmas de Fusdo, e de
Transporte e Complexidade em Plasmas Magnetizados, de interesse ao projeto ETE (Experimento
Tokamak Esférico) do Laboratério Associado de Plasma do INPE. Quando possivel, dado o cardter
simultineo das apresentagGes, assistiu a palestras selecionadas na 4rea de Plasmas Espaciais e
Astrofisicos, de interesse geral aos projetos do INPE. A seguir, sdo feitos alguns comentarios sobre
tdpicos apresentados no congresso que particularmente chamaram a atengo do pesquisador.

Nos ultimos anos houve um notavel avango na édrea de plasmas de fusio, notadamente nos
resultados experimentais. No tokamak DHI-D foram obtidas barreiras de transporte, isoladas ou
multiplas, de maneira controlada e quiescente, por meic da injegdo de pastilhas em plasmas de alto
desempenho. Atualmente, estes experimentos permitem um estudo sistemético da fisica das
barreiras internas de transporte. Noutra frente de pesquisa, no tokamak JET, particulas alfa foram
aceleradas seletivamente, utilizando ondas na freqiiéncia de ciclotron dos ions, até valores de
energia (na faixa de MeV) que possibilitam simular os efeitos de produtos da fusio em reatores,
Ainda no JET, foi possivel demonstrar a eficiéncia dos desviadores bombeados na remogéo de
cinzas e excesso de energia dentro dos niveis esperados de operagio nos reatores (a0 menos, dentro
dos niveis de operagdo no ITER). No tokamak JT-60 foram obtidas configuragdes estaveis de alto
confinamento na situagdo extrema em que o perfil de corrente, formado pelo aumento da corrente
intrinseca, se anula na regido central, com gradientes de densidade, temperatura e velocidade
toroidal também praticamente nulos no centro. Alguns destes resultados foram reproduzidos em
mais de uma maquina. As experiéncias realizadas em tokamaks esféricos, tais como o NSTX,
continvarm apresentando resultados promissores, com valor de beta elevado, alto confinamento, e
formagio ndo-indutiva de corrente por injecdo coaxial de helicidade.



Atualmente, com a ajuda de computadores, é possivel finalizar projetos extremamente
complexos de eletroimas para stellarators, que resultam em configuragdes quase-simétricas do
campo magnético tal como ¢ percebido pelas particulas em drbita no interior do plasma. Nas
configuragbes quase-simétricas a amplitude do campo nio varia numa das dire¢des ~ toroidal ou
poloidal — ao longo do toréide, reduzindo a perda de particulas e de energia. Novos stellarators
estdo sendo construidos ou projetados utilizando estes conceitos ¢ incorporando algumas das
vantagens das configuragbes de baixa razdo de aspecto, como, por exemplo, o aparecimento de
correntes intrinsecas substanciais, Através destes procedimentos de c4lculo otimizado o equilibrio
do plasma em stellarators passa a constituir, em conjunto com eletroimis externos, uma
configuragdo de campo magnético integrivel.

No campo tedrico (analitico € numérico), uma série de palestras tratou do estudo dos eventos
de transporte de larga escala, também conhecidos como avalanches, que s&o impulsionados em
campos magnéticos curvados por valores elevados das forgas termodindmicas, que ocorrem
notadamente na borda do plasma de tokamaks em condi¢Ses de alto confinamento. Estas erupgées
tém estrutura colunar, perpendicular aos gradientes dos pardmetros de equilibrio do plasma, estando
possivelmente associadas as instabilidades de intumescéncia (ballooning) ou de Rayleigh-Taylor no
estdgio nfo-linear (tais processos também ocorrem na ionosfera, formando bolhas de plasma, e nos
alvos para fusdo inercial). Por outro lado, as forgas termodindmicas também produzem fluxos de
plasma que podem destruir, por cisalhamento, a estrutura colunar das erupgdes, suprimindo a
instabilidade. O balango entre tais mecanismos tem um carater intermitente, que depende da
topologia magnética e do nivel de dissipagdo no plasma. Conforme predomina um ou outro
mecanismo, tem-se uma situagio de forte turbuléncia e transporte radial do plasma, com formagio
de colunas, ou de turbuléncia reduzida, com formagfo de zonas de escoamento paralelo 3s barreiras
de transporte. A estabilizagdo da turbuléncia devido ao escoamento localizado, na presenca de
fortes gradientes dos pardmetros de plasma e de atividade magneto-hidrodindmica regulada na
borda, caracteriza 0 modo de operagdo mais promissor para tokamaks, permitindo atingir condi¢Ses
de alto confinamento com eliminagio eficaz das impurezas.

Na 4rea de plasmas espaciais ¢ astrofisicos, assistin-se uma série de palestras tratando da
fisica solar, versando sobre mecanismos de aquecimento da corona, reconexdo magnética, erupgdes
solares, e ¢jegdo de massa coronal. Um dos mecanismos aventados para explicar o aquecimento da
corona estd relacionado com a absorgdo ressonante de ondas superficiais de Alfvén induzidas pelo
movimento dos tubos de fluxo magnético na fronteira da fotosfera. Outro trabatho tenta explicar de
forma macroscdpica a ejecdo de massa coronal pela erupgio dos tubos de fluxo em resposta a
introdugdo de fluxo poloidal em excesso na base da corona, fornecendo uma associagio entre
erupgdes solares ¢ ejegdo de massa. Observagdes recentes da corona solar, aliadas a complexas
simulagdes numericas, indicam que a estrutura da corona é basicamente filamentar, de grandes
dimensdes e tri-dimensional, com parte das linhas de campo magnético fechando-se na superficie
do Sol ¢ parte estendendo-se ao infinito. Além disso, os pontos de ancoragem dos tubos de fluxo
magnético se enconifram em constante movimento. Regies em que a temperatura varia de 6.000 a
5.000.000 K se encontram entrelagadas, no sendo possivel definir camadas na atmosfera solar com
valores de densidade e temperatura bem definidos. O fluxo magnético poloidal é injetado na base
dos tubos, na escala de tempo de convecgdio, pelo efeito dinamo espacialmente localizado.
Interagdes entre lagos resultam em processos de reconexdo magnética e conseqiiente mudanca da
estrutura. Eventualmente, o excesso de energia introduzido em pequenas escalas espaciais provoca
erupgdes ¢ € expelido em grandes escalas, resultando num processo em cascata inverso de liberagio
da energia magnética.

Ainda na édrea de plasmas espaciais, outro conjunto de palestras tratou das interagses entre o
vento solar ¢ a magnetosfera. Uma das apresentagdes consistiv numa breve revisio das duas
principais correntes de explicagfio das tempestades magnéticas: instabilidades na regifo proxima da
Terra, onde ocorre transi¢do da configuragdo do campo geomagnético de uma estrutura de dipolo
para uma estrutura de cauda magnética, ou, instabilidades na regido média da cauda, onde ocorre



reconexdo das linhas de campo opostas. J& outro trabalho, envolvendo simulagdo numérica por
particulas, mantém que a estrutura espacial da cauda magnética é essencialmente tri-dimensional,
sendo necessdrio considerar o efeito conjunto de véarias instabilidades, tanto alinhadas com as
correntes magnetosféricas como obliquas, para explicar o processo de reconexio.

Os mecanismos de reconexdo magnética sio também objeto de estudos cuidadosos em
plasmas de laboratorio, em que experimentos dedicados mostram tanto a aplicabilidade de um
modelo generalizado de Sweet-Parker para a taxa de reconexdo, bem como o comportamento
cldssico da resistividade perpendicular, segundo a férmula de Spitzer, no regime de alta taxa de
colisdes. Por outro lado, a resistividade ¢ intensificada no regime de baixa taxa de colisGes. Estes
experimentos permitem identificar novos fenémenos, indicando a importincia, por exemplo, da
condutividade Hall no processo de reconexdo. QOutros experimentos tém sido dedicados a
determinago cuidadosa dos coeficientes de transporte por colisdes na diregdo perpendicular ao
campo magnético, tais como difusdo de particulas teste e condugdio térmica, notadamente no regime
em que 0 comprimento de Debye € maior que o raio de Larmor, condigdo em que a teoria clssica
ndo se aplica. Este regime ocotre em plasmas na borda de tokamaks, préximo de estrelas neutras, e
nos plasmas ndo-neutros. As medidas ji realizadas mostram, em alguns casos, intensificagio
considerdvel dos coeficientes de transporte. Ainda noutros experimentos, sdo realizados estudos
sofisticados de excitagdo ¢ propagagio das ondas de Alfvén pela inje¢do de plasmas densos num
plasma magnetizado de fundo, tanto na dire¢do paralela como perpendicular ao campo magnético.
Estes experimentos simulam, por exemplo, processos associados i ejegdo de massa coronal.

Alguns dos trabalhos experimentais mais interessantes, do ponto de vista de fisica basica,
envolvem o estudo de fendomenos de forte acoplamento em plasmas coloidais, também chamados
plasmas complexos, formados por ions, elétrons e macro-particulas carregadas. Como as macro-
particulas s3o facilmente visualizadas e as oscilagSes de plasma tém baixa freqiiéncia, tais plasmas
se prestam a estudos no nivel cinético. Além disso, os plasmas complexos se prestam ao estudo
experimental de fenémenos de forte acoplamento, quando a distincia média entre particulas (raio de
Wigner-Seitz) é maior que o comprimento de Debye. Vartos fendmenos tém sido estudados no
nivel cinético, envolvendo cristalizagio do plasma, transi¢des de fase, ondas de compresséo e de
ctsalhamento, ondas de choque, solitons, superficies e interfaces de plasmas fortemente acoplados,
escoamentos em sentidos opostos de plasmas fortemente acoplados, etc. Nos experimentos
realizados com tais plasmas na Terra, a forga da gravidade concentra as macro-particulas na regiio
préxima ao eletrodo inferior da descarga, onde a levitagio é possivel devido ao forte campo
elétrico, limitando o niimero de planos da estrutura cristalina. Por isso, varios experimentos com
plasmas coloidais tém sido realizados em condigdes de micro-gravidade, a bordo de estagdes
espactais. Um fendmeno inesperado foi observado nestas condi¢8es, com formagfio de um buraco
elipsoidal no meio da descarga.

Os comentirios acima correspondem a visio do pesquisador sobre algumas das
apresentagdes que tiveram lugar no congresso. Infelizmente, ndo foi possivel acompanhar, por
exemplo, a grande quantidade de trabalhos na area de AplicagSes de Plasma. E preciso lembrar que
0 congresso reuniu assuntos variando desde o prosaico processo de propagacdo de relampagos de
bola no interior de avides até a forma¢do do campo magnético césmico.



558: Calculation of Eddy Currents in the ETE Spherical Torus
G.O. Ludwig

Instituto Nacional de Pesquisas Espaciais, 12227.010 8. J. Campos, SP, Brazil

Abstract. The currents induced during starp in the vacuum vessel of the ETE spherical torus (Experimento Tokamak Esférico)
are evaluated using a circuit model based on the Green’s function method. The distribution of eddy currents is calcglated using a
thin shell approximation for the vessel and local curvilinear coordinates. The predicted results agree quite well with values of the
eddy currents measured in ETE.

INTRODUCTION

This paper presents a magnetostatic model developed to evaluate the currents induced during startup in the continuous
vacuum vessel of the ETE spherical torus. The distribution of eddy currents is modeled using a thin shell
approximation for the vessel. The equation goveming the induction of surface current on the thin shell is derived using
the Green’s function method. Symmetry considerations, and adoption of both a local curvilinear coordinates system
and 2 spectral representation for the contour of the vacuum vessel reduce this three-dimensional problem in space to
one dimension. The resulting one-dimensional integral equation for the surface current can be solved expanding the
current in a Fourier series in the poloidal angle. Finally, by the introduction of Laplace transformation in time, the
problem for the set of Fourier components of the surface current is reduced to a circuit model that can be solved by
matrix procedures. The results are compared with preliminary measurements of the eddy currents in ETE,

FORMULATION OF THE MAGNETOSTATIC PROBLEM

The surface current density in a thin shell of thickness § is given in tt_eq_'rms of the current density by K= 6? (11,
where the current density is related to the electric field by Ohm'’s law, 7 = oE. Application of Faraday's law for a
constant conductivity o leads to

Vx K =06V x E = -05(0E /0t),
where B correspords to the total induction. The condition of current continuity gives V - K =06V -E =0.

For an axisyminetric configuration the problem is independent of the toroidal angle ¢. Furthermare, the variation
of the toroidal flux in time, & /8%, is neglected during startup, and so no poloidal cutents are induced on the

vacuum vessel. In this case, axisymmetry and the solenoidal property of the magnetic field, V- B = 0, imply a
single toroldal component of the vector potential. In vector form the potential is given in terms of the poloidal flux
®p by A= (271-) $p V. In the same way, the sucface curvent vector is expressed in terms of the single toroidal
component Ky by K = h: K7 V(, where the scale factor k¢ = |87 /8¢| corresponds to the radial distance to the
symmetry axis in cylindrical coordinates. Now, the magnetic induction is calculated in terms of the poloidal flux by
B=Vx4=-02n"'V¢x Vs
This equation, combined with the previous one and the assumption of an uniform distribution over the small thickness
6, leads to a relation between the toroidal surface current density and the local value of the poloidal flux:
Kp = —0b(2nhe)™" (8®p/01).
In general, the vector potential at any point 7 not lying on the surface S* is given by the extension of the Biot-

Savart law
= = Ho K(f‘) i —
A(T)_—]j"[r _'_,’Idz‘i" +Aex¢(f),



where Aext stands for the external sources. The differential element of area in the coordinate surfa.ce p that
coincides with the surface layer of current is d°r (p) = hed€(8)d(. Using the properties |V¢ ? = h‘2 and
V¢ V¢ = cos (( — ¢’) / (hche) the equivalent integral relation for the flux function is

@0 (7) = bo § Kr (7") (’*’*’*&‘"’TE{ L > AL () + ezt (7).
c!

|7

where {...), = (2m)~? J{...)d¢. This defines the Green's function for the axisymmetric Ampere’s law,
G(7,7") = (whehyrcos (¢ — ') /T = 7)) ¢+ The Green’s function integral for & automatically satisfies the
boundary condition #i- V®p = —2xpuyhe K, which corresponds to the discontinuity of the magnetic induction across
the surface layer of current, 7 [§ .= ,u,oft: (R is the unit normal). Finally, taking the derivative with respect to

time and using the relation between K and 88 p /8¢ provided by Faraday’s law, the excitation of Foucault currents
in a thin axisymmetric shell is governed by the equation

Tk () = j(—“‘_‘aKT(r’) (7,7 de(¢') - ______3‘1%2( o M

This equation has local terms depending on the shell resistivity and non-loczl terms depending on mutuat inductance
effects between diverse regions of the current distribution. The total toroidal current induced in the shell is
Ir = 7 Kz (8) ho dé, where the scale factor hy = |37 /06).

SPECTRAL REPRESENTATION OF THE ETE VACUUM VESSEL

In order to apply effectively the one-dimensional integral equation for the eddy curments obtained in the previous
section, it is necessary to use a coordinate system coinciding with the contour of the axisymmetric shell. The centerline
of the ETE vacuum vessel has an exact sectionally (piecewise} continuous representation shown on the left side of
Figure 1 as a continuous line.

v
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FIGURE 1. The centerline of the ETE vacuum vessel (continuous line) and its spectral fit (dashed line) are shown on the left
side. The white circles correspond to the center of flanges used to measure the eddy current distribution, and the black circle on the
spectral fit corresponds to the inner edge of the vessel centerline. The adjusted & — «w mapping is shown on the right side.

In accordance with Figure 1 the sectional continucus representation specifies the cylindrical coordinates R (w),
Z (w) as functions of the poloidal angle w in a pseudo-toroidal coordinate system centered in the cross-section of the
vacuum vessel. Now, the centerline of the vacuum vessel can be represented approximately by a truncated spectral
expansion in Chebyshev polynomials:

N
R() = Co+Cicosb—a Z“l Ca [L — T (cos8)]
Z(8) = Eysing [01 - aZl] Coal_1 (cOS 9)}
The coefficients Cy and 1 are determined by the constraints R (0) = Rp + e, R(x) = Ry — a, where Ry and



a are the major and minor radii of the toroidal vessel, respectively. The elongation Ey and the remaining spectral
coefficients Co, Cy, ... Cyn can be determined by a least-squares fitting procedure. In the case of the ETE vacoum
vessel a reasonable spectral representation can be obtained including only elongation, triangularity and quadrangularity
(squareness) corrections. The least-squares calculation gives By = 2.164, Co = 0.320, C1 = 0.287, C = 0.0981
and (3 = —0.110, and the resulting spectral fit is show on the left side of Figure 1 as a dashed line. The least-squares
fitting procedure includes also a determination of the best mapping between the pseudo-toroidal angle coordinate w
and the poloidal angle & in the local curvilinear coordinate system. The adjusted & — w mapping is shown on the right
side of Figure 1.

FOURIER COMPONENTS OF THE SURFACE CURRENT

The integral equation (1) for the Foucauit currents in a thin shell that was derived in the second section of this paper
can be solved by expansion of K'r (#,1) in a Fourier series

Kp(8,t)= -2-11_—}5%@)- (IT )+ Z I, (t)cos nﬂ) . (2)

n=1
The total toroidal current flowing in the axisymmetric shell is I (2} according to the definition in the second section.
Substitution of the Fourier series (2) in the integral equation (1) gives

h (9) ] BIT , o 31:; , a@gﬂ
S - oIt _

o8he (6) (IT ® +§fn ® cosnﬁ‘) o ( 5 (G (6:6)), +u§=1: S5 (G (6,8) cosnt'),, | - =2,

where {.. .}, = (2n)? £ (...)d8. Limiting the Fourier coefficients to order ¢, the cosm8 harmonics of this equation

result in a set of £ + 1 linear equations for IT (t) and I, {t} that can be written in the form

Rom I (8) + Lom - Olr , Zj (R,,mf () + Lam ‘f;;“

where R,,., and L., are resistance and mutual mductance coefficients defined by:

{Rn,m = 2 sh(;gg;cosnﬂcosmﬂ

Lym = m{{G(0 9')cosn9’)e,cosm€)a

These definitions and the symmetry of the Green’s function show that R,,,,, and L., are symmelric matrices.
In general, the external flux is the sum of the magnetizing flux @4 (¢) produced by an ideal transformer and the
fluxes ® (7, 2) produced by sets of poloidal field coils:

‘I'ezt(?:t)=q’M(t)+Z¢'k(—?"jt =& t)+#osz Ge (7, Re, Z) + G (7, R, ~Z2)],
%

) =" (q)ezt (01 t) cosme)e f

where it was assumed that the external coiis are formed by pairs of coils placed symmetrically with respect
to the equatorial plane, and connected in series. Defining the mutual inductance coefficients, Lin =
4o {|Gx (8) + G (~8)] cos mB},, the equations for the Fourier coefficients of the surface current density may be
written (&y,, is the Kronecker delta)

]

I Of a¢ ol
RomI7 (8) + Lom =" + E (R,.mr,. (1) + Lam 7" ) =~ bom - ZLM E, )

In this way the problem of Foucault currents induced in a thin axisymmetric shell is reduced to the solution of a set
of circuit-like coupled linear equations for the Fourier components of the surface current density. The calculation of
the mutual coefficients L., requires some attention due to self-field effects related to the singular character of the
Green’s function [2].

SOLUTION OF THE CIRCUIT MODEL AND RESULTS

It is now an easy matter to solve the set of circuit equations (3} for the Fourier components of the Foucault current.



Intreducing Laplace transformation in time and denoting the complex frequency by s, the equations for 7r (s) and
In(8) (n=1,2,...,0 canbe written in matrix form, [[R + sL]] [I (s)] = —s{® (s)], where [[R + sL]] is a symmeric
matrix. The initial values of the magnetizing sources are taken equal (0 zero at startup. The solution of the circuit model
is obtained simply by multiplying the vector of electromotive forces —s [® (s)] by the inverse matrix [ R + sLj) ™" and
then calcuiating the inverse Laplace transform. One advantage of the method is that the inverse matrix depends only
on the geometry of the problem, which is independent of the detailed excitation.

The resistance and inductance components scale as A/ (Eyo8} and uoRo [In (84) — 2], respectively, where
Ey = 2.164 is the elongation, A = 1.346 is the aspect ratio and Ry = 0.348 m is the major radius of the vacuum
vessel. The conductivity of Inconel at room temperature is ¢ 2 7.8 x 10° (- m)™'. Now, the thickness of the
vacuum vessel is Ay = 6.35 mm for both the torispherical head and the external cylindrical wall, and 6y = 1.00 mm
for the internal cylindrical wall. In the calculation of R,y the § integration is split in two sections to account for the
change in the wall thickness, and an average thickness 6 22 4.59 mm is defined taking into account the length of the
two segments. The average surface current scales as Kr ~ Alr/ (21 Ro).

Calculations of the eddy current behavior in space and time were performed and compared with measurements
taken in the ETE vacuum vessel. Satisfactory results were obtained including only three harmonics, £ = 3, in the
calculations. Figure 2 shows the distribution of the surface current at the instant 7/4 that corresponds approximately
to the maximum negative value of the induced current (Tg = py06R/A = 1.16 ms sets the time scale). From the
plot in Figure 2 and the mapping 8 — « shown in Figure 1 one verifies that the eddy current distribution has a peak at
w ~ 113°,8 ~ 127°, near the inside corner of the vacuum vessel contour and in accordance with rough measurements
of the distribution excited by the ohmic heating systern in ETE. The bar chart in Figure 2 compares the relative curents
measured over several sectors of the vacuum chamber (light gray bars) with the calcnlated values (dark bars).
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FIGURE 2. The calculated eddy cumrent distribution in the vacoum vessel is shown on the left at the instant of maximum current
induced during tests. The measured and calenlated distributions are compared on the right.

Based on these results the operation of a pair of compensation coils is being optimized to apply a vertical field
bias during plasma breakdown in ETE. In addition, the eddy current distribution is being used to model the vacuum
vessel effects in plasma discharge simulations during the early phase. In these zero-dimensional simulations the
external inductance of the low aspect ratio ETE plasma and the mutual inductance coefficients between the plasma,
the vacuum vessel and the external polokial field coils are calculated in accordance with a previous work [3].
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Abstract

e The currents induced during startup in the vacuum
vessel of the ETE spherical torus (experimento Tokamak
Esférico) are evaluated using a circuit model based on the
Green’s function method

e The distribution of eddy currents is calculated using a thin
shell approximation for the vessel and local curvilinear
coordinates

e The predicted results agree quite well with values of the
eddy currents measured in ETE

=

ETE vacuum vessel.
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Formulation of the problem

Surface current in a thin shell 6 [1]
— —
K=¢6y
Ohm’s law
—
7 =ck
Faraday’s law and current continuity
—
0B
Vx?zac?VX_ﬁ:—aé—g{-

V- KE=06V-E=0
Axisymmetry (C is the toroidal angle and h; = |07 /9(])
A = (2n) 1 opVe
K = heKrV(

Magnetic flux density in terms of the poloidal flux ®p
B=VxA4-= —(27) ' V¢ x V5

Boundary condition across surface layer of current
_.>

o~ -—
7 [B] = K
S
Faraday’s law assuming uniform distribution over ¢
ob 3@}3
Kr = _27Thg ot

(1)
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Integral equation for eddy currents
e Extension of the Biot-Savart law

(%) //:Ir —ﬁ'ldzrf%_Aemt(?)

e Equivalent integral for the poloidal flux function

e j‘( Kr (7)) G (P, 7") d (8) + Deut (T')
@

e Green’s function for the axisymmetric Ampére’s law
mhehecos (¢ — ¢
G (7,7 = (e € =€)
=7 /.

e Equation for Foucault currents in a thin axisymmetric shell
(time derivative of (1) replaced in (2))

QWhCKT (7) =
gb —s — (3)
o § T (7 7y e () - P2l D)

e Total toroidal current induced (hg = |07 /36)|)
2m

Ir=| Kr(8) hedd
0



Spectral representation of the vessel

Sectional continuous
coordinates: R (w), Z (w)
Coordinate system coinciding with the contour of the
axisymmetric shell: (p, 4, {)

Spectral representation in Chebyshev polynomials:

[ R(6)
1 z6)

Co—l—ClcosG—azN

??.

Eysind [C’l —a Zn=1 CpUp—1 (cos 6’)]

representation in  cylindrical

Cr [1 = Ty (cos 8)]

..

0 0.5 1 1.5 2 2.5 3
W

Left: Centerline of the ETE vacuum vessel (continuous)
and spectral fit (dashed). Right: Adjusted § — w mapping
(Ieast-squares fitting procedure). White circles correspond to
center of flanges used to measure eddy current distribution.
Black circle corresponds to inner edge of vessel centerline.



Fourier components of the current

e Expansion of the surface current in Fourier series

Kr(6,t) = 27rh]¢;; 0 (IT (t) + ;In (t) cos n9) 4)

e Substitute (4) in (3) and calculate cos m#é harmonics

Ol ¢ or,
ROmI; (t) + LOm"a_t’ + Zn=1 (anjn (t) + an‘g;:")

= ~% (Dezt (0,1) cosmb),

e Resistance and mutual inductance coefficients (Symmetric)

_ 1 /h(6)
Fom = 25\ e (0) 9
Lym = 1o {({G (8,6') cosnb’), cosm#),

(“'>9=§17? (..)do

cos 116 cos mb

e The @ integration in R,,,, is split in two sections to take into
account the change in wall thickness

e Calculation of L,,, involves self-field effects related to the
singular character of the Green’s function [2]



External coils

e External flux produced by ideal transformer ®;, and pairs
of coils ®; connected in series

Deat (7,1) = Ea () + Y, Bu (7, 1)
= ®p () + o Zk I () (G (7, Rk, Zi) + Gy (7, R, — Z)

e Mutual inductance coefficients
Lim = 1o {{Gk (8) + Gi,(—6)] cosm#),

i
L

Poloidal cross section of ETE.



Solution of the circuit model

e Set of circuit-like coupled linear equations for the Fourier
components of the surface current density

Olr o1,
ROmIT ( + LOm“““ + Z ( ‘|‘ an"é_t“)

e Introduce Laplace transformation in time and write
equations in matrix form

[ Roo+sLoyy Rig+sLiy ... R+ sLy ) Ir (S)
Roy+sLoy Rn+sLu ... Ru+sLp || I1(s)

| Roe+sLoe Ru+sLy ... Ru+sLy || Ie(s)

R+sL ] I(s)
a (8) + Dk Lroly (s)
Zk LIy (s)

>y il (5)

(s)

|
|
®

e Solution given by the inverse Laplace transform of

[I(s)] = —s[[R+sL]| ™" [®(s)]



Results
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Theoretical results: Magnetizing flux applied by the
ohmic heating system, total eddy current in the vacuum
vessel, and eddy current distribution at four instants of time.

e Time scale: 79 = pyoda = 1.16ms (@ = 0.258m,
o = 7.8 x10°(Q-m) ™" for Inconel, § = 4.59 mm)
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The ETE spherical torus.
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Theoretical results: Time evolution of eddy currents over
segments of the vacuum vessel.
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Experimental results: Measurements of eddy current
taken over segments of the vessel and total current induced.
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