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ABSTRACT

Herein, a numerical method for solving a Chapman-Enskog-like (CEL) continuum kinetic model
for plasmas is formulated, analyzed, and applied in the plasma fluid code NIMROD. The CEL
approach is a ¢ f drift kinetic approach that allows rigorous closure of the plasma fluid equations
in all collisionality regimes. Importantly, in this approach, the zeroth order in ¢6; (6; = p;/L, with
pi the ion gyroradius and L a macroscopic length scale) distribution function is a time-evolving
Maxwellian. This difference leads to an O(d;) kinetic equation that analytically enforces that the
first order kinetic distortion f; have no number density (n), flow (u), and temperature (7)) moments.
The fluid variables in this method are allowed to deviate far from an initial equilibrium. The fluid
equations are closed by incorporating appropriate velocity space moments of the first order kinetic
distortion.

An axisymmetric poloidal flow damping calculation is performed to benchmark the imple-
mentation. It is first shown that the kinetic aspects of the implementation give results for the
steady-state poloidal flow that agree both with other codes, analytics, and a fixed-background (i.e. fy
a stationary Maxwellian) ¢ f implementation in NIMROD. It is then shown that the flow dynamics
in the full CEL approach agree well both with analytics and with results from the fixed-background
0 f implementation.

A von Neumann linear stability analysis of the full fluid-kinetic system is also performed to
help elucidate methods to make the time advance of the full system numerically stable. It is shown
that numerical stability is impossible to achieve without explicitly enforcing key tenets of the CEL
closure approach, in particular, that the n, u, and 7 moments of the kinetic distortion remain small
in time. In addition, it is shown that centering the heat flux at the beginning of the time step and the
1on temperature at the end of the time step in the kinetic equation allows for a numerically-stable
time advance of the coupled fluid-kinetic system. Furthermore, these linear stability results are seen
to remain applicable when running NIMROD fully nonlinearly.

The methodology for applying the CEL approach to general non-axisymmetric problems of
interest is also discussed. Future work will include applying this closure approach to the problem of
forced magnetic reconnection in toroidal geometry, as well as to accurate simulation of neoclassical

tearing modes (NTMs) in tokamaks.



1 INTRODUCTION

1.1 Fusion as an alternative energy source

The energy needs of the human race are substantial. In the last 57, years the energy consumption of
the world has more than tripled, currently sitting at a whopping 604.04 EJ (see Fig. 1.1). Most of the
world’s rising energy needs have been supplied in the form of fossil fuels, with fossil fuels currently
accounting for ~ 82% of the world’s energy consumption. Renewables are making up an increasing
fraction of the world’s energy market though, accounting for ~ 7% of the energy consumption as of
2022 (see Fig. 1.2). Most of the recent increases in renewables are due to wind and solar, with solar
undergoing significant gains in power capacity in recent years (see Figs. 1.3-1.4). Wind and solar
energy will likely make up an increasingly significant portion of the world’s energy budget in the

next few decades. These energy sources, however, suffer from a few notable downsides, including
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Figure 1.1: Total world energy consump-

tion vs. year [1]. Figure 1.2: World yearly energy breakdown by type [1].
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the need of large energy storage systems, intermittency, and being distributed over a relatively large
land area.

Nuclear fusion, as a possible alternative energy source, would provide a clean, continuous, and
compact source of energy for the energy needs of the world, with fuel sources that are readily
abundant. Nuclear fusion is the process by which lighter elements combine to form heavier elements,
releasing large quantities of energy. Most envisioned nuclear fusion reactors utilize the following
reaction involving the fusion of Deuterium (*H) with Tritium CH):

’H+°H — *He +n+17.6 MeV , (1.1)

where a neutron (n) is produced, as well as 17.6 MeV of energy (with 80% of this energy in the
neutron). Tritium is not naturally occurring at the levels needed for widespread use in nuclear
fusion, but can be produced in a reactor setting from enriched Lithium. Although the efficient
and environmentally friendly production of enriched Lithium is still an active area of research, the
Deuterium-Tritium reaction is often chosen because it produces a significant quantity of energy at
lower temperatures than certain other fusion reactions (e.g. a Deuterium-Deuterium reaction) [2].

High temperatures (of the order of 10 keV, or 10 times hotter than the core of the sun) are
required in nuclear fusion reactions to overcome the Coulomb repulsive barrier between the positively
charged nuclei in the fuel. At these high temperatures, electrons and the positively charged nuclei
separate from each other forming a plasma, or a quasi-neutral gas of charged particles dominated by
collective behavior. Because fusion plasmas are significantly hotter than the melting point of any

known material [3], a method to keep the hot plasma away from material surfaces is required.

1.2 Magnetic confinement fusion (MCF)

A hot plasma experiences a large pressure gradient force (V p) tending to expand the plasma outwards.
In magnetic confinement fusion (MCF), a confining force is provided by a strong magnetic field
everywhere in the plasma. The magnetic field confines the plasma by means of the J X B force,
with J the current density in the plasma, and B the magnetic field in the plasma. This equilibrium

condition is written as

IxB=Vp. (1.2)

It turns out that the only smooth closed surface which allows for an everywhere non-zero and

continuous magnetic field is a torus [4] (see also Ch. 3 of Ref. [5]). Confinement of the hot plasma



in MCF therefore requires a toroidal configuration. This is achieved by confining the plasma on an
uncountably infinite set of nested toroidal magnetic surfaces (i.e., a surface with the magnetic field
on the surface everywhere parallel to the surface). The innermost magnetic surface, which is just a
circular line, is termed the magnetic axis. See Fig. 1.5 for an example toroidal equilibrium, with a

few representative magnetic surfaces shown.

Figure 1.5: An example toroidal equilibrium, with a few
representative magnetic surfaces shown.

1.2.1 Particle dynamics in strong magnetic fields

The motion of a particle in a strong magnetic field can be analyzed asymptotically. In a strong
magnetic field, 6 = py /L is small, where p; = v, /|Q| is the gyro-radius (also called the Larmor
radius), v, is the particle velocity perpendicular to the magnetic field, Q = gB/m is the gyro-
frequency, B is the magnitude of the magnetic field, g is the particle charge, m is the particle
mass, and L is a typical macroscopic length scale. To lowest order in ¢, the particle will simply
gyrate along the magnetic field (see Fig. 1.6). To next order in d, if the magnetic field is curved or
non-uniform, the guiding center of gyration will drift perpendicularly off of magnetic field lines [5].
From hereon, the words "parallel" and "perpendicular”" without additional clarification will refer to
directions relative to the local magnetic field. The O (0) perpendicular guiding center drift is given
by:

ExB 1 [u ,
e +§b>< EVB+U”K , (1.3)

Vp =



where E is the electric field, b = B/B, u = mv? /2B is the magnetic moment, v|| is the parallel particle
velocity, and k = b - Vb is the magnetic curvature. The three components of the perpendicular

guiding center drift appearing in Eq. (1.3) are the E X B drift, the VB drift, and the curvature drift.
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Figure 1.6: Gyration of electron and ions along a magnetic
field [6].

As the guiding center of gyration streams along the magnetic field, its parallel motion will be
affected both by any parallel component of the electric field, as well as by what is termed the "mirror
force." The mirror force, which can be derived from the aforementioned asymptotic analysis of the

particle’s motion in a strong magnetic field, is given as

F, =-ub-VB. (1.4)

It is a force, parallel to the magnetic field, that opposes the particle traveling into a region of stronger
magnetic field.

For ¢ small, it can also be shown that that both the magnetic moment ¢ and total energy
mv?/2 + q¢ are approximate constants of the particle’s motion [5]. Here v = v2 + vﬁ, and ¢ is the
electrostatic potential.

1.2.2  The need for a "twist" in the magnetic field

The perpendicular particle drifts in a strong magnetic field lead to an important result, namely, that a
purely toroidal magnetic field cannot confine a plasma in equilibrium. A quasi-neutral plasma must
satisfy V - J = 0. However, the perpendicular particle drifts lead to a non-zero divergence of the

perpendicular current (V - J)!. This then necessitates a non-zero divergence of the parallel current

IThe lowest order perpendicular current, the diamagnetic current, can be found immediately from Eq. (1.2). It
takes the form B x Vp/B2. That the divergence of the diamagnetic current is equal to the divergence of the lowest order
current due to the guiding center drifts is shown in Sec. 4.5 of Ref. [5]. The crux of the argument therein is that, in the
fluid picture, an additional current appears due to the curl of the plasma magnetization. When this additional current is
added to the current due to the guiding center drifts, the diamagnetic current is obtained. Because the divergence of a



(V - J)) and hence a non-zero J|. However, a non-zero J| is inconsistent with a purely toroidal
field. A "twist" in the magnetic field is therefore required (see Fig. 1.7 below for an illustration
of the helically twisting path of a magnetic field line on a magnetic surface). How the twist is

accomplished separates different fusion concepts in MCF.

1.2.3 Tokamaks

Inner poloidal field coils
(primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Toroidal field coils

Resulting helical magnetic field

Toroidal magnetic field

Plasma electric current
(secondary transformer circuit)

Figure 1.7: A sample schematic of a tokamak [7].

Tokamaks are a type of MCF device that achieve the needed B field through a toroidal plasma
current. In tokamaks, the toroidal field is generated by magnets wrapped around the outside of the
torus, and the "twist" in the field (the poloidal component of the field) is generated by the toroidal
plasma current. In Fig. 1.7, a sample schematic of a tokamak is shown. Modern-day tokamaks have
many current drive methods, including induced current from a large central transformer, as well as

RF wave and neutral beam induced plasma current [8].

1.2.4 Some additional preliminary definitions

A common scheme used to label magnetic surfaces in MCF is the poloidal flux, which is the amount
of magnetic flux ( f dS - B) through a ribbon-like surface that extends outward from the magnetic

axis (the center of the nested tori) to the magnetic surface in question, (see Fig. 1.8 for an illustration

curl is zero, taking the divergence of the diamagnetic current recovers the divergence of the current due to the guiding
center drifts.



of the ribbon-like surface used). Because the magnetic surfaces are labeled using the magnetic
flux, they are also called "flux surfaces".  from this point forward will represent the poloidal flux
divided by 2. It is often convenient to normalize ¢, so that it goes from 0 at the magnetic axis to 1

at the last closed flux surface. i will represent normalized .

Figure 1.8: A sample toroidal magnetic surface (blue), with
the magnetic axis (black), and the ribbon used to calculate
the poloidal flux for this surface (gold).

If the toroidal configuration is assumed to be azimuthally symmetric, the magnetic field can be

represented as

B=IVp+VopxVy, (1.5)

where I = RBy, and By is the ¢-component of B. Here, ¢ is the toroidal angle, defined opposite the
conventional azimuthal angle in a cylindrical coordinate system so that (R = VX2 +Y2,Z,¢) (with
(X, Y, Z) Cartesian coordinates) is right-handed. It can also be shown for the equilibrium magnetic
field that [/ is a flux function (constant on flux surfaces).

One can average a quantity over an infinitesimal volume centered around a flux surface. This is

called the flux surface average, and can be represented in axisymmetric geometry as

271' f(w G)de 2m
vwo= [t ) e (1.6



Here, the poloidal angle & measures the angular position on a flux surface. The definition of 6 is

allowed to be arbitrary as long as it only varies in the poloidal plane.

1.2.5 Collisional effects in tokamaks

In plasmas, collisions between individual particles are mediated by the long-range Coulomb force.
Because of this, a particle’s motion in a plasma is deflected more due to the cumulative effect of
many small-angle Coulomb collision events than due to the effect of one large-angle scattering event.
In addition, as the plasma becomes hotter, the average kinetic energy of its constituent particles
increases. The relative velocity between any two particles in the plasma will, on average, be of the
same order as the average speed of its particles. Particles with a larger relative velocity between
them will spend less time interacting with each other via the Coloumb force. The effect of discrete
Coloumb collision events on a typical particle’s motion in a hotter plasma is therefore less than
in a colder plasma (i.e., the particle can move a longer distance before its motion is deflected by
collisions).

In sufficiently hot MCF plasmas, particles move "relatively far" (which will be quantified shortly)
along the magnetic field before being deflected by collisions. This allows the particles to sample
large regions of the magnetic geometry. The nature of particle dynamics in strong magnetic fields
(see Sec. 1.2.1) then leads to particles in different parts of velocity space executing fundamentally
different types of orbits.

In a tokamak, the magnitude of the magnetic field can be shown to be roughly proportional to
1/R, where R is the radial coordinate in a cylindrical coordinate system. Therefore, on the inboard
side of the tokamak the magnetic field is stronger than on the outboard side. As particles move along
the magnetic field, because of the "twist" inherent in the field in MCF, the particles will sample
regions of both higher and weaker magnetic field. As particles travel from a region of weaker
magnetic field to a region of stronger magnetic field, their motion will be opposed by the mirror
force (see Eq. (1.4)). Here is noted the velocity space coordinate ¢ = v /v = cos(6picch), Where
(Bpicch) is the pitch angle of the particle’s velocity relative to the local magnetic field. Particles with
sufficiently large (6picn) Will eventually have their motion parallel to the magnetic field stopped
by the mirror force and they will begin moving in the reverse direction. These particles are called
"trapped" — they are not able to complete their orbit around the magnetic surface. Particles with
sufficiently small (6pich) are not completely stopped in their parallel motion by the mirror force,
and they are able to complete their orbit around the magnetic surface. These particles are called
"passing".

In addition, particles will drift off a magnetic surface due to the VB and curvature drifts. The
combined effects of the perpendicular drifts and the mirror force cause the trapped particle orbits

to look banana shaped, when projected onto the poloidal plane. These orbits are therefore called



magnetic
surface

Figure 1.9: Projection of typical trapped and passing particle guiding
center orbits in the poloidal plane. Here, the perpendicular particle
drifts are in the vertical direction. [9]
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Figure 1.10: A typical trapped particle orbit in a tokamak with the toroidal component
of the motion included. [10]

banana orbits. See Fig. 1.9 for an illustration of the shape of typical trapped and passing particle
orbits in a tokamak, projected onto the poloidal plane. See also Fig. 1.10 for an illustration of a
typical trapped particle orbit in a tokamak with the toroidal component of the motion included.
Transport that includes the effects of trapped and passing particle motion in a toroidal configuration
is called neoclassical transport. The regime where trapped particles are able to complete many
banana orbits before being deflected by collisions is called the "banana regime".

The ratio of the effective collision frequency required to scatter a trapped particle out of its

magnetic well to the bounce frequency of its banana orbit can be made explicit for a high aspect ratio



equilibrium (where the aspect ratio is defined as Ry/r, with r the distance from the magnetic axis,
and Ry the R coordinate of the magnetic axis in a cylindrical coordinate system). This parameter,

termed the collisionality, is given for the ions by the relation:

Vii qR 1

4

Here, € = r/Ry is the inverse aspect ratio, ¢ is the safety factor (¢ = (B - V¢)/(B - V8)), vy; =
v 2T;/m; is the ion thermal speed (with 7; the ion temperature and m; the ion mass),

I’ll'Z:ff€4 hl(Al'l')

2..2.3 ’
47r60ml. U7

(1.8)

Vii =

is the ion-ion collision frequency, € is the permittivity of free space, n; is the ion number density,

Zes is the effective atomic number of the ions, e ~ 1.6 - 10717 C is the elementary charge unit,

1/2
Z2:[2x107°n, 2%,
ln(A,-i) =23-1In T f s (19)

is the ion-ion Coulomb logarithm [11]. In Eq. (1.9), 7; is measured in eV without an implied
Boltzmann factor multiplication, and n; is measured in m~>. For low aspect ratio equilibria, ¥ is a
sufficient parameter to determine the collisionality regime (with the collisionless regime defined by
v < 1 in this case). V is simply the ratio of the approximate connection length on the flux surface
(i.e., the approximate parallel distance an ion must travel on the flux surface to orbit the torus once
poloidally) to the mean free path in the plasma (vz;/v;;). This then provides a precise definition of a
particle moving "relatively far" along the magnetic field before being deflected by collisions. It is
also noted that for similar temperatures and low enough Z.g, the mean free path for the electrons
is of the same order as that for the ions (thereby making both ? and v* for the electrons roughly

equivalent to that for the ions).

1.3 Closure problem in fluid theory

A set of fluid equations can be obtained by taking velocity-space integrals (termed "moments") of
an appropriately specified kinetic equation (see Ch. 2). A standard set of fluid equations for species

j are:
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(9nj
0llj
m;n; E+uj-Vuj :anj(E+uj><B)—ij—V-l'[j+Rj, (1.11)
3 T,
Enj(w‘i'uj'VTj):_anj(V'uj)_V'qj_Hj:Vuj'i'Gj’ (112)

where p; = n;T; is the pressure, n; is the number density, 7; is the temperature, u; is the flow, m; is
the mass, g; is the charge, II; is the viscous stress tensor, R; is the collisional friction force, q; is
the heat flux, and G is the collisional heat friction.

Additional moments of the kinetic equation can be taken to specify the time evolution of unknown
quantities that appear in Eqgs. (1.10)-(1.12) such as q; and IT;. However, more unspecified quantities
appear in doing so. Fluid theory has a closure problem — certain quantities in the fluid equations
must be specified in terms of the remaining fluid variables, and no rigorous way exists to do this that
is valid in all regimes. Closure methods exist for some regimes where local analytic approximations
are valid (such as high collisionality regimes where v* > 1 [12, 13, 14, 15, 16]), but in other
regimes many physical processes become intrinsically kinetic (such as low collisionality regimes
where v* < 1 [17, 18, 19, 20]). The cores of modern-day and future tokamak devices often fall
into the low collisionality regime where local analytic closures do not exist. In this work, numerical
methods for solving a Chapman-Enskog-like (CEL) ¢ f drift kinetic closure scheme [21, 22, 23]
(also see Sec. 2.2) are analyzed and applied to accurately and efficiently model plasma dynamics

across all regimes in a fluid-based formalism?.

1.4 Extended magnetohydrodynamics (MHD) fluid model

In magnetohydrodynamics (MHD), the total flow is defined as a mass-density weighted average
of the electron and ion flows, namely u = (1/p) 3 ;-; . m;n;u;. Here, p = 3;_; , m;n; is the total

mass density. In the ordering scheme used herein, p ~ n;m; and u; = u because of the smallness

21t is noted that a full- £ drift kinetic approach could be equivalently used instead of a kinetic closure of a fluid-based
formalism; however, this comes with its own challenges, such as dealing with numerical noise in advancing the full
kinetic distribution function. This work will focus instead on utilizing a ¢ f drift kinetic approach to self-consistently
close a set of fluid equations.
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of m,/m;. The momentum equation for the total flow is found by adding together the momentum
equations for the ion and electron flow. Under the assumption of quasineutrality (Z.gn; = n,.), the
electric field vanishes from the momentum equation for the total flow. Momentum conservation
also dictates that the collisional friction forces from the different species exactly cancel (which can
also be seen from the form of the operator representing the effects of discrete Coulomb collision
events between ions and electrons [19]). In the extended MHD framework, Ohm’s law is derived by
solving for the electric field in the electron momentum equation, and substituting in the total flow in
place of the electron flow. With these manipulations, the momentum equation for the total flow and

the Ohm’s law for the electric field are:

ou meZeff
pol—+u-Va|+V-|mn; u;(u—ue) +u.(u—w) :JXB—Vp—ZV~Hj,
ot m; j=i.e
(1.13)
where p = p, + p; is the total pressure, and
1 1 1 1
E=—uxB+ R, + —|JxB-V - V-1I
u nee . neel|l14+ mem_?ﬁf ] Pe nee ¢
m, 0 1 J
_ _ — 1. (1.14)

u
e Ot 1 4 MeZeti | nye
m;

Because m,/m; is small, an ordering scheme can be imposed on these two equations. Here we
follow the ordering scheme in Ref. [23] which orders W ~ 0(6;), where ¢; is the ratio of the
ion gyro-radius to macroscopic length scale. The electron gyro-radius is smaller than the ion one
by O(W) (assuming similar temperatures) so that 6, ~ O(W&). The flows are also
assumed small so that u, ~ u; ~ O(d;vr;). Keeping terms up to 0(5,-n,-m,-v%l./L) in Eq. (1.13) and
up to 0(6emev%e /(eL)) in Eq. (1.14) (where vy, = \/m is the electron thermal speed), the
following equations are obtained:

ou
ol —+u-Vu|=JxB-Vp-V.1I, (1.15)
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1 1 1 1
—|JxB-V -
nee nee || | 4 Meet J Pe nee

1

V.11, . (1.16)

The advective term (u - Vu) in the total momentum equation has been left in, although it is small in
this ordering scheme. The electron viscous stress tensor in the total momentum equation has been
omitted, as it is smaller than the ion one by O(W}. This is because the deviation from local
thermal equilibrium is smaller for the electrons than for the ions by an amount of O (W) ina
magnetized plasma. The time derivative term in Ohm’s law has also been omitted, which is valid if
the change in the current averaged over any timescales faster than the MHD timescale (L /vy;) is

Z€ro.

1.4.1 The resistive Ohm’s law

If the electrons and ions are sufficiently cold, further terms in Ohm’s law can be neglected. It is
noted that J X B — Vp, = Vp; to lowest order. It is also assumed that the collisional friction force

between the electrons and the ions takes the form R, = n.m,v,.;(u; — u.), where

4 niZie*In(Ay)

Vei = T (117)
3Vr Aneimgv;,
is the electron-ion collision frequency and
n;/zzeff me )
23 —1In W le< Te < IOZeffeV
In(Aei) = 5 12 , (1.18)
n N,
24 —1n T,— < 10Z%. eV < T,
e mj eff

is the electron-ion Coulomb logarithm [11]. In Eq. (1.18), T, and T; are measured in eV without
an implied Boltzmann factor multiplication, and 7, is measured in m~3. With these assumptions,

Ohm’s law for a sufficiently cold plasma becomes:

E=-uxB+nJ, (1.19)
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where 17 = veim,/(n.e?) is the resistivity. In reality, the resistivity will be anisotropic, with the
parallel resistivity differing from the given n by an O(1), Z.g-dependent constant.

Eq. (1.19) is often used in MHD simulations, even though most fusion plasmas of interest are
not cold enough to justify dropping the additional terms in Eq. (1.16). However, Eq. (1.19) does

include the reconnection physics relevant to MCF plasmas of interest.

1.5 Fundamentally kinetic phenomena in low collisionality MCF plasmas

Many physical processes depend sensitively on quantities in the fluid equations that require kinetic
closure when not in the high collisionality regime. A few physical processes are summarized below.
It is noted that kinetic contributions to these physical processes remain important even in moderately

collisional regimes (i.e., when not in the asymptotic high collisionality regime).

1.5.1 Poloidal flow damping

The poloidal flow in a tokamak damps due to particle collisions on the ion-ion collision time scale
(1/vi;) [24, 25]. The flow is indirectly affected by the ion-ion collision operator through the ion
viscous stress tensor in the momentum equation for the total flow. It can be shown in the banana
regime that the steady state poloidal flow is carried completely by the passing particle population
[18, 19]. The steady state is reached when passing particles reach a collisional equilibrium among
themselves and with the trapped particle population.

Due to the speed dependence of the collision operator (see Sec. 2.4), poloidal ion flow and
poloidal heat flow processes are also intrinsically coupled. This coupling to heat flow processes

results in a steady-state poloidal flow proportional to the cross-field ion temperature.

1.5.2 Edge-localized mode (ELM) suppression with resonant magnetic perturbations (RMPs)

Under the right conditions in a tokamak, a bifurcation to a state of low transport is observed [26, 27].
This high confinement state (also called H-mode for high confinement mode) is an attractive mode
of operation for future power plants. It is a state characterized by sharp density, temperature, and
pressure gradients at the edge of the plasma, just inside the last closed magnetic surface. However,
H-mode suffers from some notable downsides. The increase in the pressure gradient at the edge
leads to a destabilization of MHD modes which leads to periodic bursts of particles and energy being
expelled to the walls of the device [28]. These edge-localized modes (ELMs) must be prevented or
mitigated in future plasma devices to prevent erosion of wall materials [29].

Application of what are called resonant magnetic perturbations (RMPs) has been found to
suppress ELMs in H-mode discharges [30]. RMPs are applied perturbations to the equilibrium

magnetic field that have the same helicity as the magnetic field just inside the sharp gradient edge



14

region. It has been postulated (and simplified simulation models seem to corroborate) that these
RMPs suppress ELMs by forcing magnetic reconnection just inside the sharp gradient edge region,
thereby resulting in the creation of a magnetic island chain [30, 31, 32]. This island chain then
results in increased transport, limiting the gradients, and thereby keeping the edge region below the
MHD stability boundary.

High fidelity simulation of ELM suppression by RMPs in tokamaks requires appropriate
consideration of all the physical processes that can influence forced magnetic reconnection (FMR)
just inside the sharp gradient region. Among all these, the flow physics plays an important role.
A finite flow can screen reconnection through —u X B balancing nJ in Eq. (1.19). In addition,
the poloidal flow, as previously stated, is strongly affected by the ion viscous stress tensor which
requires a kinetic closure when not in the asymptotic collisional regime. Kinetics, therefore, plays

an important role in FMR dynamics, especially when not in the asymptotic collisional regime.

1.5.3 Neoclassical Tearing Modes (NTMs)

In the banana regime, a spontaneous current (the so-called "bootstrap" current) arises in response
to gradients of n and T perpendicular to the magnetic field. This current arises from a complex
interaction between both trapped and passing particles in the plasma [19]. A small seed island on a
magnetic surface can flatten the pressure across the island, which causes a helical perturbation of
the bootstrap current on that surface. This perturbation can reinforce the initial island size which
leads to further island growth. This is what is called the "neoclassical tearing mode" (NTM) [33].
Certain stabilizing effects require the seed island to be a critical size before growth occurs, which
shows that an NTM is linearly stable but can become non-linearly unstable.

Because of induced eddy currents in the wall, the induced large island can "lock" to the wall,
stopping the plasma rotation, and resulting in a loss of plasma confinement (i.e., a plasma disruption).
A survey of JET3 tokamak disruptions [34] found NTMs to be the leading cause of all disruptions.
Wall locking is not required for an NTM however, and most NTMs in current tokamaks don’t lock.
Locking is anticipated to be more of a problem in larger, lower rotating tokamaks such as ITER%.

High fidelity modeling of NTM dynamics requires modifying the standard resistive Ohm’s law
(Eq. (1.19)). Specifically, nJ is replaced by a kinetic closure for the collisional friction force R,,
and the electron viscous stress tensor I, is included in Ohm’s law. Both R, and I1, contribute to
bootstrap current effects, which can be seen from manipulation of the results in Ch. 12 of Ref. [19].
The flow dynamics also remain important for the reconnection processes involved. In other words,
NTM modeling requires a kinetic closure for both relevant ion quantities as well as relevant electron

quantities in the fluid equations.

3Joint European Torus, located in Oxfordshire, UK.
4ITER is an experimental tokamak being built near the Cadarache facility in southern France [35].
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1.5.4 Previous work using heuristic closure schemes in NIMROD

The plasma fluid code NIMROD [36] is most often used to solve the fluid equations for a
plasma in toroidal or slab geometry, but has many other capabilities, including kinetic modeling
[37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47]. Previous work in NIMROD has investigated both the
problem of forced magnetic reconnection as well as that of NTMs. Both problems were addressed
in NIMROD using simplified models.

In Ref. [48], the problem of forced magnetic reconnection was addressed by applying a
time-dependant magnetic boundary condition to a sheared slab magnetic configuration in NIMROD,
utilizing a heuristic closure for the ion viscous stress tensor. It was found that above a critical strength
of the imposed magnetic perturbation, the equilibrium field underwent a bifurcation from a high-slip,
flow-screened state without reconnection to a low-slip, field-penetrated state with reconnection.
This work could be extended to toroidal geometry, using a more rigorous (kinetic) closure scheme
for the ion viscous stress tensor.

In Ref. [49], NTM dynamics were modeled in NIMROD by applying a rotating, time-evolving
RMP to an equilibrium based on a kinetic reconstruction of DIII-D ITER Baseline Scenario (IBS)
discharge 174446 at 3390 ms. Heuristic closures for both the electron and ion viscous stress tensors
and the electron collisional friction force were also used. It was found that the RMP destabilized
a sequence of core modes, which grew in amplitude and deposited energy into a slowly growing
2/1 mode. After the 2/1 mode reached a critical amplitude, it transitioned into a robustly growing
phase governed by the modified Rutherford equation [33]. The NTM dynamics were found to be
sensitive to the damping parameter used in the heuristic closures for the ion and electron viscous
stress tensors. For small electron damping, the RMP was insufficient to excite an NTM. For large
electron damping, the robustly growing 2/1 growth phase was reached before an excitation of core
modes. Interesting insights would likely be gained by extending this work to include more rigorous
(kinetic) closures for the electron and ion viscous stress tensors and the electron collisional friction

force.

1.6 Thesis

In this work, a numerical method for solving a Chapman-Enskog-like (CEL) [21, 22, 23] continuum
kinetic model for plasmas is formulated, analyzed, and applied in the plasma fluid code NIMROD.
The CEL approach is a kinetic approach that allows rigorous closure of the plasma fluid equations
in all collisionality regimes. It is an approach that resembles the one performed in Ref. [50] where
the zeroth order in ¢ kinetic distribution function (fp) is a time-evolving, flow-shifted Maxwellian,
evaluated with the full number density, flow, and temperature. This definition for f; leads to an O (6)

kinetic equation that analytically enforces that the first order kinetic distortion f; have no number
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density, flow, and temperature moments. The fluid variables in this method are allowed to deviate
far from an initial zeroth order MHD equilibrium. The fluid equations are closed by incorporating
appropriate velocity space moments of the first order kinetic distortion. Although the ion physics is
focused on in this work, CEL closure of electron quantities of interest is also implemented.

It is noted that a kinetic closure for energetic particles is implemented in both M3D-C1-K [51]
(an extension of the plasma fluid code M3D-C1 [52]) and NIMROD [42]. These implementations,
however, differ from the self-consistent CEL closure of the bulk electron and ion species discussed
herein. It is also noted that previous work has implemented the CEL approach for simplified
scenarios (assuming all of: restricting to one spatial and velocity space dimension, not including a
magnetic field, and simplified representations of collisional processes) [53, 54, 55]. In contrast, the
CEL implementation discussed herein assumes none of these restrictions.

In Chapter 2, the kinetic theory applicable to the CEL closure scheme utilized herein is outlined.
In Chapter 3, the equation model used and its numerical implementation in NIMROD is outlined .
In Chapter 4, kinetic aspects of the CEL implementation in NIMROD are compared to a previously
benchmarked, fixed-background ¢ f implementation in NIMROD [44], to analytics, and to another
drift kinetic code DK4D [56] which implements a similar CEL drift kinetic equation as the one in
NIMROD. Good agreement is found for the poloidal flow coefficient compared between NIMROD
continuum kinetic formulations, analytics, and DK4D. In Chapter 5, a stability analysis of the
linearized fluid-kinetic system is performed to help elucidate methods to make the time advance
of the full system numerically stable. It is found that centering the heat flux at the beginning of
the time step and the ion temperature at the end of the time step in the kinetic equation allows for
a numerically stable time advance of the coupled fluid-kinetic system. In addition, it is shown
that numerical stability is impossible to achieve without explicitly enforcing key tenets of the CEL
closure approach, in particular, that the number density (n), flow (u), and temperature (7)) moments
of the kinetic distortion remain small in time. It is shown that with a method to constrain these
moments, it is possible to remove both the numerical growth and numerical damping from the
linear modes. In Chapter 6, an axisymmetric benchmark of the full CEL approach in NIMROD is
performed. The results from the linear stability analysis are applied to allow for a numerically stable,
fully nonlinear, axisymmetric evolution of profiles in NIMROD, wherein is observed the asymptotic
evolution of the flow in a DIII-D tokamak equilibrium (based on DIII-D ITER Baseline Scenario
(IBS) discharge 174446 at 3390 ms [57, 49]). The self-consistently computed results are compared
to analytics and to results from the aforementioned, previously benchmarked, fixed-background
0 f implementation in NIMROD. Agreement with prediction is found for both the dynamics and
asymptotics of the flow. In Chapter 7, the methodology for applying the CEL implementation to
general non-axisymmetric problems of interest is discussed. And in Chapter 8, both a summary

of results and an outlook for future applications of the CEL implementation in NIMROD to MCF



problems of interest is provided.

17



18

7 KINETIC THEORY

In kinetic theory, macroscopic plasma properties are modeled by taking into account the microscopic
motions and interactions of its individual particles [58]. Continuum kinetics is the framework used
herein, but other paradigms exist, such as the particle-in-cell (PIC) method [59].

In continuum kinetics, a kinetic distribution function f (which represents the density of particles
in phase space — physical space + velocity space) is evolved in time for each species. The exact

distribution function, fexact, 1S given as:

N
foxact (%, ¥, 1) = ) 6(x = x,(0)8(v = vi(1)) , @.1)
i=1

where N is the number of particles, and x;(#) and v;(¢) represent the exact (deterministic) trajectories

of the particles in phase space. fexact can be shown to satisfy the following kinetic equation [60]:

6 f exact
ot

q
+ V-V fexact + Z(Emicro +VX Bmicro)  Vy fexact =0, (2.2)

where Epjicro and Bpicro are the exact microscopic electric and magnetic fields in the plasma,
respectively. Solving the exact kinetic equation is equivalent to solving for the positions and
velocities of every particle in the plasma, which is computationally intractable. An ensemble-
averaged kinetic equation can be solved instead. The ensemble-averaged kinetic equation, which

governs the time evolution of the ensemble-averaged f, takes the form [60]:

of q
— +v-V+—(E+vxB) - Vyf =C(f), 2.3)
ot m

where f represents the ensemble-averaged distribution function, the electric and magnetic fields are
also ensemble averaged, and C( f) represents a Coulomb collision operator which closes the system

by taking into account the effect of discrete binary particle collision events.

2.1 Drift kinetics

In magnetized fusion plasmas, as previously stated, the ratio of gyro-radius to macroscopic length
scales (0) is a small parameter for all charged species. Therefore, the kinetic equation and kinetic

distribution function can be expanded asymptotically in 6. It turns out that, to lowest order in ¢, the
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distribution function is independent of the gyro-angle in velocity space [5]. This means that, for
strongly magnetized plasmas, only the evolution of the gyro-averaged distribution function needs
to be tracked. f will represent the gyro-averaged distribution function from this point forward.
Expanding the gyro-averaged kinetic equation accurately to O (), and using the magnetic moment

u and kinetic energy w = mv?/2 as velocity space coordinates gives [61, 5]:

of v 0B E of
E+(V||+VD+V||D)- f+ ﬂ5+q(V||+VD+V||D)~ %
Ko modyi\| 0

+u ?b-E+v||b-V V) %ZC(f), 2.4)

BQ

where o = 4x- 1077 H/m is the permeability of free space, Jy = b+ (VxB)/uo, Jy = |Jyl, vj| = yyb,

and

u
Vip = - sHod] (2.5)

is a parallel guiding center drift, which is needed to make the guiding center flow along the magnetic
field accurate to O(9) given the particle velocity.

The gyro-averaged distribution function for a plasma in a closed confinement system (i.e., for
a plasma confined on closed magnetic surfaces) can be shown to be a local Maxwellian with no
zeroth order flow, to zeroth order in ¢ [S]. Therefore f can also be expanded as f = fu + f1, where
fu = p /”20% e™"/T is a local Maxwellian (with vy = W the thermal speed, T the temperature,
and n the number density), and f; is an O(6) perturbation. Then, considering only O (¢) terms in

the kinetic equation, the following is obtained:

0 fi Vi oc 0fum v
Fraa(h fi= (fl)—w—(V||+VD+V||D)' fm
OB 0fu
- 'UE-F q(V” +Vp +V||D) E) W . (2.6)

There is ambiguity here in the definition of the number density and temperature of the Maxwellian.
If the Maxwellian is defined with the full n and 7', then this equation analytically enforces that the

number density and temperature moments of f; are zero for all time if they start at zero (which can
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be shown rigorously). If instead the Maxwellian is defined only with the zeroth order, equilibrium n
and T (with the zeroth order, equilibrium n and T satisfying the zeroth order MHD equilibrium force
balance V(2 ; n;T;) = J X B) the time derivative of the Maxwellian will vanish, and the number
density and temperature moments of f; will in general not be zero. Different definitions for fj; will

be explored in the next two subsections.

2.2 The Chapman-Enskog-like (CEL) approach

It is convenient for fj; to contain the full O(§) (compared to vy) fluid flow (u) in addition to the full
n and T. The parallel flow can easily be included in the Maxwellian, but including the full u would
make fjs gyrophase-dependent. This would contradict the assumption that f is the gyro-averaged
distribution function. To do this correctly, transforming the kinetic equation to the macroscopic flow
reference frame must be done first. After this, the gyro-averaging is performed and the f = fy + fi
ansatz is imposed. The steps for this derivation can be found in Refs. [23, 62]. The result for the
O(9;) ion kinetic equation is quoted in terms of velocity space coordinates & = v)/v and s = v/vr;.
0(51.2) terms are not presently considered in this analysis, because this work is mainly concerned
with processes that evolve on the diamagnetic drift timescale or faster [23, 62]. The O(4§;) ion

kinetic equation is:

0 fi 1 -¢&2 b-Vinn\| df
5 + Esvrib - Vi1 — 2% Esvri|b-VInB - 2 Py
é:UTi SalnTl’ 6ﬁ1

+

. . — 2 . ] — — _ .. . L) — .. . . —
(b Vinn — s°b VlnT,) 5| 55 Cir in. fird) = Ci (fori» fin)

Esvr; 5 5 Esor; 2
——s57|b-VT; + —b-V?T,'”—JT,'”b-VlnB
T, |2 n/T; |3

2
+P2(§)§s2(V-u,~ ~3b- [b- Vu])

2 5 3
+ 3l’liTi S —5 V- (ql’||b)+

41, 5, 15 vl
i +§ (k+VInB)

2 5
—§s2P2 (&) ((s2 - 5) (2k—VInB) + Vlnnl-)—

VT; xb
Zeﬂ-‘eB

3

}fM,-+V-Df”Vf,-1, (2.7)

where
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gy = / So(mic? /2o fir - 2.8)

is the ion parallel heat flux,

Ty = m; / &0 v*P; (vy/v) fir = (i — Pir) » (2.9)

is the ion parallel viscosity, (p;) — p;.) is the difference between the parallel and perpendicular
pressures for the ions, P, (&) is the second order Legendre polynomial in &, and Cj; represents the full
linearized ion-ion Coulomb collision operator, split into its test and field particle components (see
Sec. 2.4). A diffusive term is also included to assist in stabilizing non-linear numerical instabilities,
with corresponding diffusivity D g, . It is noted that integral forms for g [37, 38, 43] and 7 [39],
which were previously implemented in NIMROD to study parallel transport in lower collisionality
regimes, captured non-local effects, but failed to develop the physics of the fully time-dependent,
self-consistent hybrid fluid/CEL kinetic implementation discussed herein.

Additional higher-order (0(61.2)) terms proportional to d7;/9t, b - Vinn;, and b - VInT7; also
appear on the LHS of Eq. (2.7). The 07;/0t and b - V In T; terms are needed for consistency with Ref.
[23], and appear due to the temperature-dependent speed normalization (s = v/vr;). The b - VInn;
terms appear in Ref. [23] because L(b - VInn;) is ordered as O(1). Quasineutrality shows that
L(b - VlInn;) is actually O(6;) [5], but these terms are included for consistency with Ref. [23].

Eq. (2.7) requires a coupling to evolution equations for n;, w;, 7;, and B. This approach is
termed the Chapman-Enskog-like (CEL) approach [21, 22]. It is an approach that resembles the one
performed in Ref. [S0] where fj;; is a flow-shifted Maxwellian evaluated with the full »;, u;, and
T;. The CEL approach places no additional restrictions on the deviation of the fluid variables from
equilibrium — they are allowed to deviate far from an initial zeroth order MHD equilibrium.

Eq. (2.7) analytically enforces that the fluid moments (i.e., the number density, flow, and
temperature moments) of f;; remain at zero if they start at zero. We can show this by taking fluid
moments of the kinetic equation. We take the / d3v, / d3 vm;v), and f d3vml~v2 /2 moments of the

kinetic equation (with D 5, = 0) to obtain the following three equations:

O(fidmy 1 1
—— t _b ' V(fil)(nimiui”) - _(ﬁl)(nimiui”)b : VlnB
t m; m;

0
— (Cii (firs fui) + Cii (fmis fi1)) (i) = 0, (2.10)
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(i) mmiuyy) 2
—— 3 VUG — (G(fie) b Vinn,

ot
= (Gii (firs fmi) + Cii (fmais fi1)) uimuy) = 0 (2.11)
and
o(fi)a/omty Ti
o E(ﬁl)(’”mi”in)b +Vinn

= (Gii (fits fui) + Cii (fmir fi1)) G2ty =0, (2.12)

where the subscripts indicate the moment taken of that quantity, namely:

oo = [

)(nimiuin) = mi/d3vv||(

( ) (2.13)

( ), (2.14)

and

(— (G2t = / Pomp®/2(_). (2.15)

The fluid moments of the ion-ion part of the collision operator vanish analytically, but we leave them
in the above equations (for reasons that will be seen hereafter). By noting that the rate of change of
these moments depends on nonzero values of these moments, we observe from Egs. (2.10), (2.11),
and (2.12) that if the fluid moments of f;; are zero at t = 0, they will remain zero for all time. This
fact holds analytically, but whether it holds in a numerical implementation will depend on the details

of the numerical implementation.

2.3 The fixed background approach

If, in Eq. (2.6), the Maxwellian is evaluated only with the zeroth order, equilibrium n and 7 (from

the zeroth order MHD equilibrium force balance), the time derivative of the Maxwellian vanishes.
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This approach is referred to herein as the fixed background approach. In this approach, perturbations
to n, u| (the parallel flow), and T are carried completely by fi, and the only coupling needed is to an
evolution equation for B and the perpendicular flow (u_, ). Because the fluid variables are derived
from f}, they are O(6). This places a natural restriction on how far the fluid variables are allowed to
deviate from an initial zeroth order MHD equilibrium, namely, not farther than O ().

The kinetic equation in this approach can be specified simply in the lab frame. We assume the
zeroth order equilibrium number density and temperature are constant on flux surfaces (b - Vn;o =
b - VT;p = 0). In terms of velocity space variables & and s = v/vr;o (With s normalized by the

equilibrium ion thermal speed) the kinetic equation for the ions becomes:

all by E b.ving) ¢ C
5, Hésvriob - Vi - 2 [ésvriob - VIn B] o¢ G (fit> fmio) — Cii (fmios fi)
ZegreV o

=—(vp+vp) - {|s* = =|VInTyo + Vinng + ——— fuio
2 Tio

0lnB Zegeb - Ep

l. i PR 2.1
ER + &svrio T fuio (2.16)

+1(1-8)

where subscripts of 0 or 1 represent zeroth order and first order quantities, respectively, E; =
-V¢1 — 0A/0t, ¢ and ¢; are the zeroth order and first order electrostatic potentials, respectively,
and A is the vector potential (B = V X A). Here, the zeroth order electrostatic potential is constant
on magnetic surfaces and is allowed to evolve in time, consistent with the ordering scheme. If the
magnetic field is evolving on longer timescales than the dynamics of interest, the d In B/dt term and
0A /0t part of E; may be neglected. It is common in the relevant literature to also neglect b - V¢,
[18, 19]. Both the dIn B/dt and b - E; terms will be neglected in Eq. (2.16) from this point forward.

2.4 Collision Operator

Here, the form of the full linearized ion-ion collision operator is specified. The O(¢;) linearized
ion-ion collision operator takes the same form whether it is evaluated in the lab frame or the
macroscopic flow reference frame (corrections between the two representations are 0(61.2)). Itis

made up of a "test particle" part, and a "field particle" part. The test particle part is given as:
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0¢

Vii 0 dfin
T 205 x(s) |52

Vii 0 ) 01
C(fu, fui) =2—s3(¢err(s) —y(N{=|1=-¢ )E

+25 il t s (2.17)

where ¢e(s) = (2/4/7) /Os due™" is the error function, and X(8) = (Perr(s) — 5L (5))/(25%) is

the Chandrasekhar function. The field particle part is given as:

ZletIn(Ay;) 2s20G; 2
C(fmi» fi) = T 4n fir + T UTH[ Tmi, (2.18)
oM Ti Ti

where G; = / d*V’ fi1|lv — v/| and H; = / d*v’ f;1]v — v/| ! are the Rosenbluth potentials.
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3 EQUATION MODEL AND NUMERICAL IMPLEMENTATION IN NIMROD

The equations used for the fluid part of the model are stated here. In Ch. 6, this model will be used
to simulate the damping of the flow in an axisymmetric tokamak configuration. In future work, this
model will also be used to simulate FMR dynamics in realistic tokamak geometries. We use the
extended MHD ordering scheme stated previously in Sec. 1.4. The viscous heating terms II; : Vu;
and II, : Vu, in the ion and electron temperature evolution equations are also neglected, as they
are 0(51.2) and O(62) respectively, due to the smallness of the flows and both species being near
local thermodynamic equilibrium. The ion collisional heat friction G; is also neglected in the ion
temperature equation, which can be justified if the plasma is sufficiently collisionless (which it is for
the equilibrium used herein). Because the electron temperature evolution is not as important to the
physics problems investigated herein, an approximate electron temperature equation is evolved. A
resistive Ohm’s law (Eq. (1.19)) is also assumed for E, which is sufficient for the FMR processes of

interest that this particular model will be used for in future work. The equations are:

ou
m;n; E+u-Vu =JxB-Vp-V.-II,;, 3.1
on,
Y +V-(nu)=V-D,Vn,, 3.2)
3 9T;
ini(E*‘u'VTi) =-nl;(V-u)-V-q, (3.3)
3 I7T,
_ne(_+u'VTe) :_”eTe(V'u) _V'qe s (3.4)
2 ot
0B

E:—Vx(—uxB+nJ) , (3.5)
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and

J= iV xB. (3.6)
Ho

Here, q; and q. are the ion and electron heat fluxes, respectively, and D,, is a small number density
diffusivity (used for numerical stability). For the resistivity n, a Spitzer resistivity of the form
n=no (Te’ref/ Te)3/ % is used, where T, rf 1s a reference temperature for the electrons, and 7 is the
resistivity at T, rof. A magnetic diffusivity of 79/uo = 8.99 X 1073 m?/s is used herein, which is
close to the on-axis value for the equilibrium used in Ch. 6 to benchmark the full CEL approach. An
anisotropic diffusive heat flux for the electrons of the form q, = —«, bb - VT, — k., (I-bb) - VT,
is assumed, where k. | and k. , are parallel and perpendicular conductivities, respectively, for the
electron temperature, I is the identity tensor, and b = B/B. Herein, . = n. - (108 m?/s), and
Ke =neo- (1 m?/s), where Neo = 9.488 X 10" m=3 is a reference number density for the electrons

(which is close to the on-axis number density for the equilibrium used in Ch. 6).
The CEL approach is used to close the fluid system for the ion heat flux and ion viscous stress
tensor. We assume that the ion viscous stress tensor is of the CGL [63] form (i.e., the traceless part

of the CGL total ion pressure tensor) plus a small diffusive part, namely,

2
I1; = iy (bb = 1/3) — (neo/ Zeg)m: Dy, | Vu+ (Vu)” — 3 (V-u) |, (3.7)

where D, is a momentum diffusivity, and that the ion heat flux is of the form of the Braginskii

diamagnetic cross heat flux [12] plus a parallel and a small diffusive part, namely,

SmT;
2€ZeffB

q; = qi|b+ ( b x VTi) = (ne0/Zet) D1, VT; (3.8)

where Dy, is an ion temperature diffusivity. The parallel viscosity xr;; and the parallel heat flux
qi|| are both found through appropriate moments of the first order ion distribution function f;;, as

previously given in Egs. (2.8) and (2.9).

3.1 Numerical implementation of the CEL closure approach in NIMROD

Here, the numerical implementation of the CEL closure approach applied to the NIMROD code is
outlined. NIMROD uses a C? finite element expansion in the poloidal (R-Z) plane, and a Fourier
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expansion in the toroidal direction to describe all fluid variables. The magnetic field B is used as an

example of this. In NIMROD’s finite element expansion, B at the k-th time step is expressed as:

BX(R,Z, ¢) = BE(R, Z) + Z(B’;(R, Z)e" + (BX(R, Z)) e7"9) (3.9)

n=1

where * represents the complex conjugate, B’g (R, Z) is the axisymmetric component of the magnetic
field, and

BX(R,Z) = Z Z ;(R.Z)B}; e, . (3.10)
P oJ

Here, B’}j’ j.p are the coeflicients of expansion, e, are unit vectors in either the ﬁ, Z, or g;i directions,
and «; (R, Z) is a product of 1D finite element basis functions in the poloidal plane. The Galerkin
approach is used to create the matrix equation from the model.

For the kinetic first order distribution function, the same representation as above is used for
physical space. For velocity space, a finite element (FE) expansion [44] is used for the pitch angle
coordinate, and a collocation approach [64, 44] is used for the radial velocity space coordinate s.
A Legendre polynomial expansion can also be used for the pitch angle coordinate, but for reasons
that will be seen in Ch. 4, this expansion is less effective in the collisionless regime. This gives the

following expansion for the velocity space part of f;; at the k-th time step:

B Osm) = Y f Qi) G.11)
l

where s, is a speed collocation point, 7 is a logical pitch angle coordinate, Q;(n) are either

k
il,n,j,lm

of expansion. For the speed derivative terms of the collision operator, a further expansion of f;; is

Legendre polynomials (Q;(n7) = P;(£)) or 1D FE basis functions, and are the coefficients

N

performed in speed polynomials orthogonal with respect to the weight function e~ . Choosing the

speed collocation points to be the zeros of the N degree speed polynomial (where N is the number

of speed collocation points) then means that the speed derivatives of fl’f njata given collocation
k

il,n,j,l.m
for the pitch angle part of velocity space to obtain the matrix equation from the model (with an

point can be expressed as a linear combination of the . The Galerkin approach is used

integration by parts being first performed on the Lorentz pitch-angle scattering part of the collision

operator in Eq. (2.17) when 1D FE basis functions are used). The numerical evaluation of the
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Rosenbluth potential integrals in Eq. (2.18) is discussed in detail in Ref. [46].

3.1.1 Further details on ¢ representation

For finite elements in &, a logical variable 7 is defined such that it varies from O to the total number
of cells as & varies from —1 to 1. The mapping 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 approximately or exactly the trapped-passing boundary (tpb),
which is crucial for convergence in & when running in the banana collisionality regime.

my, 18 defined as the total number of FE cells, m,;, 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:

Oip1
—CoS - , 0<n<my,
np
—cos(@tp+
Myp <N <
&= o\ m’“’M’Z : (3.12)
(x=20,,)—=| """
mm
cos Qtp(n - mr]) Myp + My <
Map n<my

where 6;, defines the spacing of the vertex nodes (cell boundaries) in &. For uniform grid
spacing in pitch angle (i.e., in cos™! (¢)), 0:p = (xmy,,)/my. To have the grid spacing be constant
on flux surfaces but to have the cell boundaries agree with the tpb on the outboard midplane,
Oip = c08” 1 (/1 = Bmin/Bmax), Where Bmin and Bay are the minimum and maximum value of |B|
on the magnetic surface in question. This is called an approximate tpb grid. For exact tpb grids,
Oip = cos™!(y/1 = B/Bpax), where B(R, Z) is the local |B|. To prevent a trapped domain of zero

width on the inboard midplane for exact tpb grids, 6, is defined as:

cos ' (\/1 = B/Bmax)s V1 = B/Bmax > Omin

0,p = : (3.13)

COS_I (5min)a Vl - B/Bmax < 5min

where Oy 1S some small number (dpin < 0.01). For an illustration of the exact tpb grid, see Fig.
3.1.
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Figure 3.1: Sample exact tpb FE grids on both the outboard (left) and inboard (right) midplanes of a
high aspect ratio equilibrium (see Sec. 4.4), with 3 cells in n (m;, = 3), and m,;;, = m;; = 1. On
the left, the cell boundaries correspond to the tpb, and are highlighted in red. On the right the cell
boundaries correspond only approximately to the tpb, with 6in = 0.016. The sample grids here use
8 s points, and GLL polynomials in each cell of degree 7. Note the natural packing of the GLL
nodes at the tpb.

When using 1D finite elements (in the n coordinate), either Lagrange polynomials with internal
nodes uniformly spaced in 1, or Gauss-Lobatto-Legendre (GLL) polynomials with internal nodes
coinciding with the anti-nodes of the Legendre polynomial of the same degree as the FE polynomial
basis functions (plus the end points), are used. The GLL set gives a natural packing around the tpb
(see Fig. 3.1.)

The only other subtlety is that, when expanding the distribution function in 7, there is an

additional term that appears in the DKE. Specifically, by the chain rule:

dfi
é:Sl)T,'b . V|§ﬁ1 —> fSl)T,'b . Vlr]ﬁl +é‘:Sl)Tl'—b . V?] , (314)

on
where n = n(&, R, Z, ¢) is the inverse of the mapping in Eq. (3.12), and where bars indicate which
pitch angle variable is held fixed when taking the partial spatial derivatives. For general cases, this
extra term is nonzero for velocity grids that vary on a magnetic surface.
While velocity grids that follow the exact tpb in velocity space have been used before [65, 66, 67],
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.

3.1.2 Time-Stepping Algorithm

All fluid and kinetic quantities are stepped in time using NIMROD’s semi-implicit, leap-frog
algorithm. It involves the use of a semi-implicit operator to assist in stabilizing low-frequency MHD

waves, which is well documented in Refs. [36, 68]. Here, the time-stepping algorithm is outlined.
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The flow is defined at integer time levels, and all other variables are defined at half-integer time

levels, meaning halfway between the integer time levels. The model equations in time-discretized
form are given as:

mn! 12 f+ luj - VAu + 1Au Vo' + lAu - VAu | - AIL/*12(Au)
v At 2 2 4
2
—V - | (o) Zet)miDy | VAU + (VAu)! — 5I (V- Au)
— JH2 B2 minlj”/zuj .Vu/ — V(nlj+1/2TiJ'+1/2 n n£+1/2Tej+1/2)
_Vv. >7Tl'||(f;.J1.+1/2, ’Tij+1/2) (bj+1/2bj+l/2 _ 1/3)]
' _ L2 _
+V - | (ne0/ Ze)m; D, | V' + (V/)" — §I (V-w) |, (3.15)
Ane 1 i1 i+l j+1)2 +1/2
-+ 5V - (wW*'An,) =V -D,VAn, = -V - (W'nl™* +v . D,V (3.16)
3 (AT, 1 1 .
7 A_t + Ell] . VATl + EnlATlV . llJ
1 ~ Jj+1/2 J+1/2\2 j+1/2
+ V- 3|an(H 32 amm
Sﬁi 1 i+1/24.7+1/2 1 i+1/2 j+1/2
+ V| —— | /A2 VAT, + AT/ Y2 x VT
DeZ.gBit12 |21 2 !

-V (neO/Zeff)DTiVATi

- _ 7lu1+1 ) VTi]+1/2 _ ﬁiTl-JH/zV Wt v ([qi”(fijlﬂ/z)] (Tij+1/2)3b]+1/2)

571 , _ , .
-V. (zeZ—IZﬁ-l/Z Tij+1/2bj+1/2 % VTij+1/2]) +V. (l’leO/Zeff)DT,-VTiJH/Z ’ (3.17)
eff



3 (AT, 1 1 "
W VAT, |+ - ATLY - u
2 (ar T2 2" "

4V (<o b2 VAT, -k, (1= B/*120712) VAT, )

3n,
j +1/2  — g j+1/2 i
- _ _uj+1 . VTé]+ /2 _ neTej+ / V. u]+1

_v. (_Ke ”bj+1/2bj+1/2 ) VTJ“/Z . (I B bj+1/2bj+1/2) _ VTej+1/2) ’

AB 1 . . . .
3V x (u“l y AB) £V XAAY = -V x [_u]+1 < B2 4 77J]+1/2] ’
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(3.18)

(3.19)
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Af 1 - &2 _ b-Vinm\| dAf;
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Algorithm 1 Time advance algorithm for time step j

1. Advance u using Eq. (3.15) and store the value at the j + 1 time step.
2. Advance n, using Eq. (3.16) and store the average value over the time step.

3. Advance T; using Eq. (3.17) and store the value at the j + 3/2 time step (or store the predicted
value for nonlinear problems).

4. Advance T, using Eq. (3.18) and store the average value over the time step (or store the
average of the initial and predicted values for nonlinear problems) for use in 7.

5. Advance B using Eq. (3.19) and store the average value over the time step.
6. Advance f;; using Eq. (3.20) and store the value at the j + 3/2 time step.

7. For nonlinear problems, perform a corrector step by resetting 7; and 7, to the j + 1/2 time step,
and advancing 7; and 7, again using Eqgs. (3.17) and (3.18) respectively, but with the averaged
magnetic field quantities (B, b, B) used in place of (B/ +1/2 p+1/2 ) Bi*1/2) in those equations.

8. Store the values of all quantities at the end of their time steps, (i.e., at the j + 1 time step for u,
and at the j + 3/2 time step for all other quantities).

where A indicates the change over the time step!, superscript indicates the time step, overbar indicates

the average over the time step (with overbar of derived quantities being defined as calculated with
_\3/2 _  _
the average of the fundamental quantities over the time step, i.e., 7 = 1 (Te’ref/ Te) , B =|B|,
b = E/E, K=b- Vl_)), tilde quantities split off the 7; dependence of the kinetic moments (i.e.,
G2 12\ [~ pjtl)2 j+1/2\3 . .
q \fy ' T; = gy (f7 T ), 04, € [0, 1] is a centering parameter for the heat
flux drive term in the kinetic equation which for now is allowed to be arbitrary, and the semi-implicit

operator is

1
L(Au) = Cy Iu—[VxVx(AuxB)]><B+J><V><(Au><B)
0

5
+V | Au - V(uiTi + neTe) + 50Ty +n TV - Au |+ Cy puV2Au, (3.21)

where C and C are positive O(1) coefficients, and p,; is the nonlinear pressure as defined in Ref.

'For nonlinear problems the temperatures are first advanced in a predictor step, and then later in a corrector step
where the average magnetic field over the time step is used. In these cases the A corresponds to the change in 7; or 7,
over the relevant step (either predictor or corrector).



34

[36]. The algorithm for advancing the equations at time step j is summarized in Algorithm 1.

3.1.3 Explicit omission of some equilibrium quantities in the fluid equations and CEL kinetic

equation

To prevent numerical noise from affecting the time evolution of the fluid-kinetic system, some
equilibrium quantities (assumed to satisfy an initial zeroth order MHD force balance) are explicitly
omitted from terms in Eqgs. 3.15-3.20 at every time step. Specifically, in addition to the zeroth
order MHD force balance being assumed to be identically satisfied for the equilibrium magnetic
field, equilibrium ion and electron temperature, and equilibrium number density, it is assumed that
beq * VTieq = Peq - VIeeq = 0. The equilibrium parallel temperature gradients are explicitly omitted
from the diffusion terms in the temperature equations, and from the parallel temperature gradient
drive term on the RHS of the kinetic equation. Especially for the parallel temperature gradient
drive term on the RHS of the kinetic equation, this is found to be important in preventing numerical
noise (due to the equilibrium temperatures not being perfectly flux functions) from washing out
the simulation. In addition, the equilibrium contributions to the zeroth order MHD force balance

relation are explicitly omitted from Eq. 3.15 at every time step.
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4 BENCHMARKING NIMROD CONTINUUM KINETIC FORMULATIONS

THROUGH THE STEADY STATE POLOIDAL FLOW

4.1 Motivation

Before benchmarking the full CEL approach (with evolving fluid variables and magnetic field
evolution), it is prudent to first benchmark the kinetic aspects of the implementation. This allows
subtle details of the kinetics to be evaluated, such as the feasibility of incorporating moments of
the kinetic distortion in the kinetic equation in a fully time-implicit fashion, among others. Kinetic
aspects of the CEL approach are compared herein to a previously benchmarked fixed-background
¢ f implementation in NIMROD [44], to analytics, and to another drift kinetic code DK4D [56]
which implements a similar CEL drift kinetic equation as the one in NIMROD. The comparison with
analytics and DK4D also enables a further benchmarking of the fixed-background ¢ f implementation
in NIMROD.

For simplicity, the magnetic field, number density, and ion temperature are assumed to be
stationary in this chapter. Because the CEL kinetic equation does not distinguish between zeroth and
first order number density and temperature, this means that the number density and ion temperature
are assumed stationary to all orders in the CEL kinetic equation (with n; = n;o and 7; = Ty,
i.e., the number density and ion temperature are assumed to be exactly equal to the zeroth-order
MHD equilibrium values). The (first order) flow is allowed to evolve in time. It is noted that a
fixed-background ¢ f approach differs in that only n;y and T;( are specified to be stationary in time.
It is assumed that n;9, T;9, and ¢q are flux functions. A simple quasineutral plasma of protons and
electrons is also assumed. The geometry is assumed to be axisymmetric, and only the axisymmetric
part of the kinetic distortion is evolved.

As previously stated (see Sec. 1.5.1), poloidal flow damping is a fundamentally kinetic process
in lower collisionality regimes. Examining the poloidal flow profiles therefore provides a simple
way to test the kinetic aspects of the implementation. Here, the value for the steady state ion poloidal

flow coeflicient

e (B?)
TN

a = 4.1
(where Uy = u - VO/B - V) is compared between NIMROD’s continuum kinetic implementations,
to analytics, and to numerical results from DK4D. It is noted that this form involving Uy results
from the neoclassical poloidal flow damping physics described previously.

Two methods for solving the CEL drift kinetic equation (DKE) in NIMROD are demonstrated
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herein. They are referred to as the DK4D approach and the collisional drive approach. Along with
the fixed-background ¢ f approach, there are then three different ways of kinetically solving for
the poloidal flow in NIMROD. Note, a time-implicit approach is used for all the solution methods

herein (i.e., all terms in each kinetic equation are evaluated at the end of the time step).

4.2 Axisymmetric poloidal flow relations

It can be shown that the steady state Uy is a flux function to lowest non-vanishing order (in 9),
assuming V-u ~ 0. A relation for Uy can be obtained by assuming that the lowest order perpendicular

flow is given by the sum of the diamagnetic and E x B flows, namely:

_ _u” p;o , B x Vy
u—u||+ul_EB+ en,-0+¢0 7

, 4.2)

where subscripts of 0 refer to zeroth order (in 6) quantities, prime () signifies d/dy, and u is the
parallel flow. Here, p; is stationary, but ¢ is allowed to be time evolving (as previously mentioned
in Sec. 2.3). From this, Uy is easily found to be:

U —ﬂ+i p_§0+¢, 4.3)
"B B eno O '

The poloidal flow constant @ depends both on what is called the "trapped fraction",

1
Bm,

P 3 < 2> / — AdAa 4
—1--(B — 4.4)
4 )y (vi—aB)

where By is the maximum value for B on a given flux surface and A = v2/(v?B), and the
collisionality. It is noted that the trapped fraction is a monotonically increasing function of ¢ for
the equilibria used herein. There are two different analytic results for a that are used herein in the

banana regime (v* < 1). Both results are obtained by initially letting [18, 19, 20]

Isé:UTi n;() Zefre ¢E)

Q |\ no Tio

fo=-

T’
+(s% - 3/2>T+2 fui+g, 4.5)
l
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and expanding g in associated Laguerre polynomials L/(<3/ 2)(sz) of order 3/2. Here, Q = eB/m;
is the ion gyrofrequency. Putting this into the fixed-background ¢ f drift kinetic equation (DKE)
(Eq. (2.16)), and taking appropriate velocity moments, leads to a set of coupled equations for the
expansion coefficients. The first of these two analytic results in the v* < 1 regime is given by
Hirshman and Sigmar [18, 19]:

- 1.173
1+0.462f,/(1 - f,)

aps = (4.6)
The second is a more refined analytic approach given by Taguchi [20], 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 use the exact pitch-angle-scattering part of the collision
operator, but use a model collision operator for the non-pitch-angle-scattering part (proportional to
the first-order Legendre polynomial P;(¢)). Taguchi’s formula for the poloidal flow coefficient is:

—V2(pi + Ai2) @7
QTag = s .
(ui2 + An)? = (it — Aiy) (s — Az +V2)

where

V2 = In(1 +V2)

i P 5 ;| 0533
wa | = 125 V2 + SIn(1+ V2) |~ 7 —0.625 | . (4.8)
s 139 25 "1 1.386

< Z—Zln(1+\/§)_

are the standard neoclassical viscosity coeflicients, and the A;; (k = 1,2, 3) are given by

1087
A ——\/_+—1n(1+\/_) 0.320
il .
7 7
- A 143 I
A3 50923 5 136251 . —0.072
s06 V2~ Tgg n(1+V2) |

4.9)
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where F, = 1 = (B*)2/((B*(B?)), fi =1~ f., f, = fi + F.f., and

A2da

~_151%/&im— (4.10)
o (VT=2aB)’ |

‘T 16f (B3

where f. =1 — f;.

4.3 Kinetic formulations

4.3.1 Specification for ¢ in the fixed-background ¢ f* approach

The fixed-background ¢ f approach requires a specification for the zeroth-order electrostatic potential
(see Eq. (2.16)). As is subsequently shown though, the choice for ¢, does not affect the result for
the steady-state poloidal flow. It will, however, affect the general flow dynamics, thus the need for a
specification for ¢j,. Although it is not needed for the results herein, the specification method that
would be used for general calculations in the fixed-background ¢ f approach is briefly summarized
here. For the purposes herein, an approach that doesn’t require coupling to an electron evolution
equation is sought.

Dotting R¢ into Eq. (3.1), omitting the higher-order advective term, and flux-surface averaging,

gives:

m;n;o ~0. “4.11)
Eq. (4.11) is similar to the result used in Refs. 69 and 24, but therein the authors used simply that

014¢

—=0.
ot

Dotting Ré into Eq. (4.2), and then flux-surface averaging, the following is obtained:

B2 ’
(Ru¢>:l<%>—12< 9> p’9+¢6 , (4.12)

where By = B - VO/|V6|. Choosing <Ru¢> is equivalent to choosing the initial perpendicular

flow. A simple choice is (Ru¢> =1 <u|| / B) which is equivalent to specifying that the initial

t=0"
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perpendicular flow is zero. With this choice, the following is obtained:

, <§”> ] <§”> i

= - ) 4.13
¢0 BZ en;o ( )
I< 202>
B B¢

A specification for ¢, has now been obtained to use in Eq. (2.16).

4.3.2 Solution methodology for the fixed-background ¢ f approach

To obtain the parallel ion flow from f;{, the following formula is used:

1 3 27rv;i0 © 1
u| = I’l_,()/ d Ul)||f,'1 = — A dss [1 dfPl(f)fil . (4.14)
This equation is nothing more than the definition of the appropriate moment needed to obtain the
parallel flow.

To get Ujy from the ion distribution function, it is shown that the specification of ¢;, does not
affect the result for the steady-state poloidal flow. First, Eq. (4.5) is substituted into Eq. (4.14).
From Eq. (4.3), one can see that only g will contribute to the poloidal flow. Then, upon substituting
the ansatz (Eq. (4.5)) into the steady-state version of Eq. (2.16), it is found that ¢6 cancels out of the
equation. So the steady-state equation for g does not depend on ¢, and therefore the steady-state
poloidal flow does not depend on the specification of ¢. For convenience, ¢ = —p’,/(enjo) is used
herein (i.e., having the E x B flow exactly cancel the diamagnetic flow). Using Eq. (4.3), this then
immediately gives that Ug = u);/ B, which indicates how to get Ug from f;1. Note, this formula for

Uy only applies because of the choice of ¢;. Once Uy is obtained, « is easily obtained from Eq.
4.1).
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4.3.3 Simplified CEL-DKE

Assuming an axisymmetric configuration, and that n;y and T; are stationary flux functions, the
CEL-DKE for the ions (Eq. (2.7) with Dz, = 0) simplifies to:

OJu bV 1-¢ b.ving I _¢
a—+§SUTzo fit = Y [£svriob - VIn ]g— (fi1)
fSUTzo 2
zb-Vr —myb-VinB
nioTio | 3

2
+P2(§)§s2 (V-u;—3b-[b-Vu])

2 5 3 b
+3ni0Ti0 ) - (gnb)

1

— %Pg (£) 252 (2s2 - 5)

+4s* —20s% + 15

AV ] .
b-VinB hﬁ Juio ( )

Further simplification occurs by assuming that the ion flow equals the neoclassical value, u; =
UgB — R?V¢ ( Piol (emio) + ¢6), and that the ion parallel heat flux equals the Pfirsch—Schluter-like

return component, V - (g;b) = =V - (%b X VTiO). The heat flux assumption is required for
consistency when not evolving the temperature [56] (see Eq. (3.3) withV-u=0,u- VT; =0, and
Dr, = 0). With these two assumptions, the CEL-DKE becomes:

8—+§SUT10b Vﬁ —?[fsvnob VII’IB]

{fSUTzo 2

dfin 1-&2 0 fin
2 C (fi1)

T gb VT(,” 7r,-||b-VlnB
1040

— 2P, (&) s*Ugb - VB

21

oo O dTio
_B (P2(§)+2)S S —E bVlnBW fMi(). (416)
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For this solution approach, the method is followed that is used in the DK4D code [56]. Because Eq.
(4.16) is linear, it can be solved separately for each of the two non-moment drive terms. The sum

satisfies Eq. (4.16) and can be written

fit = fivu, + firy, = 8u,Us + 81, (IT )

4.17)

where fi1,y, 1s the solution with only the Uy drive term in Eq. (4.16), and ﬁl,Ti/O is the solution with

only the T}, drive term in Eq. (4.16). For convenience, gy, = fi1,u,/Us, and g7, = fir1, /(ITy/€)

are defined. Two versions of Eq. (4.16), one for each of the non-moment drives on the right-hand

side, are evolved in time, namely:

2

-V 7r,-|||gUH - n,-|||gUH b-VinB

Esvrio

nioTio

L (gUa) :{

~2P; (¢) s’b - VB}fM,o

for gy,, where L represents the linear operator on the LHS of Eq. (4.16) and

0o 1
Tillg,,, = 27rm,-v;l.0/0 dss* /_1 déP>(€)gu, »

and

2
~b-Vmy| ~—myl b-VInB
I 81}, I 81,

L( )_ &surio
o) =\ noTio | 3

2 5
*35 (Py (&) +2) 52 SZ—E b-VlnB}fM,-o

for 8T, where
1

0 1
| - = 27rm,'v;l-0/0 dss? /_1 déP2(E)gTyr -

(4.18)

(4.19)

(4.20)

(4.21)
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The full solution to Eq. (4.16) is then given by Eq. (4.17). Then using the fact that <7rl-||b . VB> =0
in the steady state, and evaluating the 7;; moment with the full f;; from Eq. (4.17), the following is
obtained:

Us (mil,, b-VB)+ (17}'0/6)<7T,~|||gwo b-VB)=0. (4.22)

This then gives Uy as

_ (IT;O/e)<ni”|gT, b- VB>
i0

my|, b-VB
gy,

and « is immediately found from Eq. (4.1). As can be seen from Egs. (4.19), (4.21) and (4.23)

this method uses a ratio of appropriate P, (&) velocity moments of the solution, which provides a

Uy = , (4.23)

contrast with the next approach which will ultimately use an appropriate P (¢) velocity moment of

the solution.

4.3.5 Solution methodology II for CEL-DKE - the collisional drive approach

There is a second solution methodology that can be used to find the steady-state Uy from the
CEL-DKE. This approach involves the particular solution to the steady-state version of Eq. (4.16).
When neglecting collisions, the particular solution is [23]:

1 2 miUgB
fap = ol / dly gb -V —myb-VInB| - To
il 4.24
e i i0 » .

where /) is length along the magnetic field. The full solution is then defined as fi1 = fi1, + h;.
Putting this into Eq. (4.16), an equation for A; is obtained:
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d¢err (S)
+55———| fuo - (4.25)
h)

Solving for 4; and using the fact that / d3ov f;; = 0 for the CEL approach leads to:

Up = : / d3vésvrioh; (4.26)
n;oB

and again « is easily obtained from Eq. (4.1). An interesting observation is that the moment required

to obtain Uy from the solution here is identical to the moment required in the fixed-background ¢ f

approach, although the drive terms are different.

To summarize, in the interest of vetting the kinetic aspects of the fixed-background ¢ f and
CEL implementations in NIMROD, three different methods for obtaining a have been represented.
With the fixed-background ¢ f implementation, « is obtained through the parallel flow moment
of f;1. With the CEL implementation, « is obtained through either the DK4D approach, or the
collisional drive approach. The DK4D approach involves a ratio of quantities that depend on the
P5(¢) moments of gy, and g7/ , and the collisional drive approach involves a parallel flow moment
of h;. The DK4D and collisional drive approaches ultimately differ in how f;; is decomposed,
resulting in different kinetic equations (requiring different solution methods) for the unspecified

parts of the decomposition in each approach.

4.3.6 Modified definition of the ion-ion Coulomb logarithm for comparison with DK4D

It is noted here that the exact definition of the ion-ion Coulomb logarithm does make a significant
difference when running in higher collisionality regimes. To be consistent with DK4D, the same

definition is used, namely,

VeoTio/ (njpe?)

In Aii =In
(Aa) e?/(megm;v

|- (4.27)
Ti0
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Figure 4.1: Both a high aspect ratio (a) and an NSTX (b) equilibrium are used. The on axis value
for the equilibrium total pressure (pg) is ~ 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.

which differs from that in Ref. 19 by a factor of 2 inside the logarithm. Eq. (4.27) differs from the
NRL plasma formulary definition (see Eq. (1.9)) by as much as 7% for the higher collisionality
(¥ ~ 1) equilibria used herein. This led to ~ 5% or greater differences in the results for @. Eq. (1.9)

is more typically used in NIMROD continuum kinetic calculations.

4.4 Equilibria details

For this verification exercise, the same two JSOLVER [70] Grad-Shafranov equilibria studied in Ref.
56 are used. The first is a high aspect ratio equilibrium with € = 0.1 (see Fig. 4.1a), and the second is
an NSTX equilibrium (see Fig. 4.1b). The high aspect ratio equilibrium easily enables comparison
with analytics, whereas the NSTX equilibrium is a more realistic equilibrium with high |B| variation
and high f;. The ion number density is specified to have the profile ;o = nxis(1 — )*7>. For each
equilibrium, the ion number density profile (parametrized by n.js) is varied to explore different
collisionality regimes, leaving p;o, and hence the Grad-Shafranov force balance, fixed. Values of

Naxis are chosen for both equilibria to enable comparison with the results in Ref. [56].

4.5 Necessity of an exact trapped-passing grid for convergence in the banana regime

Figs. 4.2, and 4.3 show that for a similar number of degrees of freedom (dof) in &, at v* ~ 1072,
convergence in the result for the poloidal flow coefficient « is obtained for the exact tpb FE grid in &,

but not when using Legendre polynomials over the entire domain of —1 < & < 1. Physically, this
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(a) Legendre polynomials in &. (b) Exact tpb FE grid in &, GLL polynomials.

Figure 4.2: Convergence in a, for the high aspect ratio (e = 0.1) case with 74y = 5.0 x 10"7m =3,

(v* ~ 1072). As can be seen on the left (a), 75 degrees of freedom (dof) in ¢ is still insufficient
for convergence in @ when using Legendre polynomials. On the right (b), it can be seen that
convergence in « is essentially obtained at only 58 dof in & when using the exact tpb FE grid.
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Figure 4.3: 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. 4.2 at f, ~ 0.32.

phenomena is due to the development of a discontinuity in the & derivative of f;; in the steady-state

banana regime solution at the tpb [18] (see Fig. 4.4). It is noted here that many drift kinetic codes,
including DK4D [56], NEO [71], and CQL3D [67], use a Legendre polynomial expansion for their
pitch angle variable.
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Figure 4.4: A contour plot of the steady-state f;; in velocity space at R ~ 10.67, Z = 0.0 using the
high aspect ratio equilibrium (v* ~ 10™#). Sharp variation in 8 f;; /0¢ at the tpb (shown in red) is
easily resolved by the exact tpb FE grid with GLL polynomials.
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with 7 ~ 1 show excellent agreement between all of with # ~ 10™*. Here, Legendre polynomial cases

NIMROD'’s numerical approaches and DK4D. The in NIMROD use a maximum degree of 57, as in

analytic result shown is the plateau regime result from DK4D. All NIMROD exact tpb FE curves (green)

Hirshman and Sigmar [18]. 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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4.6 Numerical results and discussion

Here numerical results for @ are shown and compared with analytics, and to results from DK4D [56].
As a reminder, in NIMROD, « can be calculated using either the DK4D approach, the collisional
drive approach, or the fixed-background ¢ f approach. Each of these approaches can use various
methods of numerical expansion for £, as stated in Section 3.1.1. For the results herein, two of
these methods are compared: an exact tpb FE grid with GLL basis polynomials, and Legendre
polynomials over —1 < & < 1. Figs. 4.5 and 4.6 show the « profiles for the high aspect ratio
equilibrium at both a higher collisionality (Vv ~ 1, nais = 1.0 X 10" m~3), and a banana regime
collisionality (¥ ~ 107%, nayis = 5.0 X 1017 m™3), respectively. Figs. 4.7 and 4.8 show the a profiles
for the NSTX equilibrium at both a higher collisionality (¥ ~ 1, nas = 2.0 X 10?Y m~3), and a
banana regime collisionality (7 ~ 107, nayis = 1.0 x 10" m™3), respectively. a vs. f; is plotted,
where f; is a flux label for the equilibria used herein (see Fig. 4.1).

As can be seen from Figs. 4.5 and 4.7, excellent agreement is obtained between all of NIMROD’s
approaches and DK4D in the regime of higher collisionality (v ~ 1). At higher collisionality,
details of the collision operator are paramount, and so the high level of agreement in this regime
is a promising result. In Fig. 4.5, the plateau regime analytic result from Ref. 18 is also shown.
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 [18]. In addition, at
a v of about 1, the collisionality is 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. 4.6 and 4.8, all of NIMROD’s global Legendre in ¢ results agree with each other, and
all of NIMROD’s FE in ¢ results agree with each other. Some discrepancies between NIMROD’s
approaches, analytics, and DK4D are also seen. However, it is again noted here that the Legendre
polynomial in & cases are not converged at this low collisionality. Obtaining convergence in the
banana collisionality regime is difficult with a global Legendre in £ basis, as was shown in Fig.
4.2a. This occurs because of the discontinuity of the & derivative of f;; at the tpb. For these cases,
the same maximum Legendre degree as DK4D was used, to enable comparison. Through looking
at the simulations (see Fig. 4.3), there is 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 convergence in £, memory requirements impose constraints which
make these runs too computationally expensive to continue further.

It is also noted that NIMROD’s DK4D approach results in Figs. 4.6 and 4.8 required introducing
a small amount of ad-hoc diffusion into Egs. (4.18) and (4.20) to enable a numerically-stable
evolution to steady state. Specifically, Dad_hocvzgyg was added to the RHS of Eq. (4.18) and
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Figure 4.7: « profiles for the NSTX case with # ~ 1 Figure 4.8: « profiles for the NSTX case with

show excellent agreement between all of NIMROD’s # ~ 10~*. Here, Legendre polynomial cases in NIM-

numerical approaches and DK4D. ROD 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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Figure 4.9: Comparison of « profiles for v* ~ 107*, with Taguchi’s [20] analytic formula. Here an
exact tpb FE grid in ¢ with GLL polynomials is used, and the profiles agree within 5%.

Dad_hocvzg% was added to the RHS of Eq. (4.20), with D,4.noc @ constant diffusivity. These results
were verified to be converged in D,g.hoc- They are therefore negligibly affected by the inclusion of

the ad-hoc diffusion terms.
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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 the results are not
completely in the deep banana regime. A ¥ ~ 10~ translates to v* ~ 1072 for the high aspect ratio
case and v* ~ 1073 for the NSTX case. It has been observed that a v* of about 10~ is required to
be in the asymptotic regime where the analytics are valid. It is also noted that Taguchi’s refined
analytic result [20], which goes to a higher Legendre expansion of the non-pitch-angle-scattering
part of the collision operator, gives better agreement with these results than the Hirshman/Sigmar
analytic formulation. This shows that getting the collision operator right in an analytic formulation
is important, even in the banana regime where collisions at the tpb remain important.

For an additional comparison, the steady state @ was computed at v* ~ 107 for both the high
aspect ratio and NSTX equilibrium. These results for @ (where the exact tpb FE grid in £ is used)
are compared to Taguchi’s analytic formulation in Fig. 4.9. Here it is seen that when using the
converged results (both in resolution and v*) and Taguchi’s refined analytic formula, the difference
is reduced to less than 5%. This last discrepancy might well be resolved by refining the analytic

formulation even further.

4.7  Summary

Several NIMROD continuum kinetic formulations have been successfully verified and benchmarked
herein. The results for the poloidal flow coefficient @ were compared between the different NIMROD
formulations, analytics, and DK4D in various collisionality regimes. Results agree very well between
the approaches in the higher collisionality regime (V ~ 1). In the banana collisionality regime
(¥ ~ 107) 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. A C° finite element
numerical grid with cell boundaries that follow the exact trapped-passing boundary was shown to
allow numerical convergence in the banana regime. It is also seen that going to a refined analytic
formulation for @ — namely, using the Taguchi formula — further reduces the discrepancy between
NIMROD’s numerical results and analytics to less than 5%.

The agreement of the results in the higher collisionality regime also indicate that 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. Further verification of the

collision operator implementation may be found in Ref. 46.
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5 A NUMERICAL STABILITY ANALYSIS OF THE CEL CLOSURE

APPROACH ALGORITHM IN NIMROD

Here, a von Neumann linear stability analysis of the full coupled fluid-kinetic system is performed
to help elucidate methods that make the time advance of the full system (Eqgs. (3.15)-(3.21))
numerically stable. The linear analysis is performed in the same vein as Section 3.1 of Ref. [68],
but with additions appropriate for an added kinetic equation in the system. Small perturbations to
homogeneous (in physical space) and time-independent equilibrium variables is assumed, and all
perturbed quantities are Fourier transformed (with k the wavenumber and the wavevector k = kK).
It is also assumed, for simplicity, that all perturbations vary in the Cartesian § direction (i.e.,
k = §), and that the background magnetic field is in the y-z plane (i.e., Bg = Bo(csy + snz)). The
time centerings given in Sec. 3.1.2 are assumed, with some exceptions (as specified below). The
equilibrium flow (ug) in the k direction is set to 1.82 x 10~* v4, where v, is the Alfvén velocity
(va = Bo/~+/om;n;g). All ad-hoc diffusion parameters are set to zero (D, = D, = D7, = Dy, =0)
so as to find, if possible, numerical stability criteria that do not rely on ad-hoc diffusion parameters.
Ke,|| 18 set to zero to avoid relying on that parameter to achieve numerical stability. The simplifying
assumption is made that k. ; = 0, and that the resistivity, 7, is a constant. Finally it is assumed
that the equilibrium f;; is zero, which is equivalent to specifying that the equilibrium background
distribution function is a Maxwellian.

With these assumptions, and letting some centering parameters now become arbitrary, Eqgs.
(3.15)-(3.21) become:

Aujpy 1 N 2 B(z) 2 Gl
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5.2)

(5.3)
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(5.6)
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where subscripts of 0 or 1 indicate an equilibrium quantity or perturbed quantity respectively, 6¢;, is

the time centering of the collision operator terms in the kinetic equation, 6 is the centering of all
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other terms in the kinetic equation except the heat flux drive term, and the quantities with »* or =

superscripts have arbitrary time centering as follows:

(e = £+ 0 (A fi i (5.11)
(1) = (fi{+1/2)1k + 07 (Afi)1k (5.12)
Ti = Th 2+ 0,(AT o) (5.13)

uj, = ul +0,(Aug), (5.14)

where 60, is the centering of ( fi1)1x in the flow equation, 6, is the centering of (f;1)1x in the ion
temperature equation, 6; is the centering of the 7;; in the kinetic equation, and 6, is the centering

of uj; in the kinetic equation. The moment quantities in Eqgs. (5.1)-(5.10) are

qi(( ), (5.15)

00 1
) 1) =iy [ ass® [ age

and

), (5.16)

00 1
(. Tio) = 2y [ asst [ aepace)
0 -1
where (__) is a stand in for either ( ]‘i{H/ 2)1 & or (Afi1)1x. All centering parameters are arranged in
a vector for convenience (where the previously-defined centering of the heat flux drive term in the

kinetic equation (Hqi”) is also included):

0=6c, 64 6r Ora 05 6 6u] - (5.17)

ii

Other centerings have also been investigated, such as independently centering each term in the
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CEL kinetic equation, as well as allowing arbitrary fluid centerings that vary from the standard
NIMROD fluid centerings. However, the centering parameters in Eq. (5.17) end up being the most
pertinent to the results of the stability analysis herein. See Appendix A for Egs. (5.1)-(5.10) in more
general form, with additional arbitrary centerings allowed, and with the equilibrium f;; allowed to
be non-zero.

Before proceeding with the linear analysis, all quantities in Egs. (5.1)-(5.10) are first normalized
by relevant parameters. The magnetic field is normalized by By, all number densities are normalized
by n,o, and all temperatures are normalized by T;o. The velocity is normalized by the Alfvén velocity,
all lengths by the ion skin depth (d; = ¢/ /nizgﬁé /€om;, with ¢ the speed of light), time by the ion
inverse cyclotron frequency (Qi‘1 = 1/(ZegeBy/m;)), and the kinetic distribution function by the
zeroth-order Maxwellian at its maximum (i.e., n;0/ v;iony 2). After normalization, each equation is
also scaled to be unit-less.

The velocity space dependence of Eq. (5.10) is handled by utilizing the Galerkin approach for
the ¢ dependence and the collocation approach for the s dependence (as described in Sec. 3.1). 8
collocation points are used in s, and polynomial basis functions of degree 9 are used in three finite
element cells in pitch angle. Because the background is uniform, the exact trapped-passing grid in
¢ is not utilized in this analysis (i.e., the cell boundaries are uniform in pitch angle). Eq. (5.10)
transforms into a system of equations, each defined with a vector of kinetic distribution function
coeflicients, (f;1);x. A is defined as the eigenvalues of the time step matrix, where the time step

matrix evolves all perturbed quantities in time, i.e.,

ulﬁ W jex
o oo
lkx lkx
B{Zi/z = A(k) B{:;/Z (5.18)
Bj+3/2 - Bj+1 /2 > :
s i
o '
(f~j1+3/2)1k (f',/1+1/2)
l l

with A(k) the time step matrix. The time step matrix is found by combining Egs. (5.1)-(5.10).
Finally 1 = e*“? is specified for convenience. The goal will be to pick a set of centering €’s such
that V k, Im(w) < 0. This condition allows for some artificial numerical damping of the linear

modes. Later, it will be shown how this condition can be made more restrictive to also remove the
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artificial damping from the system.

5.1 Restricting fluid moments of f;;

Analytically, the fluid moments of f;; remain at O if they start at 0, (as was shown in Sec. 2.2), but
they can become numerically non-zero over time with finite resolution in velocity space. Numerical
stability ends up being impossible to achieve without a method to first constrain these fluid moments.
Previous efforts in other, more-simplified CEL implementations have focused on subtracting off
appropriate fluid projections of f;; at every time step in order to prevent growth of the fluid moments
of fi1 [54,55]. One could include the effects of this method in a von Neumann linear stability analysis
by incorporating an auxiliary Kinetic distribution function variable f;j preq into the linear system,
representing f;; after the kinetic equation advance but before projecting off the fluid moments.
However, incorporating f;j pred into the linear system would approximately quadruple the size of the
time-step matrix. Instead, the method used herein to keep the fluid moments of f;; small involves
adding additional terms to the RHS of Eq. (2.7). Specifically the non-time-derivative terms from
Egs. (2.10)-(2.12) are added to the RHS side of Eq. (2.7), multiplied by appropriate velocity space

weightings:

n;

11 1
{_(_b ’ V(ﬁl)(nimiui||) - _(fil)(nim,'uiu)b -VInB
n; nm;

5
— (Cii (firs fui) + Cii (fumis fil))(ni)+DV2(fi1)(n,-)) 5 s?

Esvri(2
+ =b - V(i) — (Li(fi) @) b - Vinn
I’l,‘T,‘ 3
2 T,
- (Cii (ﬁl’ fMl) + Cii (fMi’ ﬁl))(n,-miui”)"'DV (fil)(nim,-uiu) E - S
2 5 3 T;

M R E(fil)(nimiui”)b'Vhlni_(Cii (firs fmi) + Cit (fmis Ji))(3/2)mT)

+DV2(fil)((3/2)n,-7}))}fMi , (5.19)

where diffusion of the fluid moments of f;; is also allowed through inclusion of the diffusive terms (D
being the diffusivity). The velocity weightings (which are easily obtained by noting the orthogonality

relations for both the generalized Laguerre polynomials and the Legendre polynomials) ensure that
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the added terms only affect the fluid moment equations (Egs. (2.10)-(2.12)), and not directly the
evolution of ¢ or m;| dictated by the kinetic equation (i.e., the g; and 7;; moments of the extra
terms are zero)!. The effect of these added terms is to cancel terms on the LHS of Egs. (2.10)-(2.12),
so that each fluid moment evolution equation is simply a diffusion equation. This method will be
referred to as the suppression of fluid moments (SFM) method.

Including these additional terms in the linear analysis will modify Eq. (5.10). The new diffusive
terms are centered backward in time, the moments of the collision operator with ¢, and all other
terms with 6. For Eq. (5.10) with the added terms, see Appendix B.

Higher velocity space resolution does not alleviate the need for SFM. Using the centerings

ii?

deduced below (6; in Section 5.2), it can be seen in Fig. 5.1 that significantly increasing the
velocity space resolution (without SFM) only has a nominal effect on the maximum growth rate,
whereas utilizing SFM drops the growth rates to 0 within numerical precision. This underscores the

importance of SFM to a numerically-stable time advance.

5.2 Results of stability analysis

To find a @ that gives Im(w) < 0 (to within numerical precision), both trial and error, as well as
Matlab’s fmincon algorithm is used. Cy = 0.3 is used in this analysis, which is just above the
stability threshold for the fluid part of the system (see Ref. [68]). ¢s = 1 and sn = 0 are also
used, as this ends up being the most restrictive in terms of stability criteria. To avoid a potentially
overly-restrictive CFL condition due to the advective term in the kinetic equation, or other potential
time step restrictions due to the collision operator terms, 6 = 6c,, = 1.0 is used. Additionally, since
the kinetic equation is evolved last, a solution is sought with 67, = 0.0 to avoid necessitating a
simultaneous solve of both the kinetic and flow evolution equations. 6, = 1.0 is also used to be
consistent with how the other fluid equations are centered with respect to each other in NIMROD. To
use only a minimum amount of artificial diffusion of the fluid moments of f;; in the linear analysis,
a solution with D/ (dl.2£2,~) < 1 is also sought.

With the above criteria, a complicated dependence of the various centering parameters on each
other emerges, offering many different methods to achieve Im(w) < 0. Importantly, all methods rely
on SFM, without which stability is impossible to achieve. The centering parameters related to the
coupling of the ion temperature equation and kinetic equation seem to be particularly important for

achieving numerical stability—namely, 6 ;, 6, and 6,, . The dependence of the growth rate on these

IThe (7/2 — s?) weighting — which is included to analytically keep the heat flux moment of that term zero — is
probably ultimately not needed if the fluid moments of f;; are kept sufficiently small (which is the goal herein anyways).
In addition, the time evolution equations for ¢, and ;) involve other moments of f;; which may themselves be directly
affected by the inclusion of the extra terms. However, an analytical effort to prevent the extra terms from affecting g,
and m; either directly or indirectly ignores the fact that the fluid moments of f;; are zero analytically. Therefore, such
an analytical effort is probably superfluous.
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(d) Normalized Re(w) vs. normalized k for 8 speed
collocation points, 28 deg. of freedom in &, with SFM,
and zoomed in to emphasize the growth rates that are
positive.

Figure 5.1: Normalized Re(w) vs. normalized k for different velocity space resolutions, with and
without SFM, with 8 centerings, At = 10~ s, and zoomed in to emphasize the growth rates that are
positive. The top two plots (a) and (b) and the bottom left plot (c) are without SFM, and the bottom
right plot (d) is with SFM. Significantly changing the velocity space resolution only has a slight
effect on the maximum growth rates, whereas they drop to O within numerical precision with SFM.

three centering parameters is illustrated in Tables C.1-C.3, where each entry shows the maximum

growth rate found over kd; € [0,40x]. In these tables, a small amount of diffusion of the fluid

moments of f;; (D/(d?€;) ~ 10713) is used.

From Tables C.1-C.3 it is clear that one set of centering parameters that gives Im(w) < 0 to

within numerical precision, and allows a staggered advance of the ion temperature and kinetic
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Figure 5.2: Normalized Re(w) vs. normalized k on the left (a) and normalized Im(w) vs. normalized
k on the right (b) for 8, with Az = 107 s. The maximum normalized growth rate on (b) is 3.4x 1076,

equations (i.e., 07, = 0), is

01 = [ecﬁ 04 07 Ora Of 6 eu]

:[1.0 0.0 1.0 0.0 0.0 10 1.0]. (5.20)

Interestingly, this has the heat flux term in the kinetic equation centered at the beginning of the
time step (64, = 0.0). Also of note is that 6, = 1.0, which differs from how some of the other
fluid equations are centered with respect to each other in NIMROD’s leapfrog scheme, (instead of
stepping f;; over a time-step-averaged 7;, f; is stepped using the 7; at the end of its time step). One
can also see from Tables C.1-C.3 that allowing 6, to differ from 0.5 is the only way to achieve a
numerically stable non-simultaneous (6, = 0.0) advance, which is why it was allowed to vary in
this analysis. See Fig. 5.2 for a plot of the frequencies and growth rates associated with this set of
centering parameters. The condition Im(w) < 0 is also found to persist for all time steps using 61,
which shows that these centering parameters do not impose any CFL or other time step constraints
on the system.

To see if this set of centering parameters gives any artificial numerical damping, all sources of
explicit damping are removed from the system, and it is seen if any damping (Im(w) < 0) remains

in the linear modes.? To remove the explicit sources of damping, the ion-ion collision operator is

2Damping of physically relevant quantities can still occur with no sources of explicit damping [72]. However, in
the eigenvector/eigenvalue analysis used herein, this damping shows up as a decorrelation of the eigenvectors due to
differing real frequencies, and not as having an associated imaginary part of the frequency (see Appendix D). Future
work will compare linear Landau damping results in NIMROD to results from this analysis.
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k- d;
Figure 5.3: Normalized Im(w) vs. normalized
k for 6;, At = 1077 s, but with no sources of
explicit damping included. One can still see
significant numerical damping with this set of
centering parameters.

removed from the kinetic equation, and 7 and D are both set to zero. From Fig. 5.3 we can see that
there is still a significant amount of artificial damping with this set of centering parameters. In the
next subsection, it is shown how the above centering parameters can be modified to also remove the

artificial damping.

5.3 Removing the artificial numerical damping from the linear modes

Setting all centering parameters not related to the flow to 8 = 0.5 allowed both artificial growth and
damping to be eliminated for the fluid-only part of the system (see Ref. [68]), so this method is
also pursued when considering the full fluid-kinetic system. A suitable set of centering parameters,

which removed both artificial growth and damping, is readily found to be:

02:[0%“ 0 60 05 6 eu]

=[0.5 05 0.0 05 05 1.0], (5.21)

where SFM is also used here. Like the above subsection, this set of centering parameters brings the
artificial growth and damping rates to within numerical precision. 6, also applies over all time step
sizes. This indicates that, as with 61, there is not a CFL constraint that applies to this set of centering
parameters. This implies that a fully implicit method is not required for numerical stability.

When considering computations with the collision operator, centering the collision operator
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Figure 5.5: Comparison of normalized growth rates when centering the collision operator with
Oc,, = 1.0 vs. centering it with 6¢,, = 0.5 (with 6, used for the other centerings). On the left (a) is
with ¢, = 0.5, and on the right (b) is with §¢,, = 1.0. In both plots At = 1077 s.

with ¢, = 0.5 introduces either none, or the least amount of artificial damping in the conditions
considered here. See Fig. 5.5 for a comparison of centering the collision operator with 8¢, = 1.0,
vs. centering it with 8¢, = 0.5 (with 8, used for the other centerings). As is seen in Fig. 5.5,
significantly more damping occurs when it is centered with 6¢,, = 1.0.

One significant aspect of @ is that it involves a simultaneous advance of both the ion temperature
and kinetic equations (6, = 0.5). There does not seem to be a way around a simultaneous advance
if one wants to remove the artificial damping from the linear modes.

It is also noted that Cy = 0.3 ended up being important in preventing the need for a simultaneous
flow and kinetic equation advance. The standard fluid value of Cy = 0.25, with the 6, centerings,
gives significant artificial growth and damping of the linear modes, as can be seen in Fig. 5.6. The
artificial growth and damping associated with Cp = 0.25 can be removed if 6, is modified so all
centering parameters are 0.5, however, this would imply that the flow equation is also part of the
simultaneous advance. To use #,, an empirically determined rough estimate for the minimum value
for Cy needed is Cy = 0.28563.

54 Summary

It has been shown that for a coupled fluid-kinetic CEL closure approach, centering the heat flux
at the beginning of the time step and the ion temperature at the end of the time step in the kinetic

equation allows for a numerically-stable time advance of the coupled system. It has also been shown
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Figure 5.6: Normalized Im(w) vs. normalized k for Cy = 0.25, using the 6, centerings, with no
sources of explicit damping, and with A = 1077 s. Significant artificial growth and damping is seen.

that the centerings associated with the coupling between the ion temperature and kinetic equations
are of paramount importance for stability. In addition, it has been shown that it is possible to
eliminate both the numerical damping and the numerical growth from the linear modes. Numerical
stability relies on a method to constrain the fluid moments of f;;. The SFM strategy implemented
herein is to add terms from the evolution equations for the fluid moments of f;; to the RHS of the
kinetic equation, in such a way as to cancel sources of numerical growth of those moments in the

kinetic equation. This analysis shows that linearly stable algorithms are possible with SFM.
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6 AN AXISYMMETRIC BENCHMARK OF THE FULL CEL CLOSURE

APPROACH ALGORITHM IN NIMROD

A relevant application for the coupled fluid-kinetic system is that of the nonlinear damping of
the poloidal flow in an axisymmetric tokamak. The time evolution of the poloidal flow in such
a configuration, as has been previously stated, is crucially dependent on the ion viscous stress
tensor I; [73, 19], and II; will reach steady-state on the timescale set by the dissipative term in the
kinetic equation (i.e., the collision operator). It is noted that the axisymmetric computations in this
chapter include significantly more physics/geometric considerations than previous, more-simplified,
numerical implementations of the CEL approach (such as in Refs. [53, 54, 55]). A DIII-D!
equilibrium is used herein, which is a kinetic reconstruction of DIII-D ITER Baseline Scenario
(IBS) discharge 174446 at 3390 ms [57, 49]. Deuterium is assumed for the ions, and Z.g = 3 is used
to give results roughly consistent with having impurity species. In Fig. 6.1, the |B| contours, a few
representative flux surfaces, and equilibrium values of the pressure, ion temperature, safety factor,
and v* (where a formula for v* is used that is valid for arbitrary geometry [74]) are plotted as a
function of flux surface label for this equilibrium. Although v* ~ O(1) over most of the domain for
this equilibrium, it still provides a good test case for our kinetic formulation as kinetic effects remain
important even for moderately collisional equilibria (i.e., when not in the asymptotic collisional
regime).

For a test problem, the initial flow is set to 0 and no implicit sources are assumed except a
small implied loop voltage in Ohm’s law (Eq. (3.5)). The computational domain extends out to
the last closed flux surface (LCFS), and a perfectly conducting wall at the LCFS is assumed. The
fluid variables, magnetic field, and kinetic distortion are then allowed to evolve fully non-linearly
according to Algorithm 1 until the flow is in steady state. Perpendicular particle drifts (located as
drives on the RHS of the kinetic equation) initially drive the flow away from zero. The steady-state
condition V - u = 0 then implies that parallel flow must be generated to compensate for V- u; # 0
from the drifts. The flow eventually damps to a steady-state value through particle collisions. A small
amount of ad-hoc diffusion is used in all equations to stabilize non-linear numerical instabilities.
The profiles for D, = D,, = Dy, = Dy, = Dag-hoc are shown in Fig. 6.2, and are flat at 1 m? /s over
most of the domain, but rise sharply near the edge of the computational domain which helps with
numerical stability when using homogeneous boundary conditions. To avoid a simultaneous ion
temperature and kinetic equation advance, the 61 centerings from Ch. 5 are used for the results
herein2. In addition, SFM is used, but D in Eq. (5.19) is set to O as it has been found to have

IDIII-D is an experimental tokamak located in San Diego, CA, USA.
2See Ref. [75] for a verification of a simultaneous temperature and kinetic equation advance implemented in
NIMROD.
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Figure 6.1: Equilibrium profiles for DIII-D IBS discharge 174446 at 3390 ms.

little added effect when running the CEL approach in NIMROD fully non-linearly (in effect, all the
needed diffusion is obtained by including an ad-hoc diffusion coefficient in the kinetic equation of
1 m?/s).

For physical space, an approximately flux-aligned finite element mesh in the poloidal plane is
used, with polynomial basis functions of degree 3 in each cell. Because the grid is packed near the
X-point, it deviates from being flux-aligned along the ray that extends out from the magnetic axis to
the X-point. In velocity space, 16 collocation points in s and polynomial basis functions of degree 9

are used in each of three cells in pitch angle. See Figs. 6.3-6.4 for the numerical grids used in both
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near the edge of the domain helps with numerical stability when using homogeneous boundary
conditions.

physical space and velocity space. The exact trapped-passing grid in £ is not used herein as it has
been found to give little benefit for v* > 1 cases.

Evidence of numerical convergence is seen in Figs. 6.5-6.6, where 7; and g; are compared
between a lower and higher resolution run. The max percent difference (relative to the maximum
of the absolute value of the corresponding lower resolution plot) in these figures is about 6% over
most of the physical domain. There are localized areas near the edge of the physical domain (where
diffusion shaping is high) where the percent difference approaches 17%; however, it has been verified
that this difference is due solely to increasing the physical space resolution. Further increasing the
physical space resolution to polynomial basis functions of degree 4 only results in a max change of
< 5% in these edge areas.

It is also noted here the definition of "poloidal" that we use. Because V¢ X Vi denotes the
magnetic field component in the R-Z plane (see Sec. 1.2.4), the poloidal direction is defined herein
to be anti-parallel to this component; specifically, the poloidal component of any vector is defined to
be the dot product of that vector with —(V¢ X Vi) /|Vp X Viy|, and a subscript 6 is used to represent
that component. The off-flux surface component of any vector is defined to be the dot product of

that vector with —Vy//|Vi/|, and a subscript ¢ is used to represent that component.

6.1 Numerical Results and Discussion

The SFM method introduced in Sec. 5.1 is crucial in allowing the poloidal flow to evolve to steady
state without numerical instabilities. See Fig. 6.7 for a comparison of the time evolution of the
poloidal flow (u), toroidal flow (u4), and parallel viscosity with SFM vs. without SFM, where these

quantities are evaluated at a set of synthetic probe locations in the poloidal plane. The locations
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of the synthetic probes used for our time evolution plots herein are given in Fig. 6.8, where the

probe locations are overlaid on a contour plot of the steady-state ug/Bgy. The colors for the probe

locations on this plot correspond to the colors on all plots that evaluate quantities at the synthetic
probe locations. As seen in Fig. 6.7, the simulation crashes before the poloidal flow reaches steady
state without SFM, whereas with SFM, the poloidal flow is able to attain steady state. In Fig. 6.9
it is seen that SFM is able to successfully keep the fluid moments of f;; small, whereas without
SFM, the fluid moments of f;; grow as large as the perturbed fluid variables, ultimately crashing the
simulation. In Fig. 6.10, a contour plot of the steady-state f;; at (R, Z) = (2.05 m,0.00 m) shows
a strong P1(¢) dependence, indicating the need for a large g;) response to balance the Braginskii
diamagnetic cross heat flux in the steady state. The time evolution of additional quantities of interest

evaluated at the synthetic probe locations are given in Fig. E.1.

In this test run, no difference was observed between using Oqi” = 0.0 vs. 9qi|| = 1.0 — both ran
out stably to identical answers. Other non-linear runs in NIMROD, however, have required getting
the heat flux centering right (namely, using 6,, = 0.0) to avoid a numerical instability.

It is also seen in Fig. 6.7 that the poloidal flow reaches steady-state on the time-scale of the
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Figure 6.5: Comparison of the steady-state kinetic g, (16 collocation points in s, polynomial basis
functions of degree 9 in logical pitch angle, polynomial basis functions of degree 3 in the poloidal
plane) on the left (a) with the steady-state kinetic g;; from a lower resolution run (8 collocation
points in s, polynomial basis functions of degree 7 in logical pitch angle, polynomial basis functions
of degree 2 in the poloidal plane) on the right (b). The max percent difference (relative to the max
of the absolute value of the lower resolution plot) between (a) and (b) is about 2%.

ion-ion collision time, vl.‘il, which is ~ 6 x 107 s on axis for this equilibrium. This is in agreement
with prior predictions that have used various assumptions [24, 25]. Locally the toroidal flow evolves
on the same time scale as the poloidal flow; however, the flux surface average of the toroidal flow
(Ru¢> evolves on a longer time scale consistent with the predictions of neoclassical transport theory
[76]. These observations break down in the edge region with large artificial diffusion. In Fig. 6.11,
it can be seen that (Ru¢> remains small throughout the time evolution away from the edge, which is
in accordance with these observations.

The off-flux-surface flow u, is less than 1% of u in the steady state (see Appendix E), which is
also in accordance with standard neoclassical theory [18, 19]. Itis noted that the computational model
used herein includes more physics than standard neoclassical theory, including wave equilibration;
however, the neoclassical result in the steady state is still recovered.

As stated previously, a fixed-background ¢ f approach is not well-suited for cases involving
large departures of the fluid variables from equilibrium; however, for this axisymmetric application
with no initial flow based on an experimentally relevant equilibrium, the perturbed fluid variables

remain small compared to their equilibrium values throughout the time evolution (where "small"



67

0.8 0.8
0.6 10 0.6 10
0.4 0.4
5
5
0.2 0.2 .
= = 0 o
C - e . &
T ] 0 N—r ~—
N -0.2 _ N -0.2 -
& &
0.4 -0.4
. 5 =
-0.6 -0.6
0.8 n -0.8 10
-1 -1
1.3 1?5 1?7 1?9 2?1 1.3 1.5 1.7 1.9 2.1
R (m) R (m)

(b) CEL ;| closure in the steady state, from a

(a) CEL rr;| closure in the steady state. )
lower resolution run.

Figure 6.6: Comparison of the steady-state kinetic mr;; (16 collocation points in s, polynomial basis
functions of degree 9 in logical pitch angle, polynomial basis functions of degree 3 in the poloidal
plane) on the left (a) with the steady-state kinetic ;; from a lower resolution run (8 collocation
points in s, polynomial basis functions of degree 7 in logical pitch angle, polynomial basis functions
of degree 2 in the poloidal plane) on the right (b). The max percent difference (relative to the max
of the absolute value of the lower resolution plot) between (a) and (b) is about 6% over most of the
physical domain. There are localized areas near the edge of the physical domain (where diffusion
shaping is high) where the percent difference approaches 17%; however, it has been verified that this
difference is due solely to increasing the physical space resolution. Further increasing the physical
space resolution to polynomial basis functions of degree 4 only results in a max change of < 5% in
these edge areas.
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(b) Time evolution of poloidal flow, toroidal flow, and parallel viscosity at a representative set of synthetic
probe locations in the poloidal plane, with SFM.

Figure 6.7: Comparison of the time evolution of the poloidal flow, toroidal flow, and parallel
viscosity at a representative set of synthetic probe locations in the poloidal plane (see Fig. 6.8)
without SFM (a), and with SFM (b). The simulation crashes before reaching steady state in (a), but
is able to reach steady state in (b).

for the flow is defined as small relative to v7;). Because of this, the CEL result for the steady-state
poloidal flow is benchmarked with that obtained using a previously benchmarked, fixed-background
0 f implementation in NIMROD. Specifically, what was termed the "6 f approach" in Ch. 4 is used.
An initially zero fixed-background f;; is evolved to steady state using the fixed-background ¢ f
kinetic equation and the methods of Sec. 4.3.2 are used to calculate the poloidal flow from the
steady-state fixed-background f;;. Fig. 6.12 compares the results for the steady-state poloidal flow
between the two approaches, with decreasing on-axis values for the artificial diffusion used in the
fixed-background ¢ f approach. The results of the two approaches are seen to converge to each other
as the artificial diffusion used in the fixed-background ¢ f* approach is decreased, with the exception
of close to the edge where the diffusion shaping is large. In order to decrease diffusion at the core
in the fixed-background ¢ f approach, the diffusion at the edge had to be increased to maintain
numerical stability. It is surmised that at least some of the discrepancy can also be attributed to
differing effects of diffusion shaping between the two approaches — in the CEL approach, the shaping
is used in all the fluid equations as well as the kinetic equation, whereas in the fixed-background ¢ f

approach it is used only in the kinetic equation. Fig. 6.12 seems to indicate that diffusion has a
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Figure 6.8: Synthetic probe locations in the
poloidal plane, overlaid on the steady-state
ug/By. The colors for the probes on this
plot correspond to the colors on all plots that
evaluate quantities at the synthetic probe
locations.

larger effect in the fixed-background ¢ f approach than in the CEL approach. Also, the fact that the
fixed-background o f approach seems to be nearly converged in D,g.phoc away from the edge, and
agrees well with the CEL approach, suggests that the CEL approach is also converged in artificial

diffusion there.

6.2 Summary

A successful benchmarking of the full CEL approach in NIMROD has been performed when
running fully nonlinearly in axisymmetric geometry. Observing both the poloidal and toroidal
flow dynamics as well as the steady-state poloidal flow assisted in verifying the correctness of the
numerical implementation. The time dynamics of both the toroidal and poloidal flows agree with
analytical predictions. SFM was found to be essential in enabling a numerically stable evolution
to steady state. That the fluid variables remain close to equilibrium over the flow evolution also
facilitated a comparison with a previously benchmarked, fixed-background ¢ f calculation of the
steady-state poloidal flow. The steady-state poloidal flow from the CEL approach agrees well with
the fixed-background ¢ f result.
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(b) Time evolution of the fluid moments of f;; at a representative set of synthetic probe locations in the
poloidal plane, with SFM.

Figure 6.9: Comparison of the time evolution of the fluid moments of f;; at a representative set
of synthetic probe locations in the poloidal plane (see Fig. 6.8) without SFM (a), and with SFM
(b). The moments become of the same order as the perturbed fluid variables in (a) and crash the
simulation, whereas in (b) the simulation reaches steady state, and the fluid moments of f;; remain
small compared to the corresponding perturbed fluid variables (see Figs. 6.7 and E.1).
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Figure 6.10: Structure of the steady-state f;; (at (R,Z) =~
(2.05 m,0.00 m)) shows a strong P;(¢) dependence, in-
dicating the need for a large g; response to balance the
Braginskii diamagnetic cross heat flux in the steady state.
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7  METHODOLOGY FOR APPLYING THE CEL CLOSURE APPROACH
ALGORITHM TO GENERAL NON-AXISYMMETRIC PROBLEMS OF INTEREST

IN NIMROD

Herein is discussed the methodology for applying the CEL closure approach algorithm to general non-
axisymmetric problems of interest in NIMROD. Because the CEL approach is already programmed
in NIMROD’s framework (including the ability to extend to multiple Fourier modes in the toroidal
direction by changing an input parameter), specializing to non-axisymmetric geometry is relatively
straightforward. Investigation as to whether the formulation remains numerically stable in non-

axisymmetric geometry is ongoing.

7.1 Implied sources in the CEL kinetic equation

Real experiments have momentum, particle, and energy sources which are not accounted for in
Egs. 3.1-3.6. Neutral beams, EM wave sources (such as RF heating sources), and interaction with
impurity species can all provide additional sources of momentum, particles, and energy in the fluid
equations. NIMROD often deals with these source terms in an implicit fashion by omitting (or
explicitly subtracting off for some complicated terms) the initial equilibrium part from each term in
the fluid equations at every time step. This assumes that the source terms are time-independent.
Here, it is shown that having no implied source terms in the CEL kinetic equation (i.e., not omitting,
or subtracting off, the initial equilibrium parts from any term in the kinetic equation) is consistent
with all the implied sources in the fluid equations.

The implied source terms in the number density, flow, and ion temperature equations are here
defined as S, eq » Sueq > and S7; ¢q, respectively. An important distinction is made between the
source terms in the fluid equations and appropriate fluid moments of a source term in the full
ensemble-averaged kinetic equation (Eq. (2.3)), Skin- The fluid moments of Sy, are defined as
(Skin)n; » (Skin) (nympu) > and (Skin)((3/2)n,T;)> Where the subscript indicates the moment taken. The
(
(

)(n;) and (—)((3/2)n,;7;) moments were defined in Egs. (2.13) and (2.15), respectively. The

)(n;m;uy Moment is defined as

( ) (1.1)

)(n,-m,-u) = m[/d3UV(

where v is defined in the macroscopic flow reference frame. It can be shown that the following are

true:
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Sne,eq = Zeff(Skin)ni s (72)
Su,eq = (Skin)(n,-m,-u) s (7.3)
and
3
STi,eq = (Skin)((3/2)niTi) - ETi(Skin)ni . (7.4)

The source term in the kinetic equation can be defined in a way to ensure consistency with all

implied source terms in the fluid equations. One way to define Sk, to achieve this consistency is:

S 1 —s? S"e,eq + 1 (V S ) N 2 ) 3 g
- ¢ e Bl N
kin U%iﬂyz Zoff T; u,eq 3T, 2 T;i.eq
L L[5, 1 2, 3
:—U3i”3/26 s 575" | (Skin)n; + T (v (Skin) (rimewy) + £y Gl (Skin)(3/2m1) | - (7-5)

T

This form for Syj, assures that the correct implied source terms appear in the number density, flow,
and ion temperature equations after appropriate fluid moments are taken. This definition also allows
(Skin)((3/2)n,T,) to be negative or positive, which is a freedom that would not be allowed if Sk, was
instead defined to be a Maxwellian evaluated with the appropriate fluid moment source terms (as a
Maxwellian parameterized by a negative temperature is undefined).

Skin 18 the source term that will appear in the full ensemble-averaged kinetic equation (Eq. (2.3)).
To see the form that will potentially appear in the CEL ¢ f kinetic equation, the steps in Ref. [61]
are followed, but with the added source term now included. An important needed assumption is that
all of the implied fluid source terms are O (&), which holds away from the edge of the domain where
diffusion shaping may be large. Under this assumption, it is then seen that only the gyro-average of
Skin 1s needed in the CEL kinetic equation. Including the gyro-average of Sy, in the CEL kinetic

equation, and including all the implied source terms from the fluid equations, gives:
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where

1 2 [ Sn eq Esur; 2 3

) _ -5 e . 12—
<Sk1n>gyr0 _v%lﬂ-3/26 Zeﬁ + 7_; b Su’eq) + 3]_; S 2 STi’eq . (7.7)

From Egs. 7.6 and 7.7, one can see that the implied source terms from the fluid equations exactly
cancel the gyro-averaged source term in the CEL kinetic equation. So including no implied source
terms in the CEL kinetic equation is consistent with the implied sources in the fluid equations.

Although including no source terms in the kinetic equation is consistent with the implied source
terms in the fluid equations, certain physical phenomena (such as RF wave heating [23] and beam
heating) may still require a source term in the CEL kinetic equation. Moments of this source term
appearing on the RHS of the kinetic equation may not exactly cancel the source term itself. The
problem of what source term might need to be included for modeling real physical phenomena
is left to future work. It is noted that an experimental measurement of the initial equilibrium
non-Maxwellian would allow sources to be treated in an implicit fashion in exactly the same manner
as in NIMROD’s fluid equations.
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7.2 Methodology for obtaining the equilibrium f;; for use in NIMROD calculations

If implicit sources are assumed in the fluid equations, the initial equilibrium values of all quantities
in the fluid equations (including kinetic equilibrium quantities — such as the equilibrium g;; or 7;))
are needed. Therefore, the initial equilibrium f;; is needed when implicit sources are assumed in the
fluid equations.

As was seen in Ch. 6, the equilibrium f;; is, generally speaking, non-zero. One reason this is
true is that a non-zero parallel heat flux is needed to balance the Braginskii diamagnetic cross heat
flux in the steady state. The simplest way to obtain the initial equilibrium f;{, short of experimental
measurement, is to evolve the CEL kinetic equation (with no implied sources, and possibly, an
explicit, time-independent source term) to steady state while holding the fluid variables and magnetic
field fixed. Once the equilibrium f;; is obtained, the equilibrium g, and ;| are computed. With
all initial kinetic equilibrium quantities now obtained, and with initial fluid equilibrium quantities
specified through other means, such as experimental measurement, the equilibrium is then perturbed
at ¢ = 0 (this perturbation can be gradual, such as a gradual increase in a time-evolving RMP
beginning at # = 0). The fluid and magnetic field equations (with implied sources) are then evolved
self-consistently with the kinetic equation (with no implied sources, and possibly, an explicit,
time-independent source term) using Algorithm 1.

This procedure did not need to be followed for the results in previous chapters, because no
implied sources were assumed in the fluid equations therein, hence no need to keep track of initial
kinetic equilibrium quantities — such as the equilibrium g, or 7r;; — to omit or subtract them at every

time step.

7.3 Importance of grid packing when applying a 3D rotating RMP to the plasma

At sufficiently low resistivity, numerical stability when applying a time-evolving, rotating RMP to
the plasma (via a time-evolving boundary condition applied to the magnetic field, in the same vein as
Ref. [49]) requires a sufficiently packed grid at the edge of the physical domain. This was found to
be essential both for fluid-only runs and when including the kinetics. A sample numerical grid that

sufficiently resolved this numerical instability for 19/ = 8.99 x 1073 m?/s is shown in Fig. 7.1.
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Figure 7.1: A sample numerical grid in the poloidal plane that resolved an instability
associated with a time-evolving boundary condition applied to the magnetic field, which
instability manifested only at sufficiently low plasma resistivity. Polynomial basis
functions of degree 3 are used in each cell.
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8 SUMMARY AND OUTLOOK

8.1 Summary

Herein, a numerical method for solving a Chapman-Enskog-like (CEL) continuum kinetic model for
plasmas was formulated, analyzed, and applied in the plasma fluid code NIMROD. Observing the
steady-state flow and flow dynamics across different tokamak configurations allowed a benchmarking
of the numerical formulation. Numerical results agree well with prediction and give confidence as
to the correctness of the numerical implementation.

First, the kinetic aspects of the CEL approach were benchmarked. Results for the poloidal flow
coefficient @ were compared between the different NIMROD kinetic formulations, analytics, and
DK4D in various collisionality regimes. An exact trapped-passing grid was found to be essential for
convergence when in the banana collisionality regime. It was also seen that the standard neoclassical
formula for the poloidal flow coefficient in the banana regime (Eq. (4.6)) can be further refined to
give better agreement with NIMROD’s computational results. In particular, using Taguchi’s refined
analytic formula for @ (Eq. (4.7)) reduced the discrepancy between NIMROD’s numerical results
and analytics to less than 5%.

A von Neumann stability analysis of the linearized fluid-kinetic system was also performed. It
was found that centering the heat flux at the beginning of the time step and the ion temperature at
the end of the time step in the kinetic equation allows for a numerically-stable time advance of the
coupled system. In addition, it was shown that it is possible to eliminate both the numerical damping
and the numerical growth from the linear modes. It was also found that it is not possible to achieve
numerical stability if there are no constraints on the fluid moments of f;;. The strategy implemented
herein involved adding terms from the evolution equations for the fluid moments of f;; to the RHS of
the kinetic equation, in such a way as to cancel sources of numerical growth of those moments in the
kinetic equation. This analysis showed that linearly stable algorithms are possible with this method.

Finally, an axisymmetric benchmark of the full CEL approach was performed. The fluid and
kinetic equations were evolved fully non-linearly and self-consistently according to Algorithm 1
until the flow was in steady state. The flow dynamics and steady-state flow were then compared
with prediction. The time dynamics of both the toroidal and poloidal flows were found to agree with
analytical predictions. That the fluid variables remained close to equilibrium over the flow evolution
also facilitated a comparison with a previously benchmarked, fixed-background ¢ f calculation of
the steady-state poloidal flow. The steady-state poloidal flow from the CEL approach was found to
agree well with the fixed-background ¢ f result. Suppression of the fluid moments of f;; was seen to
be essential in enabling a numerically stable evolution to steady-state.

The methodology for applying the CEL closure approach algorithm to general non-axisymmetric
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problems of interest in NIMROD was also discussed. Because the CEL approach is already
programmed in NIMROD’s framework, specializing to non-axisymmetric geometry is relatively
straightforward. Investigation as to whether the formulation remains numerically stable in non-
axisymmetric geometry is ongoing. Having no implied source terms in the CEL kinetic equation
was shown to be consistent with having implied source terms in the fluid equations. The problem
of what explicit source term might need to be included in the kinetic equation for modeling real

physical phenomena is left to future work.

8.2  Outlook

The results presented herein related to the CEL closure approach in NIMROD are positive. The most
immediate pressing needs are for numerical stability considerations to be addressed when extending
to non-axisymmetric geometry. Of particular concern is the possibility of aliasing instabilities,
which may occur due to the ion temperature being raised to non-integer powers in the kinetic
equation. The numerical stability of the model when including the electron kinetic equation (which
is implemented) also needs to be addressed.

Two physical problems of immediate particular interest are that of forced magnetic reconnection
in realistic tokamak geometries, and NTM dynamics in tokamaks (see Secs. 1.5.2 and 1.5.3). Both
problems have been previously addressed in NIMROD using simplified models. In Ref. [48], the
problem of forced magnetic reconnection was addressed by applying a time-dependent magnetic
boundary condition to a sheared slab magnetic configuration in NIMROD, utilizing a heuristic
closure for the ion viscous stress tensor. In Ref. [49], NTM dynamics were modeled in NIMROD
by applying a rotating, time-evolving RMP to an equilibrium based on a kinetic reconstruction of
DIII-D ITER Baseline Scenario (IBS) discharge 174446 at 3390 ms. Heuristic closures for both the
electron and ion viscous stress tensors and the electron collisional friction force were also used. It
is anticipated that interesting new insights will be obtained by simulating both of these physical

phenomena in NIMROD using the CEL closure approach method outlined herein.
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A  EQS. (5.1)-(5.10) IN MORE GENERAL FORM

Here, Egs. (5.1)-(5.10) are modified to include additional arbitrary centerings. The equilibrium

fi1 1s also allowed to be non-zero.

Aulkx . 5 B(z) 5 N
m;n;o + 0,14 - KikAu gy | — AtCo(—k7) %(cs) Auigy | = —minjoug - Kikuy,
B() . T .
) j+12 7o, j+1/2
+ Elk(cs)Blkx + B_Olk(cs)(_Blkx ), (A.1)
Aulky A ’ B(z) 2
m;n;o + 0,100 - KikAuqiy | = AtCo(—k7) % (—(cs)(sn)Aul,r{Z + (sn) Aulky)
S AL Bo. j+1/2
+§ (nioTio + neoT,0) Aulky = —m;n;ouo - klkulky - %lk(SI’l)BlkZ

1
i+1/2 i+1/2 i+1/2 . %
ljl+k/ + neOTe];k/ + TeOnQ—k/ ) + glkﬂi”((f;'l)lka TlO)

571','”() .
2. nj+l/2
3T, (—(cs) kT, )

. i+1/2
—ik (I’l,()Tl]l; / + T;on

— (cs)?ikmy ()1 Tio) +

+ ﬂ;—”ooik(cs)((sn)((cs)g{x/z _ (Sn)B{Zi/z))

T i+ +
+ k(es)(es) () B + (smBIE!) (A2



80

- Auyg, . 5 B(z)
inio + 0100 - KikAuyy; | = AtCo(—k7) ” ((CS)zAulkz - (CS)(Sn)Aulky)
_ NI Bo Jj+1/2
= —m;nioug - Kikuy, + Iu—zk(cs)B — (cs) (sn)ikmy ((f1)1k. Tio)
+§m‘||0( (cs) L ]+1/2 12 .
3Ty cs)(sn)ikT} ) lk(cs)( (cs)((cs)B]+ / — (s n)B{z;/z))
+ ~illo ]+1/2 1/2
B lk(cs)((sn)((cs)B +(sm)BJ%)) (A.3)
Anelk N
+ Qn . . - _ AT Jj+1/2 +1
A 1(ug - K)ikAneqp (ag k)lknelk - neolkulk , (A.4)
3 (AT . qilo 3
EniO A +0r1(ug - K)ik ATy |+ (97}2)3T_0ik(cs)Anlk = —Enio(UQ . R)lkT]lzl/z
) l

I o i+1 . qi
nioTooikuy, = ik(cs)qu ((fi) e T lo)+ilk(cs)((cs)BJ“/2+( )BJ“/Z)

qz||0

ik T/*1/2
T (e)T, "~ (A.5)
3 AT, 1k . 3
_n . . _ ' . [
5 e0 Ar + HTel (ll() k)lkATelk = —Eneo(U() : k)lkTejl-'-kl/2 - I’le()Tl()lkl/llk s (A.6)
ABikx L n
ot 01 (w0 - K)ikAB . + eleTOkZABlkx = Boik (cs)ult! — (ug - K)ikB{7./?
'7k B+l
(A7)

1o lkx 2



81

ABlky A n A i+1/2 n i+1/2
N +931(uo-k)ikABlky+032u—0k2AB1ky - —(u0~k)ikB-{Zy/ - u—osz{;y/ , (A.8)
ABiy oy m, . J+1 . J+l1
A7 + 931(110 . k)lkAB]kZ + 932/,Tok ABlkz = —Bolk(sn)ulky + B()lk(C‘S)I,llkZ
NP +1/2
— (g - K)ik B[} - —k2BIT2, (A.9)

Ho



82

A(fin) 1k
At

+0r1ik(cs)ésvrio(Afi) ik — Ocn Cii ((Afi) ks fmio) — Oc,2Cii (farios (Afir)1k)

Esvrio |2
) -
/ niolio |3

ik (cs)m ((Afi) ks Tio)

2

3
+0%Hm 52—5 ik(cs)qi((Afi)ik, Tio) ¢ fmio

(1-&2) , (cs)Bjy, + (sm)BY,, nfy || 9(fi)o
=—<- Esvrioik(cs) - 5
26 By njo$ 0¢
Evrioik(cs) [nly,  $*T, s ATk | 9(fi1)o ~
+ - - + Cii((f,-]1+l/2)lka fuio)
2 n;o Tio 2Ti0 At as
. . - Esurio R
+ Cii(fmio (fl-JlH/z)lk) — ik (cs)ésvrio( ,~J1+1/2)1k sl ik(cs)T; 57 s>
+§SUTioik(CS) %ﬂ' () To) + EWT.* . (¢s)By, + (sn) By,
- nioTo 3 i il 1k> £i0 3 To ilk i|l0 By

2 2
+P2(§)§s (ikbffky - 3ik(cs)((cs)u“;ky + (sn)u?kz))

2 3 _ 3¢,
2 . j+1/2 io,__.
o L ik(cs) |qi)((f; )lk’Y}O)-'-KTilk
(cs)Bj,, + (sn)Bj,
~4illo : - fMiO s (AIO)

By

where subscripts of 0 or 1 indicate an equilibrium quantity or perturbed quantity respectively, 6,
is the time centering of the advective term in the flow equation, 6, is the time centering of the
advective term in the number density equation, 67,1 is the time centering of the advective term in the
ion temperature equation, 67, is the time centering of the ion temperature contribution to the heat
flux term in the ion temperature equation, 67, is the time centering of the advective term in the
electron temperature equation, 6 is the time centering of the advective term in the magnetic field
equation, fp; 1s the time centering of the resistive term in the magnetic field equation, éc;,,; is the
time centering of the test particle part of the collision operator in the kinetic equation, 6,2 is the

time centering of the field particle part of the collision operator in the kinetic equation, 6 ; is the
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time centering the advective term in the Kinetic equation, 6, is the time centering the ;) drive
term in the kinetic equation, and quantities with s or s superscripts have arbitrary time centering as

follows:

ik = P+ 00 (A fin)ix (A.11)
= P+ 05(A fin)ix (A.12)
T = T2 +6,(AT) (A.13)

uj, =uf +6,(Aug), (A.14)

B}, =B{ +05(AByy), (A.15)

i =+ 0 (Anie) (A.16)

where 6, is the centering of (f;1)1x in the flow equation, 6, is the centering of ( f;1)1x in the ion
temperature equation, 6; is the centering of the 7;;; in the kinetic equation, 6, is the centering of
u; in the kinetic equation, 6p is the centering of By, in the kinetic equation, and 6, is the centering
of n;1x in the kinetic equation. All centering parameters are arranged in a vector for convenience

(where the centering of the heat flux drive term in the kinetic equation (qu”) is also included):

Ot = 041 On1 011 O12 01,1 Op1 02 Ocn Oci2 by 051 072 Opu Of
6, 6, 0 6,| . (A.17)
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B EQ. (5.10) WITH THE ADDITIONAL TERMS FROM FLUID MOMENT EQS.

When the terms from Eq. (5.19) are included in the linear analysis, Eq. (5.10) becomes:
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C TABLES ILLUSTRATING DEPENDENCE OF THE MAXIMUM GROWTH

RATES ON 0, 0;, AND qu.”

These tables illustrate a complicated dependence of the maximum normalized growth rates on 6 ;,
0, and 64, , where each table is for a different value of 6,. Besides the three centering parameters
that are varied, it is assumed that 6, = 0.0 and that 8y = 6¢,, = 6, = 1.0. Cp = 0.3 is also used.

;)
Oy 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0 34E-16 28E-16 25E-16 29E-16 42E-16 20E-16 19E-16 64E-03 23E-02 5.0E-02 24E-01
0.1 3.4E-16 2.2E-16 24E-16 4.1E-16 3.1E-16 2.5E-16 39E-16 2.7E-16 1.2E-02 3.3E-02 7.6E-02
0.2 23E-16 2.8E-16 28E-16 34E-16 23E-16 3.0E-16 2.7E-16 3.1E-16 4.7E-04 19E-02 4.8E-02
0.3 2.0E-16 2.0E-16 22E-16 25E-16 3.2E-16 26E-16 3.8E-16 3.2E-16 2.7E-16 6.6E-03 2.9E-02
0.4 2.8E-16 25E-16 3.6E-16 1.7E-16 1.9E-16 3.3E-16 2.5E-16 24E-16 3.4E-16 23E-16 1.4E-02
0.5 23E-16 24E-16 25E-16 3.0E-16 2.1E-16 3.3E-16 26E-16 2.6E-16 3.1E-16 3.4E-16 2.1E-16
0.6 33E-16 19E-16 2.1E-16 3.2E-16 1.8E-16 4.4E-16 24E-16 2.7E-16 3.3E-16 3.3E-16 2.8E-16
0.7 29E-16 23E-16 2.2E-16 22E-16 3.0E-16 26E-16 29E-16 3.8E-16 2.1E-16 22E-16 1.9E-16
0.8 27E-16 33E-16 2.7E-16 2.0E-16 22E-16 3.2E-16 29E-16 2.1E-16 2.5E-16 2.6E-16 1.8E-16
0.9 23E-16  2.1E-16 2.1E-16 2.7E-16 2.5E-16 2.5E-16 2.6E-16 3.1E-16 2.7E-16 2.7E-16 1.9E-16
1.0 26E-16 24E-16 23E-16 20E-16 32E-16 2.1E-16 2.1E-16 3.6E-16 23E-16 22E-16 23E-16

Table C.1: Table of max normalized growth rates found over kd; € [0,40x], for 6, = 1.0. Here, a
higher 6, allows for a higher 6, .

qu-”

Of 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

00 44E-04 S50E-04 58E-04 68E-04 84E-04 1.1E-03 14E-03 22E-03 4.8E-03 14E-02 2.2E-01
0.1 3.2E-04 3.7E-04 4.2E-04 409E-04 59E-04 75E-04 1.0E-03 1.5E-03 29E-03 9.3E-03 7.6E-02
0.2 2.2E-04 25E-04 29E-04 33E-04 4.0E-04 4.9E-04 6.4E-04 9.4E-04 1.7E-03 5.5E-03 4.8E-02
0.3 1.3E-04 1.4E-04 1.6E-04 19E-04 22E-04 28E-04 3.6E-04 5.0E-04 84E-04 25E-03 29E-02
04  43E-05 49E-05 55E-05 64E-05 7.6E-05 93E-05 12E-04 16E-04 26E-04 64E-04 1.3E-02
0.5 2.7E-16  2.7E-16 2.2E-16 2.6E-16 29E-16 29E-16 2.7E-16 2.7E-16 2.1E-16 2.6E-16 2.2E-16
0.6 2.8E-16 3.7E-16 29E-16 25E-16 29E-16 23E-16 23E-16 22E-16 24E-16 23E-16 2.1E-16
0.7 27E-16 19E-16 3.0E-16 3.0E-16 2.8E-16 3.2E-16 2.2E-16 3.2E-16 2.1E-16 2.3E-16 2.1E-16
0.8 19E-16 24E-16 19E-16 3.1E-16 28E-16 3.0E-16 23E-16 22E-16 28E-16 3.2E-16 109E-16
09 45E-16 19E-16 23E-16 2.1E-16 28E-16 23E-16 26E-16 32E-16 3.0E-16 25E-16 2.2E-16
1.0 22E-16 3.1E-16 25E-16 2.7E-16 23E-16 27E-16 3.0E-16 2.0E-16 3.1E-16 1.8E-16 2.2E-16

Table C.2: Table of max normalized growth rates found over kd; € [0,40rx], for 6, = 0.5. Here,
only 67, > 0.5 matters for stability.
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Hqil\
Ot 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0 1.2E-03 14E-03 22E-03 34E-03 49E-03 69E-03 9.6E-03 13E-02 19E-02 3.0E-02 1.2E-01
0.1 1.1E-03  1.2B-03 1.4E-03 1.8E-03 3.3E-03 5.2E-03 7.7E-03 1.1E-02 1.7E-02 2.7E-02 1.6E-01
0.2 9.8E-04 1.1E-03 1.2E-03 1.4E-03 1.6E-03 3.2E-03 5.6E-03 9.0E-03 1.4E-02 24E-02 1.9E-01
0.3 8.2E-04 9.2E-04 1.0E-03 1.2E-03 1.4E-03 1.7E-03 3.4E-03 6.6E-03 1.1E-02 2.1E-02 2.0E-0l
0.4 6.4E-04 7.2E-04 83E-04 9.6E-04 1.1E-03 14E-03 19E-03 39E-03 83E-03 1.6E-02 2.1E-01
0.5 44E-04 5.0E-04 5.8E-04 6.8E-04 84E-04 1.1E-03 14E-03 2.2E-03 4.8E-03 14E-02 2.2E-01
0.6 2.5E-04 28E-04 33E-04 39E-04 48E-04 62E-04 8.6E-04 14E-03 3.2E-03 14E-02 2.3E-01
0.7 5.7E-05 6.6E-05 7.7E-05 9.4E-05 12E-04 1.6E-04 24E-04 44E-04 12E-03 28E-02 2.3E-01
0.8 29E-16 2.6E-16 28E-16 24E-16 33E-16 29E-16 3.1E-16 28E-16 8.0E-04 3.8E-02 24E-01
0.9 3.0E-16 25E-16 3.6E-16 2.6E-16 2.7E-16 2.1E-16 24E-16 26E-16 1.6E-02 4.5E-02 2.4E-01
1.0 20E-16 23E-16 3.7E-16 3.8E-16 28E-16 27E-16 24E-16 64E-03 23E-02 5.0E-02 2.4E-01

Table C.3: Table of max normalized growth rates found over kd; € [0,40x], for 6, = 0.0. Here,
stability is found only for high enough 6, and low enough 6, .
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D AN EIGENVECTOR/EIGENVALUE ANALYSIS OF ELECTRON LANDAU

DAMPING IN ONE DIMENSION

Here a similar eigenvector/eigenvalue analysis as in Sec. 5 is applied to the problem of electron
Landau damping in one dimension [72]. This analysis is performed to show that, when discretizing
velocity space, Landau damping shows up as a decorrelation of the eigenvectors due to differing
real frequencies. The discretization of velocity space is the main difference between this solution
method and the one originally employed by Landau. The same equation is solved as in Landau’s

original work, namely:

8fe] afel e 6f€0 —O

a7

ox m, vy ’ (D)

and

0E, -—e f doy fe1
Ox B €0 ’

(D.2)

where vy is the one-dimensional particle velocity, E, is the one-dimensional electric field, m, is the
electron mass, f,q is the equilibrium electron distribution function, and f,; is the perturbed electron

distribution function.

&e_ulzé/v%eo
Vrur,o
(with vr,0 = y2T.0/m.). The equations are Fourier transformed (with k = k%), and a collocation

approach [44] is applied with regards to the normalized radial speed coordinate vy /vr,o. In this

It is assumed that f,( is a one-dimensional Maxwellian for this analysis, i.e., f.o =

analysis, 200 collocation points in vy /vr,o are used. f,; is normalized by the electron Maxwellian
at its maximum (i.e., n.0/v7vre0) and the Kinetic equation is scaled by the same quantity. Time
is normalized by the electron plasma frequency (wp. = \/W) and length by the electron
Debye length (1p, = vTeo/(\/Ewpe)). A small time step of (Af)wp, = 5.5 % 1073 is used to obtain the
frequencies, and a time centering of 0.5 is used for all non-time-derivative terms in Egs. (D.1)-(D.2).

It can be seen in Fig. D.1 that there is negligible imaginary part of the frequency associated
with this set of eigenmodes. However, as will be shown, damping of the perturbed number density
( f doy fe1.1) still occurs.

For a simple test case, it is assumed that f,1 x~5/1,, = 0.1 fe0 at £ = 0. This initial condition
is projected onto the set of eigenvectors for (kAp.) =~ .5, and then each eigenvector is evolved in

time using the corresponding (real) frequency. The sum of the coefficients times the time-evolved
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(a) Normalized Re(w) vs. normalized k (b) Normalized Im(w) vs. normalized k
Figure D.1: Normalized Re(w) vs. normalized k on the left (a) and normalized Im(w) vs. normalized

k on the right (b) is shown for the one-dimensional Landau damping problem. 200 collocation
points in v, /vr,0 are used, and (Af)wp, ~ 5.5 x 1073.
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Figure D.2: The real parts of two typical eigenvectors (( fo1 k~.5/1,, )eig) are shown. The eigenvectors
for the one-dimensional Landau damping problem are peaked in a very localized portion of velocity
space, and smaller elsewhere.

eigenvectors then gives foq~.5/4,, at later times. The real parts of two typical eigenvectors
((fe1,k~.5/1p, )eig) are shown in Fig. D.2. The eigenvectors are peaked in a very localized portion
of velocity space, and smaller elsewhere. This, combined with fact that each eigenvector has a
different real frequency, is then equivalent to the continuous case where the longtime behavior of

the distribution function is an oscillation with a velocity-space-dependent frequency of kv, (see Ref.
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Figure D.3: The real part of f, k~.5/1,,, normalized to n.o/ oz is shown at successive normalized
time points. The granularity of the distribution eventually approaches the limits of the velocity
space resolution.

[72]). See Fig. D.3 for plots of Re( f,1 k~.5/1,,) at successive time points!. It is seen that eventually
the granularity of the distribution (caused by each part of velocity space being associated with a
different frequency) approaches the limits of the velocity space resolution.

The time evolution of / dvyRe( fe1,k~.5/4,) s compared against the kAp, < 1 analytic formula
[72,77] in Fig D.4. As can be seen, the perturbed number density damps in time. We are not quite in
the kAp. < 1 asymptotic regime, and it is noted that the analytic formula in Refs. [72, 77] involves
other significant approximations. Shortly after the granularity of the distribution approaches the
limits of the velocity space resolution an echo is seen. This echo can be pushed further and further
back in time by increasing the velocity space resolution, and is therefore numeric. Landau damping
echos observed in real experiments may be due to particle discreteness effects becoming important
after the granularity of the ensemble-averaged distribution function reaches some critical level (i.e.,
reaching the limit of approximating individual particles by a smooth ensemble-averaged distribution

function). This conjecture, however, would need to be tested.

ISee https://youtu.be/jnpzmx®vpVY for an animation of the time evolution of Re(fel kx5/1p.)-


https://youtu.be/jnpzmx0vpVY
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Figure D.4: The time evolution of f dv,Re( fe1 k~.5/1p,) (normalized to n.0) is compared against
the kAp. < 1 analytic formula [72, 77]. We are not quite in the kAp, < 1 asymptotic regime,
and it is noted that the analytic formula in Refs. [72, 77] involves other significant approximations.
Damping of f do,Re( fo1 k~.5/1,,) 15 seen, as well as a (numerical) echo when the granularity of
Jel,k~5/1p, approaches the limits of the velocity space resolution.
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E TIME EVOLUTION OF ADDITIONAL PERTURBED QUANTITIES OF

INTEREST WITH SFM

Here, the time evolution of additional perturbed quantities of interest (with SFM) are shown for the
axisymmetric nonlinear test case of Ch. 6. The quantities of interest are plotted at a representative

set of synthetic probe locations in the poloidal plane (see Fig. 6.8).
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Figure E.1: Time evolution of additional perturbed quantities of interest at a representative set of
synthetic probe locations in the poloidal plane (see Fig. 6.8) with SEM.
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