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Introduction @

14 - ,

1D transport codes are widely used for <h/ P .
— predictive purpose. % ;f“gf:._: _._.'3_.§_._:_.__J_L_.__§:n\
— operation scenario development. S50 - i”L:._—_b) 15

: : = r sedar N 1 ©
— experimental analysis. é: ;,' aN‘B’"“"'*“\‘IN\: gg
Based on the transport equations: . /;‘;;:E.-C_T(;--.__-.--?\‘::‘—oi
— convection-diffusion equations 0 time [s] e

) ) ) ) [Hayashi, Honda, Fukuyama: ITER Task C19TD26F]]
— assuming the flux-gradient relationship

Advantages: Numerically robust, easy-to-use, arbitrary choice of egs.
Drawbacks:

— Transient phenomena are out of scope.

— Physics derived from code results simply depends upon physics models implemented.

Develop a new transport code based on more fundamental equations.
Two-fluid model: coupling of the fluid variables to Maxwell’s equations



Multi-fluid transport code, TASK/TX @

TASK/TX is a 1D fluid-type transport code based on two-fluid modeling.
But, original TASK/TX [JCPO8] is confined to cylindrical geometry...

No actual equilibria; No poloidal mass enhancement; Obscure rationale behind egs.

y This paper is devoted to N

v deriving governing equations for TASK/TX on the axisymmetric flux coordinates

-well’s equations -vation of mass and momentum
3. Heat -IIeI heat flow equations

v’ exhibiting numerical results and comparisons with theoretical models.

Quasi-neutrality Intrinsically satisfied Forced
Ambipolarity Intrinsically satisfied Forced

Continuity egs. Divergence of flux Flux-gradient assumption



Settings

[ Small gyroradius expansion ] o % <1

* 0thorder: the unperturbed part:n, 7, p, B, ®
* 1storder: the flow within a flux surface
« 2nd order: the transport flux across a flux surface

: : 9, . 0
drift ordering: [& ~ 0w u~ vy transport ordering: Eri 2w u~ duy
for flows except cross-field flow for any other quantities

[ Equations of motion in 3 directions ]

Parallel: Even on the flux coordinates (p,6,§), the
parallel motion of particles is essential for transport
phenomena in toroidal plasmas.

¢ Toroidal: geometric toroidal direction V&

e Radial: perpendicular to B and toroidal directions V¢
oY
B x (R*V() =V = 8_pr B Vo
[ b v, v |
Flux coordinates in a tokamak




Maxwell’s equations

@

(Gauss's law (Coulomb gauge). V-V® = _i \
60
Faraday’s law: E=-Vd--_ ®m B=VxA
1 OF

A 's law: T =

\ mpere’s law 25 =V x B — pupj )
Gauss’s law _ 19 [ ]
] [0 — dp <|VP| Zeana (1M)
Ampere’s law in the toroidal direction ]

. (i ({9¢ _ 1 2 v IVp‘Q _’QD B <]C> 2|V|\ - Ampere’s law
li% — V- V_’(ﬂ _ MO]{ c2 Ot V’(R—2> dp R2 dp Ho <R—2> (2M) cf FSA GS eq.
c2 R? Ot R? B

. — = w( = RFE}) (3M) | «<— Faraday’s law
cf. Grad-Shafranov equation. Ot y
[ Ampere’s law in the parallel (poloidal) direction ]
(" . )
Loy, /|Vpl*\ @ 1 O (4-B) —1(j°)
| O 2o\ e\, ) TR (am)
-B=VxB-B-—uyj-B
2 ot o _ (5M)
5 = (= —Ep)
g J

Maxwell’s equations of TASK/TX are solved for:

Q), ’Qb, ¢7 ¢t7 th




Continuity equations (conservation of mass) @

The FSA continuity equation yields e: ionization source by NB, i: CX loss by NB

AN
10 10 > ng; B
[ W%(V/ncJ - _Wa_p[vlna(ug - Ug)] + Vionize Na Z n_(:()]z — SLa + Sg}%@ + vpnp — SLei — SoLi ]
7 A =1 A A N

n/ | | | AN

The cross-field particle flux is ot lonization source Loss in Slowing down Other sinks
approximated as a convection-diffusion form. from neutrals the SOL  from beam ions
Equations of motion (parallel)
Parallel momentum equations ]
o Bua viscosity friction forces negligible
mMaNg < 8t ”> - _<B : v : <7?a> + <B : Fa> + €allg <B : EA> + <B : (Sma%Sna»
P

~a ~a 2<Bqa > a a 2(Bq
<B .V - ?a> = if (<Bua||> — (BV1a>) + 5 (T“ _ <BV2a>) (B-F,) = Z (611{ <Bub||> — % <5pbb>>
@ b
rFee="=-m==-"FF---E-"F"E—:EGES-rGeEG-—-EGeE-—ee-=—EGE"GE—G—-_—-G-—-GG-G—-—-——-——-_——————————-——-— - —_— I
| . : 1 Op 0P I 0T,
Diamagnetic flow BVi, =1lw, = -1 a BV, = ———2 |
| i Via =10 (eana o0 aw) ST |

[ NOTE: All we have to do is to estimate 4 and (‘Zf;’ for neoclassical calculation. ]




d ~a ~na A ~a a A
manaa (Bua“) — g (Bua||> — u2(Bqa||> + (1§ BVig + 1§ BVag + ZEH Bub” Z€1§<qu“> where
b A _ 2<B(1a||>
+ eana(BE)) — SLa — Soa — Scxi — SoLi Pa
\_ = yi A N LN J

Loss in Neutral CXloss Other sinks

Electric field acceleration the SOL  friction

[ Parallel heat flow equations ]
- S o The heat viscosity term
MaNa—— + MaNaly - Vg = Ngeq(E +uq X B) + Fq —Vp, —V - Tq
A 90 ot . where . .
e >
8ta :m_a [E <§pal +EW> +QaXB] ‘|—Ga—V‘?a Qa:qa+§paua+W
- ¢ negligible heat flux production rate due to friction, negligible
o A o ((2(Baq) 2 (Bay)
(B-V-ia) = 5 ((Buay) — (BVia)) + i <—a” - <BV2a>> Z( b (Buy) + 35—
5pa b pb
where
3) d ~Q ~Q ~ ~a ~Q a a ~ A 2<Bqa >
{ 5 MaTa s, (Bda|) = —fi5(Bug)) — f13(Bqa)) + f15BVia + fi3BVaq — ;@RBW + zb: 035 (Bap))) — Sra — SOa] (Bay) = 5pa”

External neoclassical modules
Parallel flow eqs. Solved e.g. Matrix Inversion(MI), NCLASS
Steady-state assumption



Equation of motion (radial, toroidal) @

[ Radial momentum (force balance) equations ]

[0 = —((B*)(R?) - 12)%08%%T - %na((32><R2> - 12)(;9[)@ + —na ?ﬁumam - %”a%<32><R“GC>J

[ Toroidal momentum equations ]

1o, 10

~

Wat(v mana<RuaC>) = _Wa—p‘// [<‘VP|>vaCmana<RuaC> + (ug - ug)mana<RuaC>
2 0 res ab ab I o
—([Vpl >Xa§manaa—p<Ruac> + {II57) | + 2611<Rubg> - 2512@@3%0
b b
+ eqng(RE:) e%nuP—S — Soa — Scxi — SoLi
\ “ a oo alqg La Oa CXi OLi j

The magnetic force term produces not only a cross-field particle flux but also a j XB torque.

Radial force balance eqgs. Solved Add-ltlon.al
For estimating E,
Toratdall oms 25 s, Solved Additional, species-summed

For estimatingrot, E,



Particle flux @

* Neoclassical particle flux automatically arises due to friction and viscous forces.

— Intrinsic ambipolarity
« Some model is required to bring about turbulent particle flux.

 We develop the model to describe the forces that impart the turbulent flux.
— [Sugama and Horton, PoP 1995]
fa eq® g k||

— Ambipolar assumption and A el traiad vl A, Ko ~A Ky~ A%

— Poloidal shift due to turbulence neglected.

1
(Lo - Vh) = — e_<R2VC (Fa+eanaB + Ka1)) Adding this turbulent forces in the toroidal equation gives rise to

a

I VAN I Fa“ B2
= — B-V. .7, BK, - — 11—
ap €a<B2>(< V.r >+< 1||>) €a < B ( <B2>>> -
1 /B xVvy E) B? E x B
+E<T'Fa>—lna<B 1—<B2> + HQT-Vw
I /K, B? 1 /K, xB
G ) e )
€a B (B?) €a B this perpendicular (radial) particle flux!

* The following expression of K yields the quasilinear particle flux.

[ 1 On 1 onde OY
Kaic) = Z,e(|[VV|?) DR, 1— ° =
(REue) = Zoe (VY1) DR 0,0 (1= On) 0 1 o LDl B0,
Diffusivity (amplltude) Thermodlffuswe pinch Other pinch term

QL _ QL iane 1 8T . :
(TR . V) = —ne(|Vp|?) DS <n 50 C’TT 5 p> : QL particle flux




Heat transport equations (conservation of energy@

Terms and sources:

Conservation of momentum and energy due to collisions: ZFa =0 Z(Qa +Fa-uq) =0
CGL stress tensor: (V- ??Z- cui)) =0 (u;-V- %) = Up(B - V m) — w,(R2VC V- 7r2> = Ui (B -V - 7%)

Heat flux closure: q; = —niX;:V1; +in?p

: : 3 T; =T,
Energy exchange term between sand j : Qij = =ni—2——  where T, =
Tijg

Heat sources and sinks (excerpt): Ske = SRNE + SNBmom + Sk 4 BRI 4 grad

3m(2m) /2 Emym, (T T )3/2

A 7272 . .
n;e ZZ.ZjlnAZ] m; M,

3 .
Spi = SYP 4 ShBmom _ TanoL (ooxv)(T; — Tor) + SE + ShE 4 Spd

3.1 0 19 5 \

/2 2V75/3 Ot (V/S/g ) _Wﬁ_v, [ NeXe (IVpl) Vhp + 2pe<( — Ug) - VP>]

o p

s OPe 8 a . .

ks SURLEEDS (<ua V) app ol BV Ra) 4 (Qu)) + (i B) + (S

a#e

o 3L O sl L O 2y 9L phe O _w).

8 sV =g, e (V) G p VA S )V

2} apl A~ B D

S + ((uwi —ug) - Vp) op + dip(B N - i) + Z(Qz‘a> + (Ski)
( // 7 /

viscous heating



) Numerical implementation @

* 24 equations (24 dependent variables) are simultaneously solved.

— Finite element method (FEM; Petrov-Galerkin) with linear basis functions; V as the radial coordinate.
— 5 for Maxwell’s, 2 for cont., 6 for momentum, 2 for heat transp., 2 for heat flow, 2 for beam, 3 for neut.

— 2 additional equations connecting (R/uq¢) and (Rug¢) are solved.

a 1 24 1 242 1 - 2
[na <%> = @na<RuaC> - ﬁ<R2> <RuaC> + TqQCijna<Bua|l>] where ¢~ = 2<[B%> <<%> - <R—12>>
* Onlyfor geometric quantities (metrics), do we have to use an equilibrium solver:
= (R*),(R7%),0V/9p,(IVV|*/R?),(IVV]),(IVV]?), (R™")

— Any other quantities which the code entails can be internally evaluated.

— Inthe following simulations, large aspect ratio plasmas of circular cross section are assumed.

 Boundaryconditions (BCs)

— Number of BCs depends upon the order of the highest order derivative of the dependent variables.

Zero Dirichlet cond. Y, nu D, n,,n,

Zero Neumann cond. D, y,n,n(Ru,)nT,n,n, n, n,n(Ru,.)nT

VV vac
— Neumann cond. at wall: <| RQ' >4 for zpt orl, for 4, (vv|)r*f for ng;



) Summary @

Wé&gﬂ({m: 1D fluid-type transport code on the axisym. flux coordinates

(b7 Qrbta ’L/.Ja ’(/)7 wta nav nauzl/a nb<BUbH>, na<RuaC>7 naTaa <BqAa||>7 na<uaC/R>a nb7 nbuga nb<BU’bH>7 nb<RubC>7 7’Lb<UbC/R>, n017 n027 no3

TASK/TX conventional transport codes

Quasi-neutrality Intrinsically satisfied Forced

Ambipolarity Intrinsically satisfied Forced

Continuity egs.

Divergence of flux

Flux-gradient assumption

Radial force balance egs. Solved Additional (for E,)
Parallel flow eqs. Solved External neoclassical modules
Toroidal flow egs. Solved Additional

* Numerical simulations show several features:
— The particle flux is generated compatible with the neoclassical theory and the QL model.

— Comparison of the parallel current shows good agreement.

— TXand Ml give the same parallel flows in a steady state.

Future work:

<> Submit the paper to the journal

<> Including impurity species, coupling of TASK/TX and an equilibrium solver

<> LH transitionin the light of E,




