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ABSTRACT

In this work, continuum kinetic formulations are employed as a mechanism to include closure physics in an extended magnetohydrodynamics
model. Two continuum kinetic approaches have been implemented in the plasma fluid code NIMROD [Sovinec et al, “Nonlinear
magnetohydrodynamics with high-order finite elements,” J. Comput. Phys. 195, 355 (2004)] including a Chapman-Enskog-like (CEL) formula-
tion and a more conventional of approach. Ion kinetic closure schemes are employed to describe the neoclassical flow properties in axisymmetric
toroidal geometry. In particular, predictions for steady-state values of poloidal flow profiles in tokamak geometry are provided using both the of
formulation and two different solution techniques for the CEL approach. These results are benchmarked against analytic theory predictions as
well as results from the drift kinetic code DK4D. The continuum kinetic formulations employed here show agreement with both the analytic the-
ory and DK4D results, and offer a novel velocity space representation involving higher-order finite elements in pitch angle.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054978

I. INTRODUCTION

Fluid-based models are commonly employed to describe macro-
scopic plasma behavior in toroidal confinement devices. However,
many important phenomena require the inclusion of kinetic physics.
Important examples of tokamak physics that require the inclusion of
kinetic effects include the neoclassical tearing mode' ” and the resistive
wall mode (RWM).® '* For the RWM, the properties of the poloidal
and toroidal rotation profiles impact stability predictions.'"'”
Nonlinear field error penetration by resonant magnetic perturbations
(RMPs) in tokamaks is also impacted by macroscopic flow dynam-
ics,'”'° which requires a neoclassical (preferably kinetic) treatment to
provide a comprehensive prediction for the flow evolution. In the fol-
lowing, we describe efforts to incorporate important kinetic theory-
based physics into extended magnetohydrodynamic (MHD) models
using a coupled continuum kinetic approach to describe ion dynamics.
In particular, this work concentrates on predictions for poloidal flow

profiles in tokamak geometry using continuum kinetic models in
NIMROD.'® These predictions are benchmarked against analytic the-
ory and prior drift-kinetic calculations."”

Two continuum drift kinetic models are currently implemented
in the plasma fluid code NIMROD: a more conventional Jf imple-
mentation'® and a Chapman-Enskog-like (CEL) implementation."’
The CEL approach'” ' allows for a tight, self-consistent coupling
between the fluid equations and the kinetics by specifying that the
number density (1), temperature (7), and flow velocity (u), which are
separately evolved by the fluid equations, be contained in the zeroth-
order (in 0 = p/L, where p is the Larmor radius and L is a macro-
scopic length scale) evolving Maxwellian distribution function. The
first-order distribution function then has no density, momentum, or
temperature moment. Closure quantities in the fluid equations (not n,
T, or u) are found by taking appropriate velocity moments of the first-
order kinetic distribution function.
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In NIMROD, the Jf implementation has been sufficiently bench-
marked, but the CEL implementation is relatively new. The goal of the
CEL implementation is to enable rigorous kinetic closure of NIMROD’s
fluid model, which is not possible with the conventional Jf approach for
the simple reason that the #, u, and T moments of the kinetic distortion
in this approach are non-zero. This allows the possibilities of inconsis-
tencies developing between those moments of the kinetic distortion and
the fluid variables. For these reasons, the conventional Jf approach is
not suitable for computing bulk closures in extended MHD modeling.
Whereas the CEL approach provides consistency in closures for bulk
species, the Jf approach is still useful for coupling a minority species,
like energetic ions, into NIMROD. However, in the present work, we
use the df method as simply another approach in computing the bulk
ion poloidal flow offset. Before testing the full fluid/kinetic coupling of
the CEL implementation however, we first benchmark the solely kinetic
aspects of the formulation. This allows us to test subtle details of the for-
mulation, such as the feasibility of incorporating moments of the kinetic
distortion in the kinetic equation in a fully time-implicit fashion, among
others. Note a time-implicit approach is used for all the solution meth-
ods herein. We demonstrate herein two methods for solving the CEL
drift kinetic equation (DKE) in NIMROD. We refer to them as the
DK4D approach and the collisional drive approach. Along with the Jf
approach, we then have three different ways of kinetically solving for
the poloidal flow in NIMROD.

The damping of poloidal flows in tokamaks is fundamentally
kinetic in nature. In the banana collisionality regime, it arises from the
collisions of “passing” particles (which carry the poloidal flow) with
“trapped” particles.”””” Examining the poloidal flow profiles provides
a simple way to test the kinetic aspects of our implementations.
Specifically, we look at the value for the steady-state ion poloidal flow
coefficient, o, which is defined as follows:

_u;- VO e(B)
~ B-VOI(dT/dy)’

1

where T; is the ion temperature, B is the magnetic field, B = |B|, 0 is
the poloidal angle, e is the elementary charge unit, ¥ is the poloidal
magnetic flux normalized by 27, I(}/) = RBy with R the major radius
and By the toroidal component of the magnetic field, and brackets
represent the flux-surface average defined as

0y = [ 100 / [ @

o B-V0 /), B-VO

This definition for o is standard in neoclassical theory. For V - u; = 0
[which will be true in the steady state to O(J), see Egs. (3) and (9)
below], the quantity u; - VO/B - V0 (and hence o) can be shown to be
a flux function.”””*” Analytically, the value of o can be obtained using a
moment approach, where needed viscosity coefficients are found
through a solution of the drift kinetic equation in each asymptotic
regime. Details for these calculations are provided in Refs. 22-24.
Herein, computational predictions of « are compared against analytic
predictions. We also compare our numerical results for o to those
from another drift kinetic code, DK4D."” DK4D implements a similar
CEL drift kinetic equation and allows for code comparison of the axi-
symmetric, steady-state results presented here.

1l. ASSUMPTIONS AND PRELIMINARIES

The axisymmetric equilibrium magnetic field has the form

scitation.org/journal/php

B =I(y)Vd + Vo x Vy, (©)

and, along with the zeroth-order total pressure, satisfies the
Grad-Shafranov equation. In this work, the magnetic field is station-
ary, and the zeroth-order ion pressure, pjo, is exactly half of the zeroth-
order total pressure, po. For a given equilibrium, we have the freedom
to partition p; between n;y and T}y, allowing us to explore different
collisionality regimes. For further details on the equilibria used, see
Sec. VL.

NIMROD uses a right-handed (R, Z, ¢) cylindrical coordinate
system in physical space. In velocity space, we use ¢ = vj/v and
s = v/vr;, where v is speed, v) is velocity along the magnetic field,
vr; = /2Ti/m; is the ion thermal speed, Tjy is the zeroth-order ion
temperature, and ; is the ion mass. We assume protons for the ions
in this work.

For testing purposes, we restrict ourselves to axisymmetric geom-
etry and quote steady-state values from the simulations when perform-
ing the benchmarks. A study of time dependent effects, already
implemented in NIMROD, is forth coming.

11l. KINETIC CLOSURES IN FLUID EQUATIONS.

We here demonstrate what kinetic closures would look like in the
fluid equations for the general case and when evolving all quantities in
time. To first-order in 9, the fluid equations for the ions take the
form"’

01’1,‘
ot

+ V . (l’l,'lli) =0 (4)

for number density,
ou;
min; (E) = -=V(nT;) = V- ((py — pir)(bb —1/3))
+en;(E+u; X B), (5)
for flow velocity, and

3 (0T; 5n;T;
Eﬂ,‘ (E +u; - VT1) =-V- (qub + 2¢B b x VTI)

71’1,’Ti(v . lli)7 (6)

for temperature. Here, b = B/B, I is the identity tensor, E is the elec-
tric field, (p;| — pi.) is the difference between the parallel and perpen-
dicular pressures, and g;) is the parallel heat flux. Note that we employ
the ordering u; ~ O(J) herein, so the convective derivative term is
neglected in Eq. (5).

In extended MHD calculations, the total momentum balance
equation is often used in place of Eq. (5). Due to quasineutrality, it
does not contain a contribution from the electric field. Instead, the ion
viscosity, "%

Hil = (Pi\l —p,l)(bb — 1/3), (7)

is critical and dominates the corresponding electron viscosity. It thus
provides the dominant kinetic addition to the total momentum bal-
ance equation. With an appropriate closure for the electron pressure
in the total momentum balance equation, and with an appropriate
Ohm’s law to govern the time evolution of the magnetic field,
what then remains is to close for (p;j — pi1) and g; in the fluid equa-
tions. In a solely fluid approach, heuristic closures can be used for
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(i) — pir) and g;). However, when coupled with kinetics, these quan-
tities can be rigorously specified through O(9) as

1
(pi| — pir) = 2mm; 0% [ dss? J d&P,(&)fa ®)
-1

and

00 1
qi| = ”miUGTiJ dSSSJ déP(E)fa, 9
0 -1

where Py (&) and P, (&) are the first and second-order Legendre poly-
nomials in &, and f;; is the first-order ion distribution function. Note
that the macroscopic flow (u;) does not appear in Egs. (8) and (9)
because it is ordered as O(J).

IV. POLOIDAL FLOW

We define Uy = u; - VO/B - V0. Ujy can be obtained by assum-
ing that the lowest-order perpendicular flow is given by the sum of the
diamagnetic and E x B flows, namely,

BxV
u;; = ull“ + U = IH B + (plo + d)()) <><—l//>7 (10)

enjy B?

from which U is easily found to be

Uip = 22 + 3 (p‘O + ¢0) (11)

B

Here, ¢, is the zeroth-order electric potential, and prime (') signifies
d/dy. As is standard in neoclassical theory, the stress tensor contribu-
tion to the perpendicular flow (which is one order higher in §) has
been omitted in Eq. (10).

The poloidal flow constant o, which is proportional to Ujy [see
Eq. (1)], depends on both the trapped fraction,

1

L3 e d2

where B, is the maximum value for B on a given flux surface and
2 =13 /(v*B) (with v, the velocity perpendicular to B), and the

collisionality,
e*nipln Ay qR v
A 13
Y dnedm?v3,e3/? (UT> 2 (13)

Here, ¢, is the permittivity of free space, ¢ is the inverse aspect
ratio, InA; is the Coulomb logarithm, g is the safety factor
(g= (B-V¢)/(B-V0)), and ¥ is defined for consistency with Ref.
17. There are two different analytic results for o that we use in the
banana regime (v* < 1). Both results are obtained by initially
letting”™” **

1oy (ny %
n

T
f“ - Q i0 T'o * (52 - 3/2) T_I'Z)fMi +8 (14)

and expanding g in associated Laguerre polynomials L,(f/ 2 (s*) of order
3/2. Here, Q L.;Unﬁe
Maxwellian. Putting this into the Jf DKE (see Sec. V A), and taking
appropriate velocity moments, leads to a set of coupled equations for

2 .
Y isa

= eB/m; is the gyrofrequency, and fy; =

scitation.org/journal/php

the expansion coefficients. The first of these two analytic results in the
v* < 1 regime is given by Hirshman and Sigmar,”**

—1.173
1+0.462f,/(1—fi)

The second is a more refined analytic approach given by Taguchi,”*
where the analytic treatment uses the exact pitch-angle-scattering part
of the collision operator and expands the non-pitch-angle-scattering
part of the collision operator up to /=3 in Legendre polynomials. This
differs from the Hirshman and Sigmar result,”” who also used the
exact pitch-angle-scattering part of the collision operator, but used a
model collision operator for the non-pitch-angle-scattering part [pro-
portional to Py (£)]. For Taguchi’s formula, see Eq. (18) of Ref. 24.

V. KINETIC FORMULATIONS

Here, we discuss the two continuum drift kinetic implementa-
tions currently in NIMROD. The first uses the Jf kinetic approach,
where the distribution function f;; beyond a static lowest-order distri-
bution is solved for, and relevant fluid quantities of interest are
obtained by taking appropriate moments. In the second, the CEL
implementation, the distribution function strictly contains informa-
tion needed to close NIMROD’s set of fluid equations. We will enu-
merate the details of, and some important distinctions between, the
two approaches in Subsections V A and V B.

(15)

OH-s =

A. 6f Approach
1. 6f Equation

In this work, the O(8) §f DKE'® solved in NIMROD is

L—Q— csuT,b~Vf,-1—1;—§2[€svT,b VlnB] 8f,1 — C(fa)
:_M(@mgy(ﬁ_ )f°<D V)T,

Tio enjp 2 Tio
(16)

where C is the full, linearized Fokker-Planck Coulomb collision opera-

tor, vp = "’S (1+&)b x VinB + 0 T 287], + (1 — ENls o is
the permeablhty of free space, J| and IH are the perpendicular and
parallel current densities [Jj = (1/p9)b-V x B, and J, =T —J],
and f; is the zeroth-order ion distribution function which is a station-
ary Maxwellian (fi) = fy;). For further details on the collision opera-
tor, see the Appendix and Refs. 16 and 26. In deriving this equation, it
was assumed that v - V; = 0, a common assumption in neoclassi-
cal transport literature.”””’

2. Specification for ¢,

It can be seen from Eq. (16) that the Jf approach still requires
specification for the electrostatic potential. As we show subsequently
though, the choice for ¢, does not affect the result for the steady-state
poloidal flow. It will, however, affect the general flow dynamics; thus,
there is the need for a specification for ¢;. Although it is not needed
for the results in this paper, we briefly summarize the specification
method that would be used for general calculations in the Jf approach.
For our purpose, we use an approach that does not require coupling to
an electron evolution equation (or a subsequent Poisson solve).
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From the addition of the first-order electron and ion momentum
equations, and under the assumption of axisymmetry, we obtain

O(Rusry) “”P =Y Rp-V- (17)

mi"ioTer n
j=ie

where we have neglected the presence of any second-order currents,
consistent with Grad-Shafranov solutions defining the magnetic field.
We then take the flux-surface average of Eq. (17) [noting the form for
IT;; from Eq. (7)] to obtain

8(Ru,1¢) 8<Ru31¢> -0
ot ot
Assuming that the flux surface-averaged electron flow does not change

on too small of a timescale so that we can omit the second term, which
is O(m,/m;), we obtain

miny + Meheg (18)

8<Ru;14,)
ot

Equation (19) is similar to the result used in Refs. 27 and 28, but
therein the authors used simply that

m;inj ~ 0. (19)

3“1‘1(/) _
ot

Dotting R¢p into Eq. (10), and then flux-surface averaging, we obtain
the constant

u; B? ! ,
T

where By =B-V0/|V0|. Choosing (Rujg) is equivalent to
choosing the initial perpendicular flow. A simple choice is (Ru14)
= I{uj1)|/B) o> Which is equivalent to specifying that the initial per-
pendicular flow is zero. With this choice, we obtain

;o <%> B <u;H>::0 _ Pl

d)o - B%) J[O )
I B2B?
¢

and therefore we have a specification for ¢y, to use in Eq. (16).

1)

3. Solution methodology

Major details of the continuum Jf implementation are contained
in Ref. 16. To obtain the first-order parallel ion flow from f;;, we use
the formula

4 oo 1

) = ijd%u‘m — J dss’ J &P (Ofn.  (22)
Mio i Jo -1

This equation is nothing more than the definition of the appropriate

moment needed to obtain the parallel flow.

To get Uy from the ion distribution function, we here show that
the specification of ¢ does not affect the result for the steady-state
poloidal flow. We first substitute Eq. (14) into Eq. (22). From Eq. (11),
one can see that only g will contribute to the poloidal flow. Then, upon
substituting the ansatz [Eq. (14)] into the steady-state version of

scitation.org/journal/php

Eq. (16), we find that ¢, cancels out of the equation. So the steady-
state equation for g does not depend on ¢y, and therefore the steady-
state poloidal flow does not depend on the specification of ¢y. For
convenience, we set ¢, = —pl,/(eny) (having the E x B flow exactly
cancel the diamagnetic flow). From the result of Eq. (11), this then
immediately gives that Uy = u;;)/B, which indicates how to get Uy
from f;;. Note, this formula for Uy only applies because of our choice
of ¢6. Once Uy is obtained, o is easily obtained from Eq. (1).

B. Chapman-Enskog-like (CEL) Approach

There are a few key differences between the CEL and the conven-
tional f approach. The first is that the lowest-order distribution func-
tion in the CEL method is a flow-shifted Maxwellian, defined in terms
of the total number density, temperature, and flow-velocity (as opposed
to just the zeroth-order equilibrium values). In the full CEL approach,
these fluid quantities are then evolved using the fluid equations. One
consequence of this is that the first-order distribution function must sat-
isty the constraints, fd3vf,1 = fd3 vvfy = fd3 vv*f;y = 0. These con-
straints are enforced by the kinetic equation (as can be seen by taking
appropriate velocity moments of the DKE).” In order to monitor error
in the numerics, however, we compute the #;, u;, and T; moments of f;;
as a diagnostic in NIMROD. Convergence studies indicate that the mag-
nitude of these moments decrease as resolution is added, thus preserving
the analytic properties of the CEL formulation. For the CEL-DKE used
here, tll}e velocity is also defined in the macroscopic flow reference
frame."”

1. CEL Equation

In this section, we state the CEL-DKE to first-order in ¢; = p,/L,
which is sufficient for processes that evolve on the diamagnetic drift
timescale or faster.'”*’ The full O(5;) CEL-DKE is currently coded in
NIMROD. However, with our assumptions of an axisymmetric config-
uration, and assuming #; and T; are stationary flux functions, the CEL-
DKE for the ions simplifies to

Ofa
ot

8f,1

+ Esvpb - Vfy — i[fsuT,b VinB| 22— C(fa)

Csvri |2
- { niT; {Eb V(P = pir) = (pi — Pir)b- VlnB}

+Pz(é)§sz(v -u;—3b- [b- Vuy]) +% <SZ - %)V' (91b)

I[1
—0—373{—P (6)252(25% — 5)+4s* — 205 +15}b Vlanl//}M”

(23)

where vr; and fy; are now defined with the full number density and
temperature, n; and T;. Further simplification occurs by assuming that
the ion flow equals the neoclassical value, u; = U;B — R*V ¢ (p!/
(en;) + ¢y) and that the ion parallel heat flux equals the
=-V: <52ne131 b
xVT;). The heat flux assumption is required for consistency when

not evolving temperature'7 [see Eq. (6)]. With these two assumptions,
the CEL-DKE becomes

Pfirsch-Schluter-like return component, V - (g;b)
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£2
%Jrﬁsvnb \Y 125 [Esvrb - VlnB] 6f'1

—C(fa)

fSU",‘ 2
N {n,-Tli {Eb “V(Pi| = pir) = (Pi) — Piv)b- va}

—2P,(&)s*Uyb - VB

+£[(P2(§)+2)52(52——>]b VinB—+ }Ml (24)

2. Solution methodology I-DK4D approach

For this solution approach, we follow the method that is used in
the DK4D code.'” Because Eq. (24) is linear, it can be solved separately
for each of the two non-moment drive terms. The sum satisfies Eq.
(24) and can be written

Ja fll Uio +ﬁ1 T = gu,Uin +g1 (IT /e) (25)
where f;; y, is the solution with only the Ujy drive term in Eq. (24),
and f; 1 is the solution with only the T} drive term in Eq. (24). For
convenience, we also define gy, = fi1.u, / Uig and gr = for 17/ (IT} /).
Two versions of Eq. (24), one for each of the non-moment drives on
the right-hand side, are evolved in time, namely,

csuT;

L(gua) = {n,T { b V(pi = pi)lg,, — (i —Pu)\gvmb'VIHB}

—2P,(&)s*b - VB} iy (26)

for gy, where L represents the linear operator on the LHS of Eq. (24)
and

00 1
(on =i, = 2mme, | et [ aeniog, @)

and
Esvyy [2
Lgr) = T, gb-V(PiII_Pu)|gT;—(piH—p,-L)\ng,b-VlnB
+§[(Pz(c“)+2) (s "ﬂb VlnB}fMl, (28)

for gy, where
;

00 el
(pi) — pir)lg,, = 2mmjvy,; JO dSS4J ldéPz(é)gT;- (29)

The full solution to Eq. (24) is then given by Eq. (25). Then using the
fact that ((p;) — piL)b - VB) = 0 in the steady state (when neglecting
ion—electron collisions), and evaluating the (p; — p;1) moment with
the full f;; from Eq. (25), we obtain

Ui9<(piH

— Pit) g, b~ VB) + (IT}/e){(py — pis)ly, b VB) =0.

(30)
This then gives Ujy as

scitation.org/journal/php

—(ITj/e){(py| _piL)|ngb - VB)
(i) = pir)lg, b~ VB)

and o is immediately found from Eq. (1). As can be seen from Egs.
(27), (29), and (31), this method uses a ratio of appropriate P,(¢)
velocity moments of the solution, which provides a contrast with the
next approach which will ultimately use an appropriate P, (£) velocity
moment of the solution.

) (31)

U =

3. Solution methodology II-Collisional drive approach

There is a second solution methodology that can be used to find
the steady-state Ujy from the CEL-DKE. This approach involves the
particular solution to the steady-state version of Eq. (23). When
neglecting collisions, the particular solution is'’

1 2
fip = {ﬁjdlu (gb ~V(piy — pir) Py — pir)b- VlnB)

m;UpB — m;l 5 .
(bR (22 ) o 62
1 1

where [ is length along the magnetic field. We can define the full solu-
tion as fii = fi1, + h;. Putting this into Eq. (24), we obtain an equation
for h;,

Oh;

1
fSUTib . Vh, — 8_5

£
T [fSUT,‘b -Vin B} - C(I’l,)
)22 V2 11]

s2vr; eB
where ¢ (s) = (2/v/7) J; due™* is the error function. Solving for h;
(see Sec. VII for a summary of the computational methods used

herein) and using the fact that [ d*vvf; = 0 for the CEL approach
leads to

( 23/2 d¢err( )

5[(252 = 5)ere(s) + 5 fuin (33)

1
— J dBvésvphy, (34)

i

Uip =

and again o is easily obtained from Eq. (1). An interesting observation
is that the moment required to obtain Ujy from the solution here is
identical to the moment required in the conventional Jf approach
although the drive terms are different.

To summarize, in the interest of vetting the kinetic aspects of the
Jf and CEL implementations in NIMROD, we have represented three
different methods for obtaining o. With the Jf implementation, we
can obtain o through the parallel flow moment of f;;. With the CEL
implementation, we can obtain o through either the DK4D approach
or the collisional drive approach. The DK4D approach involves a ratio
of quantities that depend on the P, () moments of gy, and g7/, and
the collisional drive approach involves a parallel flow moment of h;.

VI. EQUILIBRIA DETAILS
30

For this verification exercise, we use the same two JSOLVER
Grad-Shafranov equilibria studied in Ref. 17. The first is a high aspect
ratio equilibrium with € = r/Ry = 0.1 [see Fig. 1(a)], and the second
is an NSTX equilibrium [see Fig. 1(b)]. Here, ¥ = (Y — Vs)/
(Wedge — Waxis) is @ normalized poloidal flux variable that varies from 0
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FIG. 1. We use both a high aspect ratio (a) and an NSTX (b) equilibrium. po on axis ~ 8.0 x 10? Pa in (a) and ~2.3 x 10* Pa in (b). In each subfigure, the normalized profiles,
safety factor, and f; are shown at the right, and flux surfaces and |B| contours are shown at the left. Note the high |B| variation and high f; for the NSTX equilibrium.

at the magnetic axis to 1 at the last closed flux surface. We note that
for the equilibria herein, f; is a monotonically increasing function of /.
The high aspect ratio equilibrium easily enables comparison with ana-
Iytics, whereas the NSTX equilibrium is a more realistic equilibrium
with high |B| variation and high f,. We specify that the ion number
density has the profile 7;y = r145(1 — ). For each equilibrium,
we vary the on-axis ion number density (#1,4;) to explore different col-
lisionality regimes, leaving pjo, and hence the Grad-Shafranov force
balance, fixed.

Vil. COMPUTATIONAL METHODS

We will use Eq. (16) with ¢y = —pl,/(ens) to illustrate how the
time-stepping scheme works. As in Ref. 16, we step all f;; terms using
a ®-centered implicit approach as follows:

A1+ AtOEssrb - V(Afy) — AtO ;;2 [Esvrb - VinB] ‘9(2?1)
— AtOC(Afy) = —Atésvrb - VEE!
_ g2 ofk-1
+ At 2 [Esvpb - VIn B é—lf
+AtC(fi) + At(g - 52) % (vp - V)T, (35)

where the superscript on f; refers to the time step, Afy = ff — f&1,

©® will be set to one for all our cases, and y is a numerical term that is
either 0 or 1 (depending on whether one wants to step directly to the
steady-state solution or not). At each time step, we solve for Af;,
which we then add to f¥~! to get f£.

NIMROD uses a finite element (FE) representation in its poloidal
domain and a Fourier expansion in its toroidal direction. For more
details on this representation, see Ref. 31. Although the 3D terms in
Egs. (16) and (23), and subsequent equations are implemented in

NIMROD, we only evolve the lowest-order (axisymmetric) Fourier
component herein.

In the s dimension, we use a collocation approach, where we
evaluate the kinetic equation at a set of collocation points in s.
We also use a set of orthogonal polynomials® in s to expand the
s-derivative terms in the collision operator. In the ¢ dimension, we
use either Legendre polynomials or 1D finite element (FE) basis
functions. For more details on the s and & representations, see Sec.
VII A and Refs. 16 and 26.

Once our basis is chosen, we follow the Galerkin approach by
multiplying the differential equation by the same set of basis functions
and then integrating to obtain a matrix equation. For further details,
see Refs. 31 and 16. This matrix equation is then solved in NIMROD
for the change in the coefficients of the distribution function over the
time step. For details on the numerical implementation of the full line-
arized Fokker-Planck Coulomb collision operator, see the Appendix
and Refs. 16 and 26.

A. Further details on ¢ representation

In this work, we generalize the 1D FE method from Ref. 16. For
finite elements in ¢, we define a logical variable # such that it varies
from 0 to the total number of cells as ¢ varies from —1 to 1. The map-
ping from 7 to ¢ allows the velocity grid to vary depending on the
position in physical space, allowing the cell boundaries in ¢ to vary.
This allows one to have cell boundaries in ¢ that follow either approxi-
mately or exactly the trapped-passing boundary (tpb), which is crucial
for convergence in ¢ when running in the banana collisionality
regime.

We define m,, as the total number of FE cells, Myp as the number
of cells in the positive passing domain (which mirrors the number in
the negative passing domain), and m,, as the number of cells in the
trapped domain. Then the mapping from 7 to ¢ is given as
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0
—Cos Zlt , 0<n<my
Myp

&= { —cos (Htp + (1 —20,) = m’”’),

on
Cos 76&0(’7_ m”) N
Myp

where 0, defines the spacing of the vertex nodes (cell boundaries) in
¢. For uniform grid spacing in pitch angle [ie, in cos™!(&)],
0y = (mmyy)/my. To have the grid spacing be constant on flux surfa-
ces but to have the cell boundaries agree with the tpb on the outboard

midplane, 0, = cos™" (\/1 — Buin /Bmax). We call this an approxi-

mate tpb grid. For exact tpb grids, 0; = cos”(\/l fB/Bmax>,

where B(R, Z) is the local |B|. To prevent a trapped domain of zero
width on the inboard midplane for exact tpb grids, we set

Myp < 1 < Myp + My

Myp + 1y < 07 < 1y,

(36)

cos ! <\/1 — B/Bmax>7 /1 = B/Buax > Omins
V 1— B/Bmax S 6min7

where O pin is some small number (i, < 0.01). For an illustration of
the exact tpb grid, see Fig. 2.

When using 1D finite elements (in the 5 coordinate), we use
either Lagrange polynomials with internal nodes uniformly spaced in
1 or Gauss-Lobatto-Legendre (GLL) polynomials with internal nodes
non-uniformly spaced in 7. The GLL set gives a natural packing
around the tpb (see Fig. 2).

No matter the representation used for £, we expand the distribu-
tion function as

](1]1((R7 Zv d)7 é('% R> Z)7 SM) = Zfil;.j,nzo(rlv Sm)aj(R7 Z)> (38)
J

th = (37)

cos ™ (Gpmin),

Sample Velocity Grid - High Aspect Ratio,
4 Outboard Midplane, R =~ 10.67, Z = 0.0

scitation.org/journal/php

where 1= 0 signifies the lowest order Fourier component, o;(R, Z) are
the 2D poloidal FE basis functions, s,, is a specified speed point, and

.](ilfj,nzo(n?s'”) = Z.f-ilf,j,l,mtn:OQl(n% (39)
1

where f/f ilmn—o AT€ the coefficients of the distribution function that
are advanced in time, and Q;(1) are either the Legendre polynomials,
Qi(n7) = Py(&), or the 1D FE basis functions [using the mapping in
Eq. (36)]. Details on the collocation approach in speed may be found
in Refs. 16 and 26. We also note here that many drift kinetic codes,
including DK4D,'” NEO,” and CQL3D,” use a Legendre polynomial
expansion for their pitch angle variable.

The only other subtlety is that, when expanding the distribution
function in #, there is an additional term that appears in the DKE.
Specifically, we have by the chain rule that

ofa

where n = n(&, R, Z) is the inverse of the mapping in Eq. (36). For
general cases, this extra term is non-zero for velocity grids that vary in
the poloidal plane.

Figures 3 and 4 show that for similar degrees of freedom (dof) in
Eatvr ~ 1072, convergence in the result for the poloidal flow coetfi-
cient o is obtained for the exact tpb FE grid in &, but not when using
Legendre polynomials in ¢. Physically, this phenomnon is due to the
development of a discontinuity in the ¢ derivative of f;; in the steady-
state banana regime solution at the tpb”* (see Fig. 5). While velocity
grids that follow the exact tpb in velocity space have been used
before,” ° to our knowledge, this is the first time they have been used
with a higher order FE basis of GLL polynomials in pitch angle in a
code that can simulate the whole physical domain.

VIil. NUMERICAL RESULTS AND DISCUSSION

Here, we show our numerical rcfsults for o and compare with
analytics and to results from DK4D."” As a reminder, in NIMROD,

Sample Velocity Grid - High Aspect Ratio,
Inboard Midplane, R =~ 9.45, Z = 0.0

L7
1t

DS\ s

\&“V/A‘ |

FIG. 2. Sample exact tpb FE grids on both the outboard and inboard midplanes, with three cells in 1 (m, = 3), and m,, = m,; = 1. On the left, the cell boundaries corre-
spond to the tpb and are highlighted in red. On the right, the cell boundaries correspond only approximately to the tpb, with drin &~ 0.016. The sample grids here use 8 s points
and GLL polynomials in each cell of degree 7. We note the natural packing of the GLL nodes at the tpb.

Phys. Plasmas 28, 082503 (2021); doi: 10.1063/5.0054978
Published under an exclusive license by AIP Publishing

28, 082503-7


https://scitation.org/journal/php

ARTICLE

Physics of Plasmas

scitation.org/journal/php

Convergence in o, Exact tpb
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(a) Legendre polynomials in &. (b) Exact tpb FE grid in &.

FIG. 3. Convergence in «, for the high aspect ratio (¢ = 0.1) case with N = 5.0 x 107m=3 (* ~ 1072). As can be seen on the left (a), 75° of freedom (dof) in & is still
insufficient for convergence in o when using Legendre polynomials. On the right (b), we can see that convergence in o is essentially obtained at only 58 dof in & when using
the exact tpb FE grid.

we can calculate o using either the DK4D approach, the collisional
drive approach, or the conventional Jf approach. Each of these
approaches can use various methods of numerical expansion for &, as
stated in Sec. VII A. For the results herein, we compare two of these
methods: an exact tpb FE grid with GLL basis polynomials and
Legendre polynomials. Figures 6 and 7 show our o profiles for the
high aspect ratio equilibrium at both a higher collisionality
(& ~ 1, faxis = 1.0 X 10 m~3) and a banana regime collisionality
(D ~ 107, fagis = 5.0 x 107 m™3), respectively. Figures 8 and 9
show our o profiles for the NSTX equilibrium at both a higher colli-
sionality (¥ ~ 1, #1as = 2.0 X 10 m—3) and a banana regime colli-
sionality (& ~ 107, #1as = 1.0 X 10" m™3), respectively. We plot «
Vs f,, which is a flux label for the equilibria used herein (see Fig. 1).

As can be seen from Figs. 6 and 8, excellent agreement is
-0.89 - o obtained between all of NIMROD’s approaches and DK4D in the
e regime of higher collisionality (&2 ~ 1). At higher collisionality, details
09! o of the'colli.sion operator are paramount, and so the high level of agree-

P ment in this regime is an excellent result. In Fig. 6, we also plot the pla-
- teau regime analytic result from Ref. 22. Differences can be seen
between the numerical results and the plateau analytic result.
However, the analytic result uses a model collision operator as well as
other approximations.22 In addition, at a © of about 1, we are at the
edge of the plateau regime, rather than squarely inside it. The fact then
that the analytic result is as close to the numerical results as it is
(within about 8%) is encouraging.

In Figs. 7 and 9, all of NIMROD’s Legendre approaches agree
with each other, and all of NIMROD’s FE approaches agree with each
other. We also see some discrepancies between NIMROD’s

Comparison of o at ft =0.32
-0.84

-0.85
-0.86
-0.87

3-0.88

-0.91 »” ,
/ —+»-Legendre in

3 Exact tbp FE grid in £
-0.92 — ' | ‘ '
20 30 40 50 60 70 80

Degrees of Freedom in ¢

FIG. 4. The superior convergence of the exact tpb FE grid is shown above for the
high aspect ratio case (e = 0.1) with v* ~ 1072, Data taken from Fig. 3 at
fy ~ 0.32.
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fi1 - High Aspect Ratio - Banana Collisionality
Regime (v* ~ 107%), R =~ 10.67, Z = 0.0

25

[ ]

v / vTi

0.5

approaches, analytics, and DK4D. However, we again note here that
the Legendre polynomial in ¢ cases is not converged at this low colli-
sionality. Obtaining convergence in the banana collisionality regime is
difficult with a Legendre basis, as we showed in Fig. 3(a). This occurs
because of the discontinuity of the ¢ derivative of f;; at the tpb. For
these cases, we simply went to the same maximum Legendre degree as
DK4D to enable comparison. Through looking at our simulations (see
Fig. 4), we have a reason to believe that with increasing Legendre
degree, NIMROD’s Legendre in & results will agree with the exact tpb
FE results. However, at the high Legendre degree required for

a for High Aspect Ratio, n0=1.0 x10m

0.6

—DK4D

058 ™ DK4D Approach, NIMROD - Legendre in £
- -6f - Legendre in §
—--Collisional Drive - Legendre in £

0.561 | DKA4D Approach, NIMROD - FE in £
= -0f-FEin¢

0.54 1 ===Collisional Drive - FE in £
—Plateau Analytic Result - Hirshman/Sigmar

5 0-52
0.5
0.48
0.46
0.44
0.2 0.25 0.3 0.35 0.4
ft

FIG. 6. « profiles for the high aspect ratio case with 7 ~ 1 show excellent agree-
ment between all of NIMROD’s numerical approaches and DKA4D. The analytic
result shown is the plateau regime result from Hirshman and Sigmar.”*

scitation.org/journal/php

FIG. 5. A contour plot of fi1 in velocity space
at R~ 10.67, Z=00, and v* ~ 107,
Sharp variation in 0fi1 /O¢ at the tpb (shown
in red) is easily resolved by the exact tpb FE
grid with GLL polynomials.

convergence in &, memory requirements impose constraints which
make these runs too computationally expensive to continue further.
We also note here that Figs. 7 and 9 do not include NIMROD’s
DK4D approach for the exact tpb FE grid. This is because in the
banana collisionality regime, when using the exact tpb FE grid,
NIMROD’s implementation of the DK4D approach develops a
numerical instability involving cell to cell oscillations in physical space
that washes out any attempt at a sensible solution. An ad hoc diffusion

a for High Aspect Ratio, n 0=5.0 x10"m>

—DK4D

-0.6 [-~DK4D Approach, NIMROD - Legendre in &
— -0f - Legendre in §

—--Collisional Drive - Legendre in £

-0.7H -0f - exact tpb FE grid in £

—==Collisional Drive - exact tpb FE grid in £

— Analytic - Hirshman/Sigmar

— -Refined Analytic - Taguchi S

0.2 0.25 0.3 0.35 0.4
t

FIG. 7. o profiles for the high aspect ratio case with & ~ 107*. Here, Legendre
polynomial cases in NIMROD use a maximum degree of 57, as in DK4D. All
NIMROD exact tpb FE curves (green) agree between each other, as well as all
NIMROD Legendre curves (blue). Analytic (magenta) and DK4D (red) curves are
also shown.
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a for NSTX, n =2.0 102°m3

0.3
—DK4D
025+ [ DK4D Approach, NIMROD - Legendre in &
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FIG. 8. o profiles for the NSTX case with 7 ~ 1 show excellent agreement
between all of NIMROD’s numerical approaches and DK4D.

a for NSTX, n =1.0 10"m>

0 H—DK4D
""" DK4D Approach, NIMROD - Legendre in &
-0.1 H~ ~of - Legendre in £

===Collisional Drive - Legendre in &

-0.2 H~ ~6f - exact tpb FE grid in §
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FIG. 9. o profiles for the NSTX case with  ~ 107*. Here, Legendre polynomial
cases in NIMROD use a maximum degree of 73, as in DK4D. All NIMROD exact
tpb FE curves (green) agree between each other, as well as all NIMROD Legendre
curves (blue). Analytic (magenta) and DK4D (red) curves are also shown.
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term seems to be able to fix this problem; however, it modifies the
solution in the low-collisionality, banana regime cases presented
herein. We have preliminarily implemented and tested an ad hoc dif-
fusion term for more relevant test cases that we will use in future
work, with positive results so far; however, this is a work in progress.

For the banana regime collisionality results, the analytics are also
seen to differ from the numerics both for NIMROD and DK4D. This
disagreement is partly due to the fact that we are not completely in the
deep banana regime. A  ~ 10~* translates to v* ~ 10~ for the high
aspect ratio case and v* ~ 10~ for the NSTX case. We have observed
that a v* of about 107 is required to be in the asymptotic regime
where the analytics are valid. It is also noted that Taguchi’s refined
analytic result,”* which goes to a higher Legendre expansion of the
non-pitch-angle-scattering part of the collision operator, gives better
agreement with our results than the Hirshman/Sigmar analytic formu-
lation. This shows that getting the collision operator right in an ana-
Iytic formulation is important, even in the banana regime where
collisions at the tpb remain important.

For an additional comparison, we ran at v* ~ 10~ for both the
high aspect ratio and NSTX equilibrium. We compare these results for
o (where we use the exact tpb FE grid in &) to Taguchi’s analytic for-
mulation in Fig. 10. Here, we see that when using our converged
results (both in resolution and v*) and Taguchi’s refined analytic for-
mula, the difference is reduced to less than 5%. This last discrepancy
might well be resolved by refining the analytic formulation even

further.
IX. CONCLUSIONS AND FUTURE WORK

As shown herein, we have successfully verified and benchmarked
several NIMROD continuum kinetic formulations. We have
compared the results for the poloidal flow coefficient o between the
different NIMROD formulations, analytics, and DK4D in various col-
lisionality regimes. Results agree very well between the approaches in
the higher collisionality regime (& ~ 1). In the banana collisionality
regime (¥ ~ 10~%), the results differ. However, it was noted that the
Legendre results are not converged in the banana regime, a familiar
problem in banana regime drift kinetics. It is also seen that going to
a refined analytic formulation for o—namely, using the Taguchi
formula—further reduces the discrepancy between NIMROD’s
numerical results and analytics to less than 5%.

The agreement of results in the higher collisionality regime indi-
cate the NIMROD’s general implementation of the collision operator,
which allows for several basis sets in 2D velocity space, most notably
the exact FE tpb grids, is accurate and efficient. A description of the
implementation and further verification may be found in Ref. 26.

Having verified the CEL-DKE solutions, further testing of the
fluid/kinetic coupling of the CEL approach is warranted before pursu-
ing relevant fusion-related questions using our continuum kinetic for-
mulation. One immediate planned area of focus will be to use the CEL
kinetic formulation in NIMROD to continue prior work on the effects
of nonlinear mode penetration by RMPs in tokamaks.'” This research
was previously done in a slab geometry using NIMROD’s fluid model
and a heuristic closure for the viscous stress tensor. Current contin-
uum kinetic capabilities would allow us to run in tokamak geometry
using our more rigorous closure for the viscous stress tensor.
Importantly, in the problem of time-dependent forced reconnection,
the needed ion viscosity for the closure scheme must incorporate
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FIG. 10. Comparison of « profiles for v* ~ 104, with the Taguchi** analytic formula. Here, we use an exact tpb FE grid in ¢ with GLL polynomials, and the profiles agree

within 5%.

temporal dependence.”*”” Simplified viscosity models based on time-
asymptotic neoclassical viscosity calculations cannot rigorously model
these effects, but a fully coupled ion CEL-DKE/fluid model in
NIMROD can.

Qverall, our verification efforts for the continuum kinetic formu-
lations in NIMROD have been a success, and we anticipate many
future applications to plasma and fusion-related problems of interest.
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APPENDIX: COLLISION OPERATOR SPECIFICS

For the simulations herein we use only the ion-ion portion of
the full, linearized Fokker-Planck Coulomb collision operator. The
ion—ion part is made up of a “test particle” term and a “field parti-
cle” term. The test particle part is given as

Clfaofn) = 2 ) — 1N (1~ 22)
+%%{x(s) [s%ﬂfﬁl”, (A1)

— s¢l._(s5))/(2s%) is the Chandrasekhar func-

err

where X(S) = (¢err(s)
tion, and

_ metIn (Ay)

2,3

= . A2
dneimivy, (42)

Vii
The numerical evaluation of Eq. (Al) is straightforward and
involves an integration by parts of the Lorentz term after multipli-
cation by the test function in the Galerkin approach (see Ref. 16).
The field particle part is given as

etln (A 2s20G; 2
Clfumisfn1) _ﬁ{‘lnfﬂ +UTTi¥_UTTiHi}th (A3)
where G; = fd3v/ alv—v/| and H; = fd3v’ alv — V/TI are the
Rosenbluth potentials. The numerical evaluation of the Rosenbluth
potential integrals is nontrivial. The accurate and efficient evalua-
tion of Eq. (A3) is discussed in detail in Ref. 26.

We also note here that the exact definition of the Coulomb
logarithm does make a significant difference when running in
higher collisionality regimes. To be consistent with DK4D, we used
the same definition, namely,

T/ ("”ez)> (Ad)

In(Aj) =In | S—7—"——%
n(Ai) =In (ez/(neomivzﬂ)

which differs from that in Ref. 23 by a factor of 2 inside the loga-
rithm. Equation (A4) differs from the NRL plasma formulary
definition,”

1 /2% 10°62,\/?

by as much as 7% for the higher collisionality (& ~ 1) equilibria
used herein. This led to ~5% or greater differences in our results
for o. In Eq. (A5), T; is measured in eV without an implied
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Boltzmann factor multiplication, and n; is measured in m3.

Equation (A5) is more typically used in NIMROD continuum
kinetic calculations.

DATA AVAILABILITY

The code used to produce the results contained in this study can
be found in the Tech-X NIMROD repository at https://ice.txcorp.
com/nimsvn/nimroot, Ref. 38. Input files that support the findings of
this study are available from the corresponding author upon reason-
able request.
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