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Background

Observation of rotating n=1 mode during CHI

--- Toroidal ion flow related to the n=1 mode is observea ;
iIn many ST experiments such as CTX, HIST, SPHEX,
SSPX, HIT, and NSTX.

--- This mode is consider to be playing an important role
in the current drive mechanism for CHI.

--- On the HIT experiments, the electron fluid at edge
regions appears to be locked to the n=1 magnetic field
structure, suggesting the two-fluid effects.

--- The two-fluid effects are expected to explain the
stability of high-4 ST.

--- It is necessary to incorporate the two-fluid effects into
the helicity-driven equilibrium.



Purpose

--- The details of how such the flowing two-fluid model
affects the MHD equilibrium configurations of helicity-
driven ST are not investigated numerically.

--- The purpose of this study is to numerically determine the
flowing two-fluid equilibrium configurations of the HIST
device and to explore their fundamental properties.

--- We focus our attention on the contribution of the ion flow
to the configuration, the two-fluid effects, and the S value.



HIST experimental device

Spherical Torus for Coaxial Helicity Injection
R~0.30 m, a~0.24 m, A~1.25, B, ~0.2 T

Tor(()ifgl Field)Coil = —
turns ertic
\\ “ ~ Field Coils\tzi -
Gas Puff Valves . '
(X4) Inner Bias / OH Coil Spherical
Quter Bias Coils ,/ Flux Conserver
| <
m ﬂ_] E T LI S - /Cenrral Conductor
r
<—
! L ==t L
1] \ ' @
Insulator ‘l'"' ‘ \\—J_’//
\ v Quter Electrode
‘ . Inner Electrode Vacuum Vessel
Formation Bank 3 k! = I—
Sustainment Bank
—
0 10 20 30 40 30
et t 1 1
SCALE (cm]

--- The HIST uses the
MCPG to produce and
sustain the ST
plasmas. The plasma
formed in the gun is
ejected into the FC.
After that the ST
configuration is
generated there and
then sustained by CHI.

--- Operation
l,>0: Tokamak
l,=0: Spheromak
1,<0: RFP



Equilibrium equations of flowing Two-fluid

o) ~ ~ : g .
Assumptlon. n=n,=n= Constant NOTE. All quantltle§ of the following
equations are normalized. —

u,xQ, =VH_ (a=iore) :general equilibrium equations

where Q =V xP, =Vxu,,+¢,B :generalized vorticity

H, = p,+u’/2+q,4, :generalized enthalpy

(04

--- continuity equations of fluid species: V-u, =0

--- Gauss’ law of magnetism: V-B=0
--- steady Faraday’s law: VxE=0
--- Ampere’s law: VxB=35,(u,-u,)

H. Yamada et al., Phys. Plasmas 9, 4605 (2002).



Axisymmetric equilibrium equations

Introducing surface functions for the divergence free quantities,
B(r,z)=Vy(r,z)x0/r+B0 u,(r,z)=Vy,(r,z)x0/nr+u,.H

Q (r,z)=q,V¥,(r,z)x0/r+Q,.0

Coupled equations for the surface functions of
the generalized vorticities,'¥, and ‘Y, (: l//)

+4,Pr0 : :
2 } Arbitrary functions of ¥,

flow stream functions: ¥, = l//a(‘Pa)

total enthalpies: H (¥, )= p.o +



- = = Normalization - - -
We normalize the physical quantities on the basis of the following qUantities.

R : radius of the flux conserver @2 . Poloidal field at the outer boundary
on a midplane plane (r= R, z = 0)

VA — BR/, //Jomin . Alfven velocity

R C
gi

!

> b ion skin depth
Hyte

S,

HIST experiment : n=5x10"m> > S, =16



Differences between single- and two-fluid models

The motion of equation is same for both models.

[aui/8t+ui -Vui] = —V(p, +pe)+(V><B)><B
E+Su xB+F,. = 0
L two-fluid effect:

gradient of electron pressure and Hall effect
F,, = Vp, —(VxB)xB

2

= _V(Pi T j"‘ o, _uix(vxui)

2 ot

The difference between the two- and single- fluid models is the correction term F .
in Ohm’s law which represents the gradient of electron pressure and the Hall effect.

When the following condition holds:
single-fluid assumption : E = S.u,xB>>F,,

the single-fluid model is adequate.



Numerical model

Spherical Flux Conserver

We model the coaxial
helicity source and the
FC of the HIST by the
following assumptions.

Coaxial Helicity Source
Bias Coil

Inner Electrode [~

\Central Conductor

Assumption:

--- The bias field penetrates the FC wall, the electrodes, and the central conductor,
and further extends all over the space.

--- The magnetic fields generated by the plasma current penetrate the outer electrode.



Assumption and boundary conditions

Assumption:

dH 0 / d‘{’l, = CHiO + CHiILPiD —-- I_:_or.the purpose of computing
equilibria, we assume the total

3 -
dHeO /d\Pe — CHeO + CHel\{—’e + CHe3\IJe , enthglples and the flow strear_n
) functions as the surface functions
v, (Y,)=Cy+C Y, +C,,"Y; of the vorticities. Here the various
C’s are constant parameters.

Purely toroidal ion flow: v; (\P,-)Z 0  Especially, C,,, is related to the
strength of ion flow. We change

Boundary Condition: only this parameter.

Y =Y, onI; I I, and T} --- We consider the special case of

purely toroidal ion flow.

ias

Ampere’s law on the coil

surface I', can be written as 2
The boundary condition for ‘P,

I = l oY, dl on the coil surface I'; 1s
obtained by setting at
unknown constant.

bias

. r oOn



Equilibrium computation

--- 2-D ST equilibrium (HIST Devise) can
be determined by the combination of
FDM and BEM.

--- The constraint condition of this computation is
that total toroidal current /, = const.

For each equilibrium, global quantities are calculated below:

Volume average £ value Volume average A value
< p.+ > 1-
< B P Z%Bz </1>E/Uo<J]23>
<p,+p,t > <B” >
Ho
f it F,.xB
two-fluid index*: f2F5<‘ 2r ¥B|>
<|[ExB|>

If for 21(f,r <<1) | the two-fluid effect is significant (negligible).

*Remember E+3,u;, xB+F,;. =0



Parameters

Chril
1.0

9.2

15.0

28.0

S+Cpr <fB> J2r <pr> Py
. -2

0.240 2.30x10 1.83 8.11x102 1.55
-5.02x10-3 0.146 2.82
0.215 0.230 1.87
0.926 0.179 1.50 0.153 11.3

Crio =0, Cpe0=0, C,,, =4.0, Cpez =—1.0, SxCppy =-0.7, S5xCp =0

We increase the value of C,, related to the
strength of ion flow to investigate the variation of
the magnetic configuration.

I, /1, =20

<A>

1.32

2.22

2.24

-0.673



Magnetic field profiles on the midplane
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--- Figure (a) shows the
case of small ion flow and
the high-g ST with
paramagnetic B, profile.
--- As the effect of ion flow
becomes more significant,
B, . decreases and further
reverses its sign.

--- Figure (b) shows the
spheromak without B; ..
--- In Fig. (c) B, at the
edge regions reverses the
sign, which indicates the
RFP-like configuration.

--- In Fig. (d) B, at the
whole regions reverses
the sign, which indicates
the ultra low-g ST with
diamagnetic B, profile.



Flow velocity profiles on the midplane
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--- You can see from Fig.
(a) shows the toroidal
current is dominantly
carried by electron fluids.
The electron fluids at the
inner edge region are tied
to B, ., while the ion fluids
are not.

--- Figure (c) shows the
electron flow at the inner
edge region reverses the
sign due to the reversal of
B, . at the inner edge
region.

--- As the effect of the ion
flow becomes more
significant, the reversed
region of the toroidal
electron flow extends.



Toroidal current density and safety factor
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--- As the effect of ion flow
becomes larger, the toroidal
current density changes from

the hollow profile to peaked one.
--- Further, due to the reversal of
toroidal electron flow, it reverses
the sign at the inner edge region.

--- We show the g-value as a
function of the normalized
poloidal flux function ¥ /¥ ..

¥ .S v atthe magnetic axis.
--- As the effect of ion flow
becomes larger, the g-value
comes down and reverses the
sign at the inner edge region.
--- Finally, it reverses the sign at
the whole region, and becomes
the ultra low-q.



Poloidal flux contours

(@) high-g ST

(c) RFP
<f>=0.230, <A>= 2.24 [m"]

(b) Spheromak
<p>=2.30x102,<2>= 132 [m"] " > <p>=0.146, <1>=2.22 [m"]

(d) ultra low-q ST

<f>=0.179, <1>= -0.673 [m"]

--- All these flux
surfaces have the open
flux penetrating the
electrodes and form the
helicity-driven
configurations. This
suggests the possibility
of the current drive by
CHI.

--- As the effect of ion
flow becomes more
significant, the amount
of closed flux increases.
--- The STs have
significantly lower <A>
values than the
spheromak and the
RizF.

Note that the ultra low-q ST with diamagnetic B, and high-f appears in the regime of <1>
value lower than the lowest eigenvalue 1,=9.29. Therefore, it could be observed in the

experiment.



Beta <f> and two-fluid index £,
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--- We examine the dependence of the
maximum value of toroidal ion flow, ;..
the volume average beta value, <f>. As
Uy, INCreases by transition of high-q ST to
RFP, <> increases due to the decrease in
B, .- On the other hand, <> gradually
decreases as u,,., increases from the RFP
to the ultra low-g ST.

on

--- Next, we examine u,.... on the two-fluid
index, f,-. Except for the negative minimum
values of u,,all the values of f,-are larger
than unity. f,- has a sharply peaked value in
the slow ion flow region ( u, ~0.032 ).
--- We consider why f,-has the sharply
peaked value.



Fluid drifts and profiles of

F,q|, S«|uxB|, and |E|
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Summary

We have numerically determined the equilibrium of helicity-driven ST (HD-ST) based on the
two-fluid model with flow.

The magnetic configurations change from the high-g ST (g>1) with paramagnetic toroidal
field and low-4 (<>~ 2 %) through the spheromak and the RFP to the ultra low-q ST
(0<qg<1) with diamagnetic toroidal field and high-g (<> ~18 %) as the external toroidal field
at the inner edge regions decreases and reverses the sign.

The ultra low-g ST appears in the regime of <A> value (<A>=-0.673 m-') lower than the
lowest eigenvalue 1,=9.29. Therefore, it could be observed in the experiment.

The two-fluid effects are more significant in this equilibrium transition when the ion
diamagnetic drift is dominant in the flowing two-fluid.

Future works

Confirmation of the conservation of the generalized helicities during this equilibrium
transition.

Stability analysis of the flowing two-fluid equilibria of HD-ST.

How do we experimentally drive a flow of Alfven Mach number M,~ 0.6 for producing the
ultra low-q ST?



Fluid drifts perpendicular to magnetic field
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Profiles of |F e[|, S«s|uxB|, and |E|
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