Numerical schemes for a
neoclassical pedestal

Matt Landreman
MIT Plasma Science & Fusion Center

Thanks to Darin Ernst, Peter Catto, Leslie Greengard, Felix Parra,
Michael Barnes, Antoine Cerfon, Jeffrey Parker

Supported by U.S. D.o.E. & ORISE |I|il- pﬂ-(




Numerical schemes for a neoclassical pedestal

* Local neoclassical calculations with the full
linearized Fokker-Planck collision operator

* Nonlocal (pedestal) neoclassical calculations

— Formulation of the drift-kinetic equation
— Operator splitting approach

— Need for sources

* Questions for you



. ocal neoclassical
calculations with the
full lIinearized Fokker-

Planck operator




Local drift-kinetic equation
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e These are 3 coupled linear 3D partial differential equations.
 Even as 1 — 0, details of C matter.

* Pitch-angle scattering is expected to be a poor approximation for C in the pedestal.



Discretization scheme
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Also a few rows for
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boundary conditions: Regularity at v=0 Derivatives of H & G at v,



Pitch-angle-scattering approximation Is
guantitatively poor for realistic ¢

Poloidal flow: V, =k cl 8, di,

Z 2N
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Nonlocal (pedestal)
neoclassical

calculations




In a pedestal, standard (local) neoclassical

theory breaks down
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Standard bootstrap current calculations are formally not valid in the pedestal.



Nonlocal drift-kinetic equation

Suppose f ~ f,, = n(w){zﬂr(w)}exp(— 2:2//)} Let n(x):n(x)exp(e_lc_p((xx))].
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but r and r, canstillbe ~p , if N = exp(—?j.

Notice (U”b +V, ) -V, =0.

e Kinetic equation: (U”b +V, ) -Vf =C{f}+8.

— C can be linearized about f, if r; and r are > p .

Introduce g = f — f.. = (U”b+vd)-Vg —-C{g}=C{f.}+S.




Nonlocal drift-kinetic equation
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Change variables from (z,W) to (v,&)
Assume B = B(8) and RB,, =const sov, -V&=0.

(vp+vy)-Vg-C{g}=C{f.}+S.




To calculate nonlocal transport, you must

solve a 4D integro-differential equation
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The nonlocal kinetic equation can be solved using

operator splitting plus a /ocal neoclassical code
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The nonlocal kinetic equation can be solved using
operator splitting plus a /ocal neoclassical code

tH(1/2) At

g +LNLOC{gt+(1/z)}

|l
-

At

t+1 N1+ (1/2)

+ e L B O

t+1 t

g AI g + LLOC {gt+1}+ LNLoc {gt+(1/2)} = C{ f*} T S




Global code predicts

enhanced flow shear & modified jg<

High-order upwinded finite-difference differentiation in r . =03, n=1-03.
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Problem: without a heat source,

no truly time-independent solutions exist.

2
Apply j e dgy \Y; ’<j d 3Um70( )> to kinetic equation with 8g / ot = 0:
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No source needed for mass or momentum because fluxes at ends automatically vanish.



The choice of source has some effect on the results
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Shift In trapping region can be seen
In the distribution function
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[terative schemes with no of /ot or 0g /0t term, e.g.
tosolve £, {9}+ Lyo{9}=C{f.}+S forg,
iterate L, {gi“} =—L .. {gi } +C{f.}+S.

Numerically solve the nonlinear problem:

of
E+(ulb+vd)-Vf =C{f,f}.

(AHOWS rTi ~ pp0|.)

Rigorous comparisons to finite- £ analytic limits.

Study dependence of ion flow & Jzq on W, & and depth of
O well.

Stellarators.



« The full linearized Fokker-Planck operator has been included in
local neoclassical calculations for finite ¢ and v..

* A local neoclassical code can be adapted for the pedestal using an
operator-splitting time-advance.

Outstanding questions:

e [s there a better formulation in which a heat sink 1s not needed?

« Can the iterative scheme £, {g™}=-L,{9'|+C{f.}+S
be made stable?
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Geometry Is simple, but boundary
conditions are trick

f=0 H?? G??

L/ U,

f, H, G finite
f, H, G finite

of /10£=0, OH /8E=0, 6G/0E=0
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Legendre polynomials are a good basis for

the Rosenbluth potentials
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IC with

=
()
=
=
e
0
©
od

IX IS sparse

Matr

complicated structure

Sparse direct solver.

-70 seconds to solve on a laptop.
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Rate-limiting step is the solver.



My code agrees with code of Wong & Chan

Coefficient of the parallel flow
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For small v., “nondiamagnetic” distribution function

IS nearly constant along particle orbits

I
Let g = f, +ﬂa—f°

Q oy

Analytic theory for v, — 0 (banana regime) predicts:

e g=9(u, v) (ie.itisindependent of 6.)
e g=0 for trapped particles.



For small v., “nondiamagnetic” distribution function

IS nearly constant along particle orbits
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For trapped particles, goesto 0 as v, - 0




Code can resolve the boundary layer between

nassing and trapped phase-space
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Radial 1on heat flux
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