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Fia. 5-3. Hydrostatic equilibrium of two fluids in a gravitational field.
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FIG. 8.1, Vacuum magmelic surfaces and profiles of ¢ and
V' for a representative high-transform, kigh-shear stabilized
configurstion (h’ch‘elrcn:}. In this and the following
diagrams, —V' is pletled, 10 that an upward-sloping curve
corresponds to a magnetic well and a dovnverd-sloping curve

Magnetic Field in Stellarator/Heliotron

B = Byé +'5v'cI>h + 62V 7 x € + 62Bgé
Byé : longitudinal field
V®, : stellarator field
Vi 7 x € 1 poloidal field due to
'~ plasma current
Bgé : toroidal correction proportional
to rcoséd/Rpand diamagnetic
correction

6 : expansion parameter




LINEAR THEORY OF RESISTIVE INTERCHANGE MODE
ote.

- Resistive MHD Equatiops
(1) The stellarator magnetic field contributes

- ) 9 LG (pv) =0
to both the rotational transform and the ot

helical curvature through x( averese M | 5

v
| o (2) pE-—-JxB-—VP (-—t-=5£+(v-V)v)
(2) Ordering for the amplitude of stellarator
field: (3) %(;) =0 (v:ratio of specific heats)
§2 ~ €
I - (4) E+vxB=75J (n:resistivity)

{(3) » and D) should be finite to obtain a '

saturated state of nonlinear interchange 5B

modes. '-

(6) | 1 =V x B
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Table 11~1
Ordering O(1) | Ole) | 0(e?)
Beta value 3.
pressure P
poloidal flux @
stream function #
- resistivity n
‘toroidal field Bo By
poloidal field V¥FXZ
perpendicular velocity . - Vé X2
_ paraliel velocity Vir
time derivative j%
'perpendicular ‘derivative Vi
parallel derivativer Vi
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From Ohm’s law and Faraday's law,

REDUCED MHD EQUATIONS v )
(5) C_B.-V¢+—ViV+E
Jt 1o
(1) (ds)* = (dr)? + (rdf)® + (1 + %) (dz)* Equation of motion gives
0 .
(6) . 0=-=V, P+J3x By

for the toroidal coordinates (r, 8, @), T = rcosf and z = —Rop.

I, B}
(2) B=Bi+V¥xi+Biz, (7) VJ_(P+E_£)_0
' or
where B, = I,/ Ro — Boz/Ro, and I,/ Ry is a diamagnetic correc- () Ll = —,uoP/Bg .

tion and —Bpz/ Ry Is a toroidal curvature.

V(3L + ) = 0gives

(3) e = ViV + VIL/Ry % 2 r du B
. (8) V-{—-(p—gt-—{-VP)xi—gi+aB}=0,

Here |u.| < |uy| and ¥ -u, ~ 0 gives where o = —=V2 ¥/ 0By,

- : 2 .
(4) u, =Véxz. (9) B-Vx—p—--d—u—:B-Va+(VB xVP)B.

B? dt Bt

p du p d_,
10 B.vx Lo Lovig.
(10) X grgr = TEla A’



By noting

P
(11) B?=Bl1- 2(%_5;0T + }—%)]-
Thus,
(12) —-v2 o= B vv2 ¥+ (v;T x VP) -z

Pressure evolution equation is

(13) %§+(\7¢x£)-‘7}3:0

Equations (5), (12), (13) are a closed set of MHD equations called
Redeced MHD Model. 2

Energy conservation

g?j [%(VJ.‘I’V + %(V_LQS)Z - :»:PJdV = "?f(vi‘ll)zdv

£

+r__]
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For stellarators the average curvature can
be produced by external helical windings.
In this case V(2z/Rq) is replaced with
v(2z/Rgy+Q(r)). For heliotrons, |V (2z/Rg)|
<« V). Thus, the average curvature effect
can be included in a cylindrical ‘geometry
in case of heliotron plasmas.

Qr) = E}ZL/B%, where By, is a helical mag-

netic field and the bar denotes averaging
over the field p-e'riod in the toroidal direc-

tion.

(4)

(5)

NONLINEAR EVOLUTION OF

INTERCHANGE MODES

oV, -

ot

oP

ot

s}

. _V,-.VP -

— Reduced MHD Equations for
Stellarator/Heliotron Devices —

= —pVy VU =V Jy+ £ (V2 X VP)

+puVAU

- —RoVy¢ + RanJy |

V; ‘

—(V(s + 7,.0_}:) x 2)/Ro + Boz

= (V¢ x £)/Bo

“V?Ld’



Several dissipative terms are added

0 = —Vit/R, to obtain saturated states
® w=F=gmv 5916 = 16, Vig+(vid, 4
(x : averaged magnetic field line curvature, ;ViA +-[2w7,]‘+ pViy
and V = [ d¢/B) . o
5 = (4, 1Ir]+—c+ va
©% = 2P+ iL 2 (5 + s .
(r, = const is a magnetic surface) ' (_9% = [%, Pl+ %, Vip+ VP

Dissipations 75 : resistivity

¢ : viscosity, ~ S : magnetic Reynolds number

#: viscosity 1 ¢ perpendicular heat conductivity

D, ¢ diffusi i oo : .
Dy ¢ diffusion coefficient K + parallel heat conductivity

o . _ 2 ~e 8T 7,
Ordering . §=(P)/(B3/2u0) ~ € ~ § | Equilibrium, 20, 4= % —0
Note For stellarator/heliotron, k includes both j ' : | cormm——

~ toroidal curvature and helical curvature. If we ne-

Vid= ~ﬂj—$ TG (§-8 egu;’,\m )

glect the helical curvature, Egs.(1), (2), (8) become )
( [/, dl=Vixvg.-¢ )

Strauss equations for high beta tokamaks.



PLOW SHEAR EFFECTS ON

IDEAL INTERCHANGE MODES

Linearized Reduced MHD Equations for
Stellarators

SR
1) (v V) V36 + 9 V(Vi00)
— T (VEA) + VP x VQ-(

@ (g +vev)A=-Y

ot
(3) (-g-t-+vo-v)15+vo-vrpo=o
5,
V]I—-é-g+v¢h><c 'V
dl MEld(Tz)(l ¢ ratio limit)
dr = —-_Fid_ arge aspec ratio limi

¢; pole number, M: pitch number

2 rotational transform -

For the cyiindrical.model;

(I) poloidal shear flow case

d@o('f‘) é
dr

vo = vp(r)f =

(IT) toroidal shear flow case

: .V.O_-:' ’Uno(T)é . | )

By introducing wg = —?vE(T)(+.£RU||0(r), the

eigenmode equation is obtained as

| 2
0 —wn 1557~ 3]~ (0 e (71009

rdr dr 712

dr dr W — WE 72

2
oo L) ) e

=0..

note : $Un0, = Fomenp (smB=iEE)



For a radially localized marginal interchange

mode at i(rg) = n/m,

20 2 - Pl _
d*¢ m( '0) 1)@():0,

dz? 1§ \[(wp)? — (k)2

where z = r —ry, Ky = ky(ro)z = mal (ro)z, w —

e

wg = —wg(r))z (note: Ry = 1, Bp=1).

The necessary stability condition for the

solution, ¢« z¥, is given by

mzP(jQ’ | L
(F)PTT — (wh/R) <4

If wz; = 0, this inequality becomes Suydam

condition.

Eyfer - &amve ef‘,“{/h
o i
defddy- gt =o
which winimiz @5 potentia/ energy
Sw = J.‘im')‘* g€ rar

Weexfand‘fo»d 3 at raTy
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f&-(x*;)-rl),. =0
e == [ 1P )
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RY‘ 1" *D@ <o 5
¢ = -!-'-& [C s Cl L2
| ! +Geos( k;-lnlxl)z
where kn= (40 - 1), T
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=20,
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23 2
swer=l (R § D5
X2

= =D § (=%
Bf the as‘:unrﬁm 4 Ds> %',

Jw# JWA+ Jw (8) + Jw () +dw (D)
tdw(iE) <o
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Suydam condition for instability: Cybindrical Case |

e
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HIGH-SHEAR HELICAL SYSTEM
WAKATANI et al,
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stabitity Criterion

"he stability criteria for localized interchange modes are derived by Glasser,
Sreene and Johnson. These criteria can be examined by equilibrium quanti-

ies only.

- For ideal wzﬁm_\n:m?@m modes

Dy (ideal) = Dy (E) + Dy (F) + Dy (H) + Dps(shear) >0

e For resistive interchange modes

2
Dy (resistive) = "Dy (E) + Dy (F) — Ukwmmv >0
N 2
= Djy(ideal) — mbﬁmmv +3) >0
( Dy(E) =~ ()’ E
Dy(F)=— () F
\ Dy (H) = ;?wwm
N2
ﬁ Djs(shear) = " T v

=1
(=")

i P
| H = ~2 A%%mfdmwnv - A_\qﬁmm\_mvw

B : magnetic field j . current density
P : plasma pressure V : plasma volume
¢ - rotationa! transform . It : toroidal current

& @ toroidal flux

>rime denotes the derivative with respect to &
“lux surface average is expressed by angle brackets

) §dfd(./gA
§d0dC./7

g - poloidal angle ¢ : toroidal angle
N Jacobian

I

(1)

(2)

(3)

()

(5)

(6)



