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Motivation (1)

« Equilibrium with flow

In iImproved confinement modes of magnetically confined
plasmas where high-beta is achieved, equilibrium flows
play important roles like the suppression of instability and
turbulent transport .

« Characteristics of equilibria with flow are drastically altered
by small scale effects.

e Equilibrium models with small scale effects may be
suitable for initial states of multiscale simulation and for
modeling steady states of improved confinement modes
that have steep plasma profiles.



Motivation (2)

« Small-scale effects arising due to the Hall current and fluid
closure problem have been studied with Hall MHD model.
[A. Ito et al., Phys. Plasmas 14, 062502 (2007)]

However, ions must be cold due to consistency with kinetic
theory. Otherwise, the ion gyroviscosity and other finite ion
Larmor radius (FLR) effects should be taken into account.

p, = d,\[B., p, : ionLarmor radius, d, : ion skin depth, 3, = pi/<B§/,LLO)

« These hot ion effects may be relevant for high-temperature
plasmas as in magnetic confinment fusion devices.

» Reduced fluid models

By including higher-order terms of asymptotic expansions to
reduced fluid models, the following effects on high-beta
equilibria with flow can be easily studied:

- Compressibility

- Two-fluid effects

- lon finite Larmor radius effects



Equilibrium equations in FLR two-fluid model
 FLR two-fluid quations of steady state

Vi(m)=0, VxE=0, p,j=VxB |, A, \,)=(0,0,00 = Single - fluid MHD
myw-Vo=jxB-V(p +p,)-AV-II", = (0,0,1) = HallMHD
E:—vXB—i—()\H/ne)[ij—Vpe], = (1,1,7)) = FLRtwo - fluid MHD

v-Vp, +9p,V- v+ (2/5)/\7;ny -q, = 0,

(v j/ne)- Vo, + 0. (v jjne) +(2/5) AV - ¢, = 0,

* Hot ion effects: gyroviscosity II?, diamagnetic heat flux ¢,
- Obtained from Vlasov equation by asymptotic expansions
In terms of the small parameter 6§ ~ pijo <1
- Much simplified in the slow dynamics ordering & ~ vv,
 Reduced equations for FLR two-fluid equilibria
Asymptotic expansions of equilibrium equations in terms of

Inverse aspect ratio ¢ = ¢/R <1 are suitable for including hot
lon effects in asymptotic expansions



Assumptions for reduced equations

 Compressible high-p tokamak and slow dynamics orderings
- Large aspect ratio and high-_3

e=0/R<1, B, ~ebB, pwe(Bg/,uO)

- Compressibility V-v,;, ~ EVymp @ (v =0, +v;)
to eliminate the fast magnetosonic wave
- Flow velocity for slow dynamics
U~ Uyp ~ Uy ~ 60, |V TT”

 (Characteristic flow velocities

- Poloidal Alfven velocity v* ~ ev,, ~ v}, = (6% ~ ¢
Alfven singularity at v, = v},
Standard reduced MHD ordering [1,2] applies

- Poloidal sound velocity v* ~ (Bp/BO) Vpjp ~evy, = [0~ ¢
Transition between sub- and super-poloidal-sonic flow
Higher order terms should be taken into account

~ 8 |Vp| ~ §*mnv;,

[1] Strauss, Phys. Fluids 20, 1354 (1977)
[2] Hazeltine et al., Phys. Fluids 28, 2466 (1985)



Equilibria with flow in reduced two-fluid models
Axisymmetry  0/0p =0, B=VixVp+IVy
Projections of the force balance on Vv, B, B,
LRV - (mnw - Vo + AV -1+ | VY P A + IV - VI + p, RV -V(p, + p,) =0,
B-(mmv-Vou+A\V-TI")+ {p, + p,, ¢} = 0,
(Vi x V) (mnv-Vo+ AV -TI7) +{p, + p,, ¥} + (I / i, B )19} = 0,
{a, b} = (Vax Vb) - Vg
Asymptotic expansions
f=hth+th+h+h~ehh~eh h~ef
V=t 4+ + ..., T=I+1+1,+1I,+..,

Di = Py T Dip T D3+ ey Do =Py T Doy T Doz T ovy
n=n,+n +.., R=R,+uz,

Leading order of the force balance
Bo
HoRo

Il + Pi1 + Per = const.



Equilibrium with flow in reduced FLR two-fluid

model - poloidal-Alfvenic flow
[A. Ito et al., Plasma Fusion Res. 3, 034 (2008)]

e Second order accuracy for the total energy Is required
mnv” ~ ||| ~ ep ~ pv}, ~ € (Bg/ug), v~ jfne ~ Vp/neBO

* |lon flow velocity
obtained from the generalized Ohm'’s law:
E+vxB= )\—H(sz.erz.n'v -Vo+ AV Hf”)

ne
by taking the lowest order terms:

E—FUXB’;“)\—HVPZ-
V= Uyyp T+ Uy ne

1 1
Vyp = —— VP, X (ROVgo) + 'UHROVgp, v, > — Vp,, X (ROVQO),
B, eB,n,
Vew—(\R B, ) {n,",p},  {a, by = (Vax Vb) Ve

Uynp : EXB and parallel flow v, . ion diamagnetic flow

Higher-order derivative term of the Hall current is neglected.

50 R
e lon heat flux V-qi:V-quzg%{na%pﬂ}-
0



« lon gyroviscous force for collisionless magnetized plasma
[Ramos, Phys. Plasmas 12, 112301 (2005)]

VI = v.[ingm]

N=1

V- ~—mnv,, -Vv—Vy, + 46};0 Vi X V{Vgp [fo xV

0

)

VT = —Vyq + 4 B, TV )
- Ve 42;@%% Vo x V{vg - [vp? x V(1) ]},

V. 2v.m" = v.0" ~ 0

R, mipi. _
o~ . = = B.(V
V*z enBO VSO X vpz? Xv 2 BZ B (V X V) %q 5 B2 ( x q”-)
m.
VI ~—— (ROVSOXVpﬂ)'VU_v(Xv_'_Xq)
chy

« Lowest order quantities are arbitrary functions of ¢,
Q =,(1), ny=ny(h), pi=p.0), pa=p.h), L=L)

 Poloidal force balance

B m;n Le — Ai)p; A0l \ V. |2
Pi2 + Pe2 + ﬂo%o I + ézo [(D& + (e enol)pll }(q)/l . eer?c;l ) | l/;1| = Ai(xv + xq) = 9«(y1).
0




 Reduced Grad-Shafranov equation with flow and FLR

2 /
Ui v¢ Ui 233 / ]2
. MAP [MAp A ) Aot — | 1| MAp [MAP — A — | = _NOR(? _<pi1 + pel> + g*/ B [_1]
Uyp Uy, R, 9
o’ Ay D !
M,, () = Jiemn, R, 31 - 625 . Poloidal Alfven Mach number
0 0—0

ViV, ) () = iy (v, fenyBy ), 8, = [
« Alfven singularity
-Single-fluid and Hall MHD: M} =1
-FLR two-fluid: M,, = %[vdi/v/;p + \/4 + (vdi/UAp)Z

Singularity is shifted by the gyroviscous cancellation
Comparison with non-reduced Hall MHD equilibrium

-Resolution of the singularity by the Hall current does not occur in the
leading order because the higher-order derivative term is neglected.

o’ 0N

-It may be predicted that the singular point shifted by FLR effect is
resolved by singular perturbation due to Hall current.



Single-fluid equilibria with poloidal-sonic flow
[A. Ito et al., Plasma Fusion Res. 3, 034 (2008)]

 Third order accuracy for the total energy is required
m,nv’ ~ (BP/BO> vp ~ g’ (Bg/u())

e Lowest order quantities are arbitrary functions of v,
Ny = n0(¢1)7 D :p1(¢1)7 I :]1(¢1)'

« Flow velocity v= (1 + x/RO)V U x (B/B) +o (B/B)
to satisfy both V-v ~evya and, from Faraday’s law,

oV (B RS o) (5 )y
[Strauss, Nucl. Fusion 23, 649 (1983)]

Asymptotic expansion
U=U +U,+-, (V-v) {(U||/B)+2$Ul/,¢1}.

U1 — U1 (¢1)7 U, = U1/ (¢1)¢2 + U, <¢1> ( )/ = d( >/d¢1



 Poloidal force balance
B

P2 + un%n I, = g«(y1),
2
Bols |4 / o [Vwa |’ ( X )2 2M,7P1 po
+ + l, — 1 + m;nyU + — 0% = E, .
P3 1R, ,LloR(Z) (I, 1V2) iNoY1 —5 Ry B, — M,%\p gxy> (v1)

 Pressure equation v-Vp=-—ypV- v
b =D (%)

(Y 2T
Py — p1/ (¢1)¢2 + TP ”

/ + R
BRU, (¢,)

= P, (¢1)

Coupled by slow

« Equation for continuity V- (pv) =0 magnetosonic wave

Ny ="n, <¢1>
n, — nol (¢1)¢2 +

TZO’UH 210
B,RU, () 1
e Force balance in B

BoRomz'noUll (77&1)1}“ T Dy — p1/ (¢1>¢2 = Ds, (%)




Asymptotic equations for single-fluid equilibria
with poloidal-sonic flow

» Magnetic flux ¢ =, +1v,, o, ~ e
Asymptotic expansion of the generalized Grad-Shafranov equation

/
Ay = _:LLORS (2$/R0)p1, + g*,] - (112/2) ;
2
8oty + | 1By xpl”+ 9. [71
2
10
:Ealé Mflp <¢1)A2¢1 ‘ ‘ <M31p) _'MORQ Ro P, (%)_‘_E (77&1)}
/
R2 z : 2Mf21p7p1 2z App2 61172
RN R B o | R B -
0 1 Ap 0 1 Ap
o* O v (%)
A, = = - -7
2 [332 +8ZQ]’ )= T

M, () = 1o (¥, )RU (1) : poloidal Alfven Mach number



M
« Parallel flow v : v_[%]ﬁl 104

RO 61_M31p7

*Pressure p~p +p,:  p =p(¥)

/ 233 Mflpfypl pr2* o 61])3*
— + —
Py = Py (¢1>¢2 Ro]ﬁ1 — Mjp 8, — Mjp
e Density n~n, +n,:  n,=mn,(¢),
2T
R,

2
M Ap Do, — Ds.

B =M% (B —M)B )

* Poloidal-sonic singularity g, — M7,

-Singularity appears when the poloidal flow velocity equals poloidal sound
velocity

-Higher-order equations in € must be taken into account to include this
singularity in the reduced model

-Shock structure does not appear because of the ordering (61 — M, )/ﬁl ~1

cf. shock ordering (6, — M3, )/8, < V&
[Shaing et al. Phys. Fluids B 4, 404 (1992)]

/
n, = nowz -+ Ny, +




Analytic solutions of asymptotic equations for

single-fluid equilibrium with poloidal-sonic flow
[A. Ito and N. Nakajima, submitted to Plasma Phys. Control. Fusion]

 Reduced GS equations for MHD equilibria with poloidal-
sonic flow can be solved analytically for linear profiles

* The solutions include both of the following effects
- poloidal flow comparable to the poloidal sound velocity

- high-pB
e Other analytic equilibria with flow

- purely toroidal flow [1]

- iIncompressible flow [2]

- low-B, poloidal-sonic flow [3,4]

- high-f3, poloidal-Alfvenic flow [5]

[1] Maschke and Perrin, Plasma Phys. 22, 579 (1980)

[2] Tasso and Throumoulopoulos, Phys. Plasmas 5, 2378 (1998)
[3] Shaing et al. Phys. Fluids B 4, 404 (1992)

[4] Betti and Freidberg, Phys. Plasmas 7, 2439 (2000)

[5] Guazzotto and Betti, Phys. Plasmas 12 056107 (2005)



* Linear profiles: &
P = Dy, <¢1/¢c)7 9. _'—2 R2 _gc<¢1/¢)

2
Mip = “omino (ROUI,> Apc (wl /¢ )
E =p, =p,=0, ¥,p,9,M,, and 3 areconstant

- No poloidal sonic singularity: vplc/(BS/uo) = M,

- n, and U, remain arbitrary as long as satisfies the above
relation
* Normalized equations in toroidal coordinates (r,0,9)
A, = — B2 2plc’l“COS(9

p

A, = [COS@ (8¢1/8T) — (Sm «9/7“) (8@01/89)} + M, <¢1A2¢1 + |V¢1|2/2)

+C [1 +29M, [(vp,, — M)
r— T — U, b, — ey, a— eR, VE = eV

r* cos® 0

77b(:/BOROa’ — ng’ plc - 5<B§ /M())plc? gc — 62 <B§ //’LO>gc’ plc - 8plc

e Boundary conditions: () =0, %)=



 Analytic solutions for ¥ =¥ + 1,

1 g
P, = ——(r" —1)|| =
v Y

- Identical to static equilibria derived by Haas, Phys. Fluids 15, 141 (1972)
Y, = P(r) + Q(r)cos 0 + R(r) cos 20,

plc

+ rcosf

9 M2 2 2
(7’) _ i( . 12) . p_lg 2 + Y Ap > ( 2 4 1) 4+ Apc l plg (137,4 . 147,2 - 5) 4 g_(‘2 (37,2 . 5)
16 B Yp,, — M}, 8 195, y
l g 2 Mj c P 2
Qr)=——=5r(r" —1)|1 - —==(3r" —4)
16 B; 4 B;
1 4 M2 M2
R(r)= ——De 2 _qy|1 4 2T e Pie g2y
16 B, 3. — M, 48 B

- Generalization of the static equilibria derived by Yamazaki et al., Jpn. J.
Appl. Phys. 18, 981 (1979) to include poloidal-sonic flows
- Solutions for the vacuum region has been derived as well



Poloidal-beta value V = Pielgc

87a’ v
61) = 2 <p> ~—il+¢
/“L()Igp €

7_V_Z fyMipC + MZPC 9. ( _VQ)
12 3vp, — M, 64 B;

Apc

Shafranov shift A ~ Ay + €Ay,
A _ —1+41+3v?
sl — 3V )
23; P/ (Zsl) ‘|_ Q, (Zﬂ) "‘ R/ (Zsl)
7=NAs1,0=0 g. 14+ SVZQ .
Shift of the pressure maximum  Ap = As + €Apy,

< 00,

§2 — — —
or

0”1,
/ or’

F=As1 ,0=0

— yMipc 1+ vA 1 =<2
Aoz = M2 1+ A (1-3a)
yplC Apc sl

Equilibrium beta limit

The condition that the separatrix does not appear in the
plasma region ,
= 1TMZ. ge

2
5 _ l 7MApc
ePp < 1+g<6+ 192 B2 679, M2 )




« Shafranov shift is modified to yield a forbidden region and
the pressure surface departs from magnetic surface due to
poloidal-sonic flow.

- Shafranov shift

1.0

0.5

0.0

05T

-1.0

0T : : i v N
08T | | T . . 7
| | I ~Beyond beta limit M =09, At =
- / 0\
| 057 | I T /__\
04T I +
031 : :\ / M, = 057p>
0ol ! : il Separatrix " \
01T : \ \
0.0 | = ‘
0 ! MZApc/ Yplc : -1 -10 -08 -06 -04 0.2 I/a 02 04 6 0 1 12
- Shift of the pressure maximum
Profile of P at midplane
1 EDARS o
_ ol My =0.7 1 /
+ B //: Z/T \ M, =4.0vp, / S \
S S My =0.5 /2T A \
Loso! Y e N\ /M =2.5p, \\
- 4NN b N\
| A\ ool Mogpe=0 TN\
| \\ 0.8 i4 \
| g U.l: \
| \ / o \
0 1 10 08 06 04 -02 xtya 02 04 06 08 10 10 08 06 04 02 x?)a 8 10

Profile of % at midplane




Magnetic surface Pressure surface
(gray: static equilibrium) (gray: magnetic surface)

N
(&)

Sub-poloidal
-sonic flow

‘\
—
g,;/

—_—

Super-poloidal
-sonic flow

(vplc/ M3, = 2-5)

- The pressure maximum is shifted outwards for sub-poloidal-sonic flow
and inwards for super-poloidal-sonic flow



Equilibrium with poloidal-sonic flow in reduced
two-fluid models

e Orderings

- Slow dynamics and poloidal-sonic flow

o (Bp/Bo)zvp/,O ~evy = [0 ~e
e Lowest order quantities are arbitrary functions of v,
P, = (I)l(¢1>7 Ny = n0<¢1)7 b; :p¢1(¢1): Da :pe1<¢1)7 I :Il(¢1)°

* lon flow velocity
obtained from the generalized Ohm'’s law:

E+vxB= )\—H(Vpﬂrminv -Vu+ AV Hf”)

ne

up to the first order,

E—l—vaﬁ)\—HVpi
ne

Higher-order derivative term of the Hall current is neglected.



* |lon flow compressibility

(V-v)” =0
! / !
o = 1 _ [ 2x / Pis RoPiy ., Rong
(V-v) Bo {V| (R0>RO<(D1 + A eno> + A en3 ML =44 en3 Piz: Va1
5p., R, _
 lon heat flux (v.g)"=(V-q,)" =252 0n"p,},

2 e,

- Higher-order terms are needed

(V'C{- )(1) ~ SRyp; n—(/]p _p_;1n |2z ’ _pﬂné
il 2671030 no 12 no 1 RO il

- Parallel heat flux is neglected for simplicity

e |lon gyroviscosity

m,

V- IIY ~ —

(RVexVp,)-Vo—V(x, +X,)

€D,



Poloidal force balance

B
Dis T Do _{__}0212 =9, (¢1)7

oLty
B 1 I / . : A — ). s [TV P
Py + P+ L2 4 12(]2_]1w2>_|_m2727’0 (1)1+( H )P o+ aPa || Vi |
tolty  po Ry B, €Ny, €T 2
P
1122 C. +C /
—A(x, +x,)+— : £ — =F :
Z(XU Xq) 2 RO D Q*% *(?701)
Equation for p,,,p.;
/ 2x C. . .
Pjo — Pj1 (¢1)¢2 — pj2*(¢1) + EO Eja (] — 1, 6)7

lon stream function ¥ =WV, +&V,, nv=VVUXVp+nRy Vy,

\I/l — _nO_RO[(I)’l + Ay Da .
B, en,,
n, R, , N, R, | 2%
\Ijz — \Ij2* (¢1) T ;300 (1)2* <¢1> + \Ij1¢2 T egolg R_O(Cz' + Ce) + Py:z* + Pe2>x< .

¥ is not a function of magnetic flux in the presence of two-fluid effects.



o Grad-Shafranov (GS) equation for

- ldentical to the static case

Auth = = {2/ () + a )] + 0. ()] =[12 )2
 GS equation for #,

/" I? "
A,p, + FLORZ 2R£E <¢1>+g (%) + |- <2¢1> lwz
1oy, , Vol oy 20 Pa () + P ()]
R 8R "‘F(wp)‘a)‘ ) 2¢1 +F <¢1a)‘z‘7)‘H> 9 MORO {E* <¢1> Ro D
. P iZ Ci<w17)\i7)\e7)\H>+Ce(¢17)\i7)\e7)\H)/
IUJORO Ro pi1(¢1>+p61 <¢1>+2 D<¢1a)\m>\e:)\H>

0’ 0’
Vi ()~ Dy AW ()] 8=+ ]

Gyroviscous cancellation

F ()= Vi () = AV ()]

Single - fluidMHD : (A, A, A,) = (0,0,0), HallMHD: (0,0,1), FLR two - fluid: (1,1, )

Ve Vi Vi © Poloidal Alfven Mach numbers of ExB, ion and
electron diamagnetic drift velocity



Equilibrium with flow in reduced FLR two-fluid
model - poloidal-sonic flow (2)

Vy + ()‘H - )‘i)vdﬂ

Ci - 5@ [VE + ()\H AZ)‘/dijlk(vE +AH%¢)[V ()‘ —A )V ] )\V V

al
pel/ n_o] >|Bz —|— )\H‘/dz

n
pel 0 J

/
b
/

n
Py 70

/
P Ny
/
n
by 0

_/Bi k(VE + )‘Hvdz')[VE + ()\H - )\i )Vdi] + )‘ZVEde' 1-

Xlﬁe [VE — (A — A )Vie] - (VE - >‘HV(18)[VE + Ay = A )V(h] Vi

o

+8.8.[Vy — Ay 1/4( + AV Ve + Oy = MV ]+ AVV,

= |ﬂz _VE

+5e (VE + AH%Z’)[VE - ()‘H o )‘ez)Vde]

/
Py Ny

n
by 0

V.4 (O, — AV,

/
P Ty

Py Mo

Vp + ()\H - )‘i)Vdﬂ

](VE - /\HVde)[VE + (>\H - )\i )de‘]

Ve + (>\H - >‘z')Vdﬂ

8. = puf(B o), 8. = paf(Bi )



e Single fluid (4i, e, An) = (0,0,0)

C.+C, _ Vﬁ?(ﬁz‘l‘ﬁe)

D B V§—<@-—|—6e)

Singular when poloidal flow velocity equals poloidal
sound velocity.

 Hall MHD (4i,4¢, A1) = (0,0,1)

Ci+06 - <VE +‘/:i€>2(/8i+/86)
D - D n/ » n/
Vi + Vi 721,70 Ve = Vi 761,70 _(@ ‘|‘/6€)
py o P Ty

e FLR two-fluid (4;,Ae,An) = (1,1,1)

/ /
VE ﬁi(‘/E_V:ie)VE—'_‘/cii—l_V:ﬁl_pﬂ/n() +5e(VE+‘/«iz‘)VE+‘/;li_‘/fl€1_p€1/%}
¢,+C, Py Mo P Mo
D Vi = (8, +8)| (Ve = Vi) = B. (Vi + Vi)

Singularity is shifted by the Hall and FLR effects

8= puf(Bi i), B = paf(B: o)




Numerical analysis for two-fluid FLR equilibria
with poloidal-sonic flow

e Linear profiles as in the single fluid case

« Density profile
- Single-fluid MHD: appears only in  V, = —/uym;n, (Roq)ll/BO)
- Hall MHD, FLR two-fluid: must be determined separately

- Linear density profile n, =n,v,
—1/2 ——1/2 ——1/2

Ve =Vetby Vy =Vopu oy Vi = VoDt
« Hall MHD: convective term is singular at # =0

e FLR two-fluid: singularity at ¢, =0
IS cancelled by the gyroviscosity

 Boundary conditions
¢1(1a 9) = 0, ¢2(1> ‘9) =0, p2(17 9) =0
* Finite element method with 40x40 grids



Numerical solution for poloidal-sonic £ x B flow

Magnetic surfaces

-1 -08-06-04-02 0 020406 08 1

-1 -08-06-04-02 0 02 04 06 08 1

Ve fy P = =1V, = —1)

Pressure surfaces

-1 -08-06-04-02 0 02040608 1

Surfaces of ion poloidal flow

W ;—j N | 0.4 /,, — 0'4 / — 0-4
LT W BN VI LA, W
(IR I . LT JNI ., ITARIANAY .,

\ \ I o4 \ \ \ ~ L 0.4 \ \ = / ﬁ -0.4

| e N | .. \ — V] ..

IS \tj 2 -0.8 \\t; 75 '0-8 \77*// 0-8

* Regular solution exists because the poloidal-sonic singularity is shifted by
two-fluid and FLR effects.
« Pressure and ion poloidal-flow surfaces are not functions of magnetic flux.

/

/

B /
\ / \ /
\ \ 6 /
\ 2 \ \ /
\ \ /
05 \ \ 7 /
\ \ /
\ 1 \ /
\ \ 8
, | o b B
1 o8 os 04 02 o o0z o4 o0s 08 1 1 08 os 04 02 0 02 o4 06 08 1 T s w5 o o o2 os o5 os 1

Red: Vi /vp, = —1 Vi /7P, =1
» Solutions depends on the sign of ExB flow




o Shift of the maximum of lon stream function Ay =~ As + eAy,

. Ci+Ce (o @7\
Ayy = —27LHVdc|: i E—_) - (‘Pl 6'27”?1 ) :|
=Aq1,0=0

« Shift of the pressure maximum A, ~ As + Ay,

~ Cit+Ce(y 0w\
Aoz = ‘{'?e("i?#) B
r=Ags1,0=0

VeV, = = Ry Jugmn, <5B§ / )/enocBowc

Aw and A, are functions of ¥, and independent of ¥,



Dependence of the shift of the maxima of the pressure and
lon stream function on the diamagnetic drift for different

values of ExB drift

Ve /yp. = 0.5 V. /vp,. = 0.75 Ve /yp. = 1.0 Vi [yp. = 25

=02

Black: signs of ExB drift and ion diamagnetic drift are the same
Red: signs of ExB drift and ion diamagnetic drift are opposite

A, and Ay depends on the sign of ExB drift and the singularity shifted
from the poloidal-sound velocity appears

For Vﬁc/wlc ~1.0, Auws is independent of the diamagnetic drift

For Vi /yp, =05 ,i.e. Vi, =7p,, Ap and p,+P, areindependent of the
diamagnetic drift and analytic solution can be derived.



« Analytic solution can be found for V., =p,,
Y, = P(r) + Q(r)cos 0 + R(r)cos 20,

1 ) M? )
(1) = = (r = 1)~ | B || e (r? 1)
p TP — MAp
M* |1 ? 2
¢ p c gc .
8Ap 5 B12 <13r4 14r2 _ 5) + — (37’2 5) _4‘/{1@ —5 Pi. /fyplc]
p v .

M> M?
1 _|_ é ’y Apc . . Apc pl; (97,2 o 11)
3vp, — M 48 B

Apc

L p
R(r) = ——2<r*(r* —1
(r) 163§ ( )

- The Shafranov shift and the equilibrium beta-limit for
this solution are independent of the diamagnetic drift



Summary (1)

We have obtained reduced equation for FLR two-fluid
equilibria with flow in the order of poloidal Alfven and poloidal
sound velocity.

 Poloidal-Alfvenic flow »* ~ev), ~v} =6 ~¢
- Singularity appears in the lowest order equations for the
magnetic flux.

- Shift of Alfven singular point due to FLR effect has been
found.

» Poloidal-sonic flow v ~(B,/B,) ypp~er?, =6 ~e

- Effects of compressibility, two-fluid and FLR are included
In higher-order egations.



Summary (2)

We have solved analytically for MHD and numerically for two-
fluid FLR equilibria.
« Analytic MHD equilibria
- The solution represents the modification of the magnetic flux and the
departure of the pressure surfaces from the magnetic surfaces by the
poloidal flow.
- The pressure maximum shifts outward for a sub-poloidal-sonic flow and
inward for a super-poloidal-sonic flow from the magnetic axis.

 Numerical analysis for two-fluid FLR equilibria

- Reqgularized solution due to the two-fluid and FLR effects are found.

- Pressure and ion poloidal-flow surfaces are not functions of magnetic
flux.
- Equilibrium depends on the sign of ExB drift
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