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aro, A high-order implicit finite element method for integrating the two-fluid
magnetohydrodynamic equations in two dimensions, J. Comp. Phys. 226 (2) (2007)
2146-2174]. This code has now been extended to allow computations in toroidal geome-
try. Improvements to the spatial integration and time-stepping algorithms are discussed.

Is)ggs(;.Ex Steady-states of a resistive two-fluid model, self-consistently including flows, anisotropic
5255 Fa viscosity (including gyroviscosity) and heat flux, are calculated for diverted plasmas in
52.65.Kj geometries typical of the National Spherical Torus Experiment (NSTX) [M. Ono et al., Explo-

ration of spherical torus physics in the NSTX device, Nucl. Fusion 40 (3Y) (2000) 557-561].
Keywords: These states are found by time-integrating the dynamical equations until the steady-state
Magnetohydrodynamics is reached, and are therefore stationary or statistically steady on both magnetohydrody-
S?n:ﬂ;:trllc?n namic and transport time-scales. Resistively driven cross-surface flows are found to be

in close agreement with Pfirsch-Schliiter theory. Poloidally varying toroidal flows are in
agreement with comparable calculations [A.Y. Aydemir, Shear flows at the tokamak edge
and their interaction with edge-localized modes, Phys. Plasmas 14]. New effects on core
toroidal rotation due to gyroviscosity and a local particle source are observed.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

It is known that static toroidal equilibria are unstable to rotation [4], and therefore flows will be present in the steady-
state. While the magnetostatic equilibrium of magnetically confined fusion plasmas are relatively insensitive to the flows,
the stability and transport properties of the plasma may be strongly affected by them [5-7]. Recently, it has been found that
strong flows at the plasma edge are stabilizing to resistive wall modes [8,9] and are correlated with the important L-H tran-
sition in tokamaks [10]. Also, it is thought that flow shear may significantly reduce transport due to turbulence by suppress-
ing eddy formation [11,12]. Therefore it is desirable to develop a method for obtaining steady-states with flow
self-consistently included. Here we focus on obtaining axisymmetric steady-states of a two-fluid plasma model with flow,
which may then be used as the basis for three-dimensional stability calculations.

One approach to the numerical calculation of self-consistent steady-states is to cast the stationary ideal magnetohydro-
dynamic (MHD) equations in terms of free functions of the poloidal flux. In the absence of flows this approach yields the
Grad-Shafranov (GS) equation, where the free functions are the pressure and I = RB,,, the major radius times the toroidal
component of the magnetic field. In the presence of flows, the Grad-Shafranov-Bernoulli equations are obtained, in which
case the free functions are more complicated combinations of physical variables, and are not necessarily continuous. Because
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the equilibrium solutions to ideal MHD (with or without flow) are not uniquely determined by boundary conditions [13], the
solutions obtained by these methods requires specification of various free functions a priori (by using empirical profiles, for
example). Therefore it is more accurate to say that this method “reconstructs” rather than “predicts” the stationary states.
This approach has not been extended to include resistive or viscous effects, or sources, though efforts have been made to
include two-fluid effects [14,15]. The numerical codes CLIO [16], FINESSE [17], and FLOW [18] have been developed using
such a method to obtain the stationary equilibria of ideal MHD with flow. CLIO and FLOW have been used to reconstruct
such stationary states for JET and NSTX-geometry plasmas, respectively [16,19].

A more physically motivated method is to evolve numerically the dynamical equations from some initial condition until a
steady-state is reached. This method has several advantages over solving the time-independent equations directly for the
equilibrium. First, this method readily admits the inclusion of dissipative and other more complicated terms relatively easily
and generally without any algorithmic changes. Second, the same method may be used to observe and investigate the
dynamics of the plasma evolution and oscillations in the steady-state which, by definition, are precluded by the GS approach.
The main disadvantage of this method is the relatively large amount of processing time that must be spent to arrive at a
steady-state when multiple time-scales are present. With this method, the possibility also exists that no stationary stea-
dy-states are accessible from a given set of initial conditions; instead, the steady-state could resemble a limit cycle (as
has been found to be the case in three-dimensional nonlinear resistive MHD simulations [20]). This approach was taken
by Aydemir, who has recently obtained quasi-steady-states of a visco-resistive single-fluid model in low-p plasmas (where
B is the ratio of thermal pressure to magnetic pressure) using the numerical code CTD [21,3].

We employ this initial-value approach to obtain true steady-states of the two-fluid magnetohydrodynamic (MHD) equa-
tions, including resistivity, viscosity, gyroviscosity, and particle sources, at realistic values of . The numerical code we de-
scribe here, M3D-C’, has been significantly extended from what has been described in previous publications [1,22], and is
now able to perform calculations in axisymmetric toroidal geometry. In order to obtain the steady-state efficiently, M3D-
C" makes use of a semi-implicit split time step algorithm which is similar to that used in the nonlinear MHD code NIMROD
[23] and is numerically stable for values of the time step far in excess of the Courant condition. Spatial discretization is
accomplished by the use of triangular C' finite elements [24] on a fully unstructured mesh. The use of C' elements allows
the efficient implementation of a flux/potential scalar representation of the velocity and magnetic fields. This representation
has a number of advantages over coordinate component representation, including the automatic enforcement of V-B =0
and the ability to calculate incompressible modes accurately. Furthermore, physically meaningful, energy conserving subsets
of the fluid equations (such as reduced MHD) may be obtained simply from the full set of equations when written in the flux/
potential representation.

The two-fluid model currently implemented in M3D-C' is described in Section 2. The time-stepping algorithm and spatial
discretization scheme are described in detail in Section 3.1, along with some comparisons with other similar methods. In
Section 4, calculated steady-states of the two-fluid model with magnetic geometry and g typical of an NSTX [2] discharge
are presented.

2. Model

The following dissipative two-fluid model is implemented in M3D-C'. Unless otherwise noted, all quantities hereafter are
normalized using the system of natural Alfvénic units described in Appendix A.

on

ot V() =3 (1)
ou

n(§+u-Vu> =JxB-Vp-V -II+ng-Zu (2)
1 [op, B d; (nVT, N |
ﬁ{EJrvmpeu) ——peV~u+§ F_]—TeVnJrR -J+d,He.VE+QA—V-qe (3)
1 [op _ d; (nVT, U . 1.,
ﬁ{EJrV(pu)] ——pV-u+F<F_1—TNn+R>-J+d1He.Vﬁ—H.Vu+§Zu -V-q (4)
oB

5= V*E (5)

The fields being advanced are the density n (quasineutrality is assumed, so n = n, = n;), fluid velocity u, pressure p, electron
pressure p,, and the magnetic field B. Temperatures are defined by T. = p,/n and T; = p;/n. The current density J and electric
field E are defined by

J=VxB (6)
E+uxB:nJ+%(JxB—Vpe—V~He)‘ (7)
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Here d; = ¢/Low,; (in cgs units) is the normalized collisionless ion skin depth, with the characteristic ion plasma frequency
wpi = \/47mnge?/m; (also in cgs units). The adiabatic index is I', which is typically 5/3, but which may be used to enforce an
isothermal equation of state by letting I' = 1. The right side of the particle conservation equation takes the form
¥ =0 + V- (D,Vn), where the particle source ¢ is an arbitrary scalar field. The scalar D, is an “anomalous” diffusion coef-
ficient, which both improves numerical stability and allows for the modeling of enhanced rates of particle transport due to
micro-turbulent effects not otherwise present in our model or resolved in our simulations. The collisional force considered
here is the frictional force,

n
R= gl ®)

where the resistivity 7 is implemented as an arbitrary scalar field. In the applications presented here, the resistivity is always
taken to have the Spitzer form

n=no/T.?, 9)

with 7, left as an arbitrary constant.

The pressure tensor is taken to have the form IT = I, + I1, + I1;, where the components IT; and II, of the pressure
tensor IT are respectively Braginskii’s form of the parallel ion viscosity and ion gyroviscosity [25]. 1, is a generic iso-
tropic viscosity.

I, :%(b-w.b)(l—abb) (10)
HA:%{b><W‘(I+3bb)+[bxW~(I+3bb)]T} (11)
I, =-pu(Vu+vu') = 2(u. —w) 1 V-u (12)

Here b =B/B,B = |B|, and Vu' is the transpose of Vu. The rate-of-strain tensor is
+ 2
W=Vu+Vu —§IV~u. (13)

The coefficients g, 4, and (i, are implemented as arbitrary scalar fields. The choice of values for the general dissipative vis-
cosity coefficients u and 4, is constrained by the positivity conditions p > 0 and g, > (2/3)u. The heat flux densities take the
form

q. = -1, VT, — Kb x VT, — K bb - VT, (14)
q=-K,VT —k,bx VT — K bb. VT, (15)

where K., k,, and k are implemented as arbitrary scalar fields.

The electron pressure tensor is taken to have essentially the form of electron viscosity, I1, = /nV], with 1 an arbitrary
scalar constant. This term improves numerical stability because its inclusion in Eq. (7) leads to a biharmonic operator on
the magnetic field in Eq. (5), and thus A may be called a “hyper-resistivity.” The physical effect of electron viscosity is very
small in the applications of interest here, and scale-lengths associated with this effect are generally below what is resolvable
by our spatial discretization. Therefore we use A only to force J to remain smooth on the spatial discretization scale 5x, and
assume that the physically “correct” solution is obtained in the limit . — 0 and éx — 0.

The gravitational force takes the form

g- ng§ VR - g,VZ. (16)

This term is explicitly given this form rather than left general in order to improve the accuracy and stability of the semi-im-
plicit time step algorithm in cases in which gravitationally driven instabilities are present.

3. Numerical methods
3.1. Finite elements

Reduced quintic finite elements are used in M3D-C'. These elements are triangular, fifth-order bivariate polynomial ele-
ments, constrained to enforce continuity of values and first-derivatives across element boundaries (this is the C' property).
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These finite elements have the advantage of having only three degrees of freedom per node per field asymptotically [24],
which leads to a highly compact matrix representation of the discretized equations.
The discretized equations are obtained by application of the Galerkin method. For example, the continuous equation

el
VU v uviu) (17)
ot
is discretized into the system of equations obtained by representing U as a linear combination of the basis functions {v},
U, t) = > Uj(t)v(x), (18)
J

and integrating over the computational domain to obtain
U.
-3 % /dA Vvi- Vv = ZUj/dA UV V2, (19)
J J

after integrating by parts. Due to the C' property of the reduced quintic elements, the second derivative of the finite element
representation of any field remains well-defined even at element boundaries, and so Eq. (19) may be computed directly.
Therefore, physical equations containing up to fourth derivatives may be computed directly using C' elements. In contrast,
in the case of C° elements, for which only the first derivative is well-defined at element boundaries, the calculation of this
equation would require the introduction of a new equation to define an auxiliary variable @ = VU, e.g.,

ij/d/'\ V,‘VjZ*ZUj/dA VV,"VVJ‘.
J J

oU;
JZ a—r] /dA Vv - Vv = szj/dA Vi - V(uvy)

For an implicit time step, these two equations would have to be solved simultaneously in a single matrix equation, thereby
doubling the rank of the matrix.

One possible disadvantage of C' elements is that it is likely more difficult to obtain accurate solutions which contain
shocks or other discontinuities with these elements. This is because C' elements are more prone to overshoot and to
problems associated therewith (e.g. preserving the positivity of particle density or temperature). In principle, these prob-
lems may be mitigated or overcome with aggressive mesh packing in the region of a discontinuity, at some added com-
putational expense. It has been shown that the stationary flows in tokamak geometry may be discontinuous in cases
with strongly driven flows (by neutral beams, for example) or very low edge temperatures (and hence low sound
speeds) [26,18]. However, these possible issues with C' elements do not result in any difficulties for the cases considered
below, in which flows are everywhere both subsonic and sub-Alfvénic, and shocks are neither expected nor observed to
form.

3.1.1. Surface terms

In the preceding example, the surface terms arising from the integrations by parts have been dropped. In the simulations
presented here, which have rectangular boundaries aligned with the physical coordinates R and Z, these surface terms will
vanish identically when Dirichlet boundary conditions are applied. The reason for this is as follows. Consider the term

/dA V- (nVU)=>"U; %d@viﬁ v (20)
: = .

where we have used Eq. (18) and Stokes’ theorem. Here f1 is the outward normal vector to the domain boundary. This surface
integral can be decomposed into a sum of integrals over each element edge lying on the domain boundary. For any such edge,
where it is also true that the edge lies on a line of constant R or Z, only six of the basis functions v; are nonzero anywhere on
the edge. These nonzero basis functions are the only ones for which U, 8,U, and 82U are nonzero on the vertices at the end-
points of the edge [24]. (Here t represents the direction tangent to the edge.) Thus, the surface terms are only nonzero in the
equations which determine U, 8,U, or 3*U on the boundary. It is precisely these equations which are overwritten when
Dirichlet boundary conditions are imposed. Therefore, when the boundaries are aligned with the global coordinates (R,Z),
and Dirichlet boundary conditions are imposed, the surface terms make no contribution. These conditions are satisfied in
all of the simulations considered below. We have verified that simulations with and without some of the surface terms in-
cluded yield identical results.

This justification for dropping surface terms only holds in the case where the simulation domain boundaries are rectan-
gular and are exactly aligned with the (R, Z) coordinates. When this is not the case, basis functions other than the ones men-
tioned above may be nonzero on the boundary, and therefore equations which are not overwritten by boundary conditions
may also receive contributions from surface terms. Future versions of M3D-C' will have all surface terms included so that
non-aligned and non-rectangular boundaries are treated correctly.
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Fig. 1. The fractional error in the kinetic energy, as calculated by (|E — Eq|),/(Eo),, due to quadrature error (left) and spatial discretization truncation (right).
In the quadrature comparison, E, is the kinetic energy time series calculated using the 79-point quadrature at various mesh resolutions (dx), and E is the
time series at the same resolutions using lower-order quadratures. In the truncation error plot, all results are calculated using the 79-point quadrature, with
Eo calculated at 6x ~ 0.03Lo, and E calculated at various coarser resolutions. The simulations were run for 500 Alfvén periods.

3.1.2. Numerical integration

In M3D-C’, spatial integration is now carried out numerically, not analytically as in previous work [1,22]. Analytic inte-
gration, while computationally competitive when using a structured mesh in Cartesian geometry, is not feasible on an
unstructured mesh in toroidal geometry where the Jacobian of the transformation from each element’s local coordinates
to the global coordinate system is generally different for each element. The numerical integration is done using Gaussian
quadrature with weights and sampling points given by Dunavant [27]. Simulation results presented here have been obtained
using a 79-point quadrature. This quadrature is exact for polynomials of up to degree 25, and is therefore exact for discret-
ized nonlinear products of up to four fields when represented using the reduced quintic elements (the integrand being the
product of four fields and one basis function, each represented by a degree-five polynomial). The 25-point quadrature,
though not exact for highly nonlinear terms, is found to be highly accurate even for relatively coarse meshes. The fractional
mean differences between the kinetic energy time series obtained with the 79-point quadrature and those obtained with the
25-point and 12-point quadratures are shown in Fig. 1, for a typical NSTX simulation case. The numerical error introduced by
using lower-order quadratures as low as 12-points in this case is found to be smaller than that introduced by the finite ele-
ment discretization.

3.2. Linear semi-implicit time step

The velocity advance is obtained by taking the 9-advanced time discretization of Eq. (2), dropping terms of order dt?, and
then using Eqs. (5) and (4) evaluated with the 0-advanced u to eliminate the advanced-time instances of B and p [28,29]. (By
f-advanced is meant u — u" + 05t u", for example, where superscripts index the discretized time coordinate.) This procedure
results in the following discretization:

Vun(unﬂ , nm) _ g(st[vuun (un+1 , un} nm) + Vuun(un7 un+] , nm) + Vul‘[ (unH) + Vua(unﬂ )] _ 925t2£(un+1)
= V@™, n™) + (1 — 20)6t Vygp(u™, ", n™) + (1 — 0)6t[Vyn(u") + Vyg(u")]
+ ot [Ves(B™ ,B™) + Vp,(p™) + Vig(n™)] — st L(u"). (21)
Vun(w,n) = nu

Vum(w,u,n) = —nu - Vu
Vul'[(u) =-V- H(ll)

Vs (1) = —cu (22)
Ves(B,B) = (V xB) x B

Vp(p) = -Vp

Vig(n) = ng

Here, £ is the linear ideal MHD operator:
L)=[VxVxuxB)]xB+(VxB)x[Vx((uxB)]+V(u-Vp+IpV-u)-V-(nu)g. (23)

Derivation of Eq. (21) as described above obtains o = 6(0 — 1). For the moment, however, we leave the value of o unspecified.
Also, we have allowed pressure, density, and magnetic field quantities to be specified at a different time index (m) than the
velocity (n). Appropriate choices for m,n, and « are discussed in Section 3.2.1.
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Once the advanced-time velocity has been calculated, an implicit equation for the advanced-time density independent of
the advanced-time pressure and magnetic field can be solved. In this and subsequent equations, we introduce a new center-
ing parameter, ¢, that will be used only for the occurrences of u in these equations. Taking the -advanced n and and the ¢-

advanced u in the density equation, dropping terms of order 6t2, and discretizing, yields:
Np(n™1) — 05t [Npu (0™, 0") + Npp, ("™ )] — ¢ 5t N (0™, 0™ 1)
=N,(n™)+ (1 =0 — ¢)otNpu(n™,u") + (1 — 0)6t Nyp, (N™) + 6ENg
Nn,(n)=n
Nnu(n7u) =-V- (nu)
Ne=0
Nup, (n) =V - (D, Vn)

Similarly, the pressure advance is found by taking the 0-advanced p and ¢-advanced u, and discretizing:
Po(p™1) — 06t[Ppu(p™ 1, u") + Ppic(p™ )] — ¢ St[Ppu(p™, 0™ ") + Puyg (0™, U") + Py (0", 0™ )]

=Pp(p") + (1 =0 — )0t Ppu(p™, u") + (1 — 26)t Puus (u", ") + (1 — 0)0t Py (p™)
+ 0t [Pp,s(Py', B") + Pggy (B",B") + Par1, (B") + Puri (u")]
Py(p)=p
Ppu(p,u) = —u-Vp—TIpV.-u
PralpeB) = A Vp. + 19,71 ¥ < B
Pa,(B,B) = n(V x B) - (V x B)
Pan,(B) = (I' — 1)diIL, : v(%v x B)
Ppe(p,m) = (I =)V - [(kc, + 15,b x -Hqﬂ)b-)V(%)]
Paus(8,0) = 2 (I~ 1)ou - u

2
Pun(u) = —(I' = IT: Vu

(26)

(27)

Note that for this advance, B, p,, and n appear but are not evaluated at the 0-advanced time. This allows the pressure to be ad-
vanced independently after the velocity advance, at the expense of some terms (electron convection, P, g, and ohmic heating,
Pgg,;), not being treated implicitly. The viscous- and electron-viscous heating terms (Pyur; and Pgyy, ) are treated explicitly because
they contain spatial derivatives of higher than fourth order in the flux/potential representation (these terms are extremely
small when physically relevant parameters are used, so this explicit treatment does not adversely affect numerical stability).

The electron pressure and magnetic field advance equations are finally calculated together using the 0-advanced B and p,
and the ¢-advanced u. In contrast to the total pressure equations, the electron pressure equation is not solved independently

in order to ensure that the kinetic Alfvén wave (arising from the Vp, term in Eq. (7)) is treated implicitly.
Py(pE") — 00t Pou (P, 0") + Py(p1) + Pasy (B™* B™) + Py (B™ B"™") + Pyp (7", B") + Py, p(p, B™")

— ¢ StPpu (PT, UM = Pp(DI) + (1 — 0 — $)3t Ppy(p',u") + (1 — 20)5t [Pggy (B™, B™) + Py 5(p",B™)]
+ (1 = 0)3t Py (py') + 0t Per, (B™)

Bg(B™") — Oét[Bsu<B"’“,u") + Bg,(B™"") + Bgg(B™"",B™) + Bgg(B",B™"") + B, (p7") + Bar, (B*”“)]
— ¢ ot Bpy(B™, u"!) = Bg(B™) + (1 — 0 — ¢)0t Bgy(B™, u")
+ (1 = 20)5t Bgg(B™,B™) + (1 — 0)¢[Bs, (B") + By, (pI") + By, (B")]

Bg(B) =B

Bgy(B,u) =V x (u x B)

Bg,(B) = =V x (nV x B)
(

Bgs(B,B) = —d;V x E(v » B) x B}
B (p) = &V x (VP )

B, (B) = d;V x EV : HE(B)}

(28)

(29)

(30)
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3.2.1. Comparison of time step methods

We now return to the issue of appropriate choices for m, n, ¢, and «. One choice which leads to a meaningful algorithm is
m=n,¢ =0,and o = 0(0 — 1), to which we will refer as the split 0-implicit timestep. The further choice 0 = 1 could be called
the split Crank-Nicholson timestep, and is accurate to second order in 6t (see Appendix B).

Caramana has shown that the choice o = ¢? leads to a stable method with less numerical dissipation than with
o= 0(0 — 1) [30,23]. Furthermore, this timestep is accurate to second order in dt for any stable value of 0 when ¢ = 1 and
m = n+1 (i.e. leapfrog). We will refer to this method as the “Caramana method.” A significant advantage of this method
for our purposes is that stationary solutions of the Caramana discretization are much more accurate than those of the split
0-implicit discretization when 6t is large. Heuristically, this can be seen by observing that the £ terms cancel in the stationary
solution of Eq. (21) only when a = %, if £(u)=0 (which is true except in the static, ideal limit). A detailed analysis of the
stability, truncation error, and stationary solution accuracy of the Caramana method is presented in Appendix B.

Finally, an “unsplit” method may be constructed simply by taking Eqs. (24), (26),(28), and (29) together with a momentum
equation derived in the same way as the field equations (i.e. without the parabolization) into a single matrix equation. For the
unsplit advance, the choice m = n and ¢ = 0 yields the unsplit -implicit method, or the Crank-Nicholson method when
¢ = 6 = 1. The unsplit method is significantly less efficient than the split methods, and is implemented primarily for diagnostic
purposes. It requires the solution of a single ill-conditioned rank 8N matrix equation, as opposed to the split methods, which
require the solution of two rank 3N and two rank N matrix equations, each of which are relatively well-conditioned [29].

Fig. 2 shows a comparison of the steady-state kinetic energy between the Caramana method, the split #-implicit method,
and the unsplit method. The unsplit method is found to be the most accurate, but the Caramana method gives relatively
accurate results at significantly lower computational cost (for a given value of dt).

3.2.2. Iteration of magnetic field advance

It is empirically found that, for low values of resistivity, when ohmic heating, strongly anisotropic thermal conductivity,
and flow are included, the split method described above may become unstable at unacceptably small values of ét. This lim-
itation has been overcome by implementing a predictor-corrector scheme in which after the time step is completed, the
transport coefficients (7 in particular) are calculated, and then the magnetic field/pressure advance is re-calculated using
the new values of the transport coefficients. This iteration has no effect on the steady-state solution. A single iteration of this
type increases the computational cost of a time step by roughly 50%, but may improve the maximum stable time step by
several orders of magnitude. Fig. 3 shows that the iteration method raises the maximum value of dt/7s from O(107?) to
O(1), for a typical case (17, = 107%). (see Fig. 4)

3.2.3. Scalar representation

Egs. (21), (24), (26), (28), and (29) constitute the discretized equations to be solved each time advance. To solve these
equations, a coordinate system and scalar representation for B and u must be chosen. We use cylindrical coordinates
(R, @,Z) (where ¢ is the ignorable coordinate in the two-dimensional simulations presented here) and the flux/potential rep-
resentation of the magnetic and velocity fields,

B=VyxVe+IVe (31)

u=VUxVeo+VVp+Vy. (32)

(The scalar equations are also implemented in Cartesian coordinates (x,y,z), with ¢ — y in Eqgs. (31) and (32); however,
only applications using cylindrical coordinates are discussed here.) This representation has several advantages. First, the
magnetic field is completely determined by the values of only two fields, y and I, and the condition V - B = 0 is always ex-
actly satisfied. Second, the solenoidal, toroidal, and compressible parts of the velocity are naturally separated. Third, there

Comparison of ¢ Convergence
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Fig. 2. The stationary steady-state kinetic energy is plotted as a function of timestep st for simulations run with different time-stepping methods: the
Caramana method, the split 0-implicit method, and the unsplit 6-implicit method.
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Fig. 3. The time evolution of the kinetic energy for various values of ét. In this case, the method without iterating the field-solve is stable for 6t = 0.0174o,
but not for 5t = 0.174. When the field-solve iteration is used, ot = T4 is stable.

exist two subsets of the full system of equations which are easily recovered using this representation: one is the “two-field”
equations of reduced MHD which are recovered by evolving only i and U; the other is the “four-field” equations of Fitzpa-
trick [31] which are recovered by evolving only , U, I, and V. It can be shown that each of these subsets is self-consistent and
conserves energy (excluding dissipative terms).

The main disadvantage of the flux/potential formulation is that it requires more spatial derivatives than would simply
breaking B and u into their spatial coordinate components. Use of C' elements eliminates this concern, as almost no physical
term has more than four spatial derivatives using the flux/potential representation, and therefore no auxiliary variables need
be defined.!

Each equation must be broken into scalar components, and cast in the weak form necessary for computation using finite
elements. This is done by acting on the vector equations with various projection operators (see Appendix C). The end result of
this process is a set of equations which can be written in the following block-matrix form:

m
Sw Sw Suy u\"' Dyy Dyv Duyy Uu\" Quy Qu Quy Qua l/; Oy
Sw Sw Svy % = | Dw Dw Dy, V] +]Qw Qu Qp Qun + | Oy (33)
Sw S Sy X Dy Dy Dy b Qv Qi QU Qa fl 0y
U n+1 U n
Sunt™! = Dyut™ + (Rouy Rov Ruy) | V +(Quw Quw an)(v +0, (34)
X X
U\ U\ "
Sppp™ " = Dppp™ + (Rou Rpv Rpy) | V +(Qu Qv an)(‘/ +Op (35)
X X
S Su S\ [\ Dy Dy Dy \ (¥\" [Rw Rw Ry\ (U\"
Sy S Sp, 1 =| Dy Du Dy, I + (RIU Ry Ry %
Sper Spl - Spepe De Dp,y Dpit Dp,p, D, Rpu Rpv Rpy X
Qu Quw Qy U\" 0,
+| Qu Qu QIX Vi +| 0 | (36)
Qu Qv Qpy X Op,

The elements of these matrices are each linear operators defined in Appendix C. The two-field or four-field reduced MHD
equations may be obtained simply by taking the upper-left 1 x 1 or 2 x 2 sub-matrices of the S, D, R, and Q matrices above.

In the present work for simplicity we focus on the case where only the total pressure is evolved, and the ion and electron
pressures are held as fixed fractions of the total pressure. This is done by excluding Eq. (35) from the time-step, and replacing
the electron pressure equation with the total pressure equation in Eq. (36).

4. Axisymmetric steady-states

We have used M3D-C' to calculate the axisymmetric steady-states of Egs. (1)-(5) in a toroidal, NSTX-like configuration
using the following method. The initial conditions for the pressure and magnetic field are determined by calculating a static

! The viscous and electron-viscous heating terms do contain terms having more than four derivatives; however, these terms are generally small and may be
treated explicitly without affecting numerical stability.
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Fig. 4. The normalized resistivity in the initial conditions (left) and in the final steady-state (right) is shown. In both cases, # ranges from roughly 0.1 at the
edge to .004 at the magnetic axis.

ideal-MHD equilibrium subject to fields due to currents in external magnetic coils (outside the simulation domain) appro-
priate to NSTX. The precise method for obtaining this solution is described in detail in reference [24]. This initial condition
satisfies the GS equation, R®V - (Vy//R?) = —R*p(y) — I(y)I'(), and is not, in general, a stationary solution of the two-fluid
equations. The initial density is taken to be a fractional power of the total pressure, n = p*, typically with x = 0.3.

The system is then time-advanced according to the dynamical two-fluid equations. In order to counteract the resistive
dissipation of current, a loop voltage V; is applied by ramping up the value of the poloidal flux i on the boundary at a rate
W = V. /2m. The loop voltage is regulated by a PID controller to keep the toroidal current at a fixed value. This loop voltage
also serves to counteract the diffusion of thermal energy out of the domain by causing ohmic (Joule) heating; no other energy
source is included. The thermal conductivity is chosen so that the temperature attains a realistic value in steady-state. Par-
ticle loss due to diffusive flux out of the domain is counteracted by a localized particle source ¢ near the magnetic axis, on
the high-field side (HFS) unless otherwise noted.

The simulation results presented here were done using a diverted magnetic configuration typical of NSTX. Resistivity was
taken to be defined by Eq. (9), with results here obtained with #, in the range 10% — 10°°. The other transport parameters,
Ko, K|,Dn, it, and p, were taken to be constant and uniform. Unless otherwise specified, x, =2001y,k, =0, K /K, =
10D, =10*, u=10"* and u, = 107>, (k is scaled with resistivity in order to achieve temperature profiles roughly inde-
pendent of #,). For two-fluid simulations, the ion skin depth was a realistic value of d; = 5.1 x 1072. One-fluid simulations
were done by letting d; = 0. Since the gyroviscous force scales with d;, it is not included in one-fluid simulations.

The system of equations considered here are a driven, nonlinear system, and may not have a unique stationary steady-
state, or any stationary state at all. However, for the cases presented below, which are carried out with relatively large values
of dissipation, the system is typically found to relax to a steady-state within 5-10 resistive periods (7). These states are
steady on all time-scales present in the model, including hydrodynamic, diffusive, and resistive scales. It is found that sim-
ulations obtain the same steady-state whether the initial conditions are an ideal MHD equilibrium (as described above), or a
resistive one-fluid equilibrium with flow (which itself may be obtained by M3D-C' using a reduced model). This does not
prove that the steady-states found here are unique in a global sense, but it is evidence that the steady-states are not invariant
to continuous transformations of any quantity, as is the case in dissipationless models (i.e. there are no “free functions”
whose values are continuous functions of the initial conditions).

Some simulations using smaller values of resistivity (17, < 107°) and viscosity (¢ < 10~*) are found not to approach a sta-
tionary steady-state, but remain oscillatory on time-scales long compared to any individual dissipative time-scales in the
system. Even in these oscillatory cases, the magnitude of the persistent fluctuations is small relative to the main features
of the mean steady-state profiles. The following discussion focuses mainly on cases in which a stationary state is indeed
reached. The theory of the transition from stationary to non-stationary steady-states is not considered here.

In these simulations, between 3200 and 4382 reduced quintic elements were typically used. Some cases were tested for
spatial convergence using up to 12800 elements. In one such case, in which the steady-state is essentially stationary
(11, = 107%), it is found that quadrupling the number of elements from 3200 to 12,800 (i.e. halving the linear scale of the ele-
ments) results in a 9% change in the total kinetic energy. Most of this change is due to flows at plasma-vacuum boundary,
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especially on the high-field side where the plasma-vacuum boundary comes very close to the simulation domain boundary,
which are evidently not fully resolved in the lower-resolution case. However, this difference is only quantitative in nature;
the qualitative flow patterns are unaffected.

4.1. Thermodynamic profiles

Egs. (1), (2), (4), and (5) may be combined to yield the equation of energy conservation

% Bz+%nu2 +%} +V- {% <pu—%pej> +%nu2u+E xB+H-u—%He~J+q =ng-u (37)
In a stationary steady-state and in the absence of external sources (i.e. gravity), the fluxes (terms within the divergence)
must balance. In Eq. (37), these terms respectively represent the pressure (thermal energy) convection, kinetic energy con-
vection, Poynting flux, ion and electron-viscous fluxes, and heat flux. Fig. 6 shows the result of operating on Eqgs. (37) and (1),
term by term, withA™' [, dV, where V is the volume enclosed by each magnetic surface, and A is the area of that surface, for a
two-fluid steady-state with 1, = 10> For the parameters investigated here, the energy balance within the last closed flux
surface (LCFS)—the magnetic surface farthest from the magnetic axis that does not intersect the domain boundary—is always
dominated by the balance between ohmic heating and perpendicular thermal diffusive losses.

%ﬁ ~ V- (1,VT). (38)
Therefore, by keeping . /1, the same for each simulation, the temperature profile is essentially the same in each, as can be
seen in Fig. 5. However, the pressure and density profiles differ somewhat among simulations with varying #,. Due to the
increased Pfirsch-Schliiter convective losses at higher resistivity (see Section 4.2), the core density (and hence pressure) is
higher in the low-resistivity cases. The safety factor at the magnetic axis is slightly lower in the low-resistivity cases, with
do ~ 0.9 in the 5, = 10~ case and q, ~ 0.8 at 55, = 10~°. (The safety factor is a property of magnetic surfaces, and is defined
as the number of toroidal transits made by a magnetic field line as it completes a single poloidal transit on the surface.) Two-
fluid terms and gyroviscosity are entirely negligible in the particle, radial momentum, and energy balances, and do not di-
rectly contribute to cross-field fluxes; therefore the thermodynamic and magnetic profiles are not sensitive to the inclusion
of these effects.

The radial electric field, shown in Fig. 7, is found to be negative (inward) throughout the plasma. This is due primarily to
the relatively large ion pressure gradient. In experiments with auxiliary methods of heating (other than ohmic heating) oper-
ating in H-mode, it is found that the radial electric field exhibits a dramatic drop at the edge concurrent with the formation of
sharp temperature and density gradients. The thermodynamic profiles in the simulation results presented here lack such
sharp gradients, and more closely resemble L-mode profiles characteristic of ohmic discharges.

4.2. Radial flows

It is well known that resistive diffusion in a toroidal magnetic configuration leads to parallel currents and cross-field con-
vective transport [32]. The radial flows responsible for this transport may be derived from the resistive Ohm’s law, assuming
ideal force balance and V -J =0, to be

v, () , B
U~VW:—E 1-— <Bz) —17pR2 ]_ﬁ . (39)
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Fig. 5. The surface-averaged steady-state temperature (left) and pressure (right) profiles as a function of normalized flux ¥. The magnetic axis is ¥ = 0, and
the LCFSis ¥ = 1.
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Fig. 7. The surface-averaged radial electric field in the steady-state with 1, = 107 (left) and Ny = 107> (right), as calculated from Eq. (7). The quantity
dit - (J x B— Vp,)/n is equivalent to d;f - Vp;/n up to small inertial and viscous effects. Here t = —Vy/|y| is the outward minor-radial direction.

Here, (a) = §(adl/|B,|)/ §(dl/|B,|) is the magnetic surface average, where |B,| = |B— B,RV¢| is the poloidal field strength,
B, =RB- V¢ is the toroidal field strength, and dl is a differential arc-length tangent to the poloidal field. In Fig. 8, the left
and right sides of Eq. (39), as calculated from several computed stead-states, are compared. For the cases which reach a sta-
tionary steady-state, Eq. (39) is found to be well satisfied, with some discrepancy near the LCFS where stronger poloidal vari-
ations in pressure begin to occur. The #, = 10~° case remains oscillatory in the core in the two-fluid model, and there is some
deviation from Eq. (39) in that case.

4.3. Toroidal flows

It was previously found in simulations using a resistive one-fluid model [3] that the toroidal flows in the resistive scrape-
off layer (SOL)—the region immediately outside the LCFS—are dominantly up-down antisymmetric. Furthermore, these flows
were found to be quite strong—of order 100 km/s—when the Lundquist number of the SOL is of order 10. We find results
similar in both character and magnitude in cases where the SOL Lundquist number is comparable; however, the situation
changes at lower resistivities.

The steady-state toroidal flow patterns in a series of our simulations are shown in Fig. 9. The dominant feature of the
high-resistivity cases is the nearly up-down antisymmetric edge flow. As resistivity is uniformly decreased, the strength
of this edge flow decreases, and is dominated by an up-down symmetric toroidal flow in the core when 3, = 107°. (Though
there exist small oscillations in this particular steady-state, this toroidal rotation feature is persistent and essentially station-
ary.) This toroidal flow is due to a combination of gyroviscosity and the particle source. Specifically, the region of increased
density at the position of the particle source leads to divergent flows away from the source, primarily aligned with the mag-
netic field. There is a vertical gradient in the toroidal component of this field-aligned flow, which leads to a toroidal gyro-
viscous force. This process is described in more detail in Ref. [33]. By relocating the particle source from the HFS to the
LFS, the direction of this toroidal rotation is reversed. This effect becomes more evident at lower resistivity, when the resis-
tively driven flows are smaller.
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Fig. 8. The surface-averaged value of u, = —u - Vi//|Vy/| is plotted versus normalized flux (¥ = 0 at the magnetic axis, ¥ = 1 at the LCFS), for various values
of 1,. Left: one-fluid simulations; right: two-fluid simulations (including gyroviscosity). Symbols indicate actual velocity values from the simulations, and
lines represent the expected values according to Eq. (39). The minimum in each line represents the point at which the sign of (u,) changes from inward
(toward the magnetic axis) to outward (toward the LCFS).

Another significant and unexpected effect of gyroviscosity is a highly regular oscillation which is found to occur in high-
resistivity cases (#, = 107*). This oscillation is damped by isotropic viscosity, and may persist for long periods when the
isotropic viscosity is relatively small (see Fig. 10). The amplitude appears to be independent of the initial conditions, which
suggests that the oscillation is nonlinear in nature. The frequency and amplitude of this oscillation are independent of the
numerical parameters Jt and éx; furthermore, the “eigenfunction” of the oscillation (approximated by taking the difference
of the scalar fields at the peak and trough of the oscillation) does not exhibit any sharp features, nor is it localized near the
boundaries of the simulation domain. Though we are confident that these oscillations arise from the dynamical equations of
our model and are not numerical in nature, neither it is clear that they are physical, as they may be affected by corrections to
the gyroviscosity not present in the Braginskii form [34].

Neither the core toroidal rotation nor the steady oscillation phenomenon are present in the absence of gyroviscosity, in
which case the toroidal flow in the core is found to be very weak and essentially up-down antisymmetric throughout (i.e. no
net toroidal flow in the core). A detailed analysis of toroidal flows in the presence of gyroviscosity and local particle sources
will be presented in a future publication.

For the simulation parameters in this study, isotropic viscosity plays an important role in the magnitude of the toroidal
flows and the character of the steady-state. An analysis of simulation results shows that the dominant terms in the local
toroidal angular momentum balance changes as viscosity is decreased. For the 7, = 10~ cases without gyroviscosity or par-
allel viscosity, the balance is between the J x B torque and the viscosity when u = 10~*; when u < 107*, the balance is dom-
inantly between the J x B torque and convection. In the higher-viscosity cases, the stationary steady-states are obtained,
whereas in lower-viscosity cases the kinetic energy exhibits small, persistent fluctuations in the steady-state.

4.4. Poloidal rotation

Vector plots of the poloidal velocity for various resistivities are shown in Fig. 11. In the high resistivity (17, = 10*) case,
these flows are dominated by the Pfirsch-Schliiter flows across the magnetic surfaces from the HFS to the LFS, with strong
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Fig. 9. Plots of the toroidal velocity for (from left to right) 5, = 107*,10°, and 10°°.
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Fig. 10. Left: The total kinetic energy versus time for the two-fluid model, including gyroviscosity, for various values of isotropic viscosity p. Right: the total
kinetic energy for various models—one-fluid (without gyroviscosity), two-fluid without gyroviscosity, and two-fluid with gyroviscosity—at & =2 x 107>,
These results are all from simulations having 17, = 107,

vertical return flows along the center stack toward the horizontal mid-plane. These observations are in agreement with both
the observations that fuel injection is significantly more efficient from the HFS than from the LFS, and that the injection from
the HFS corners is as efficient as injection from the HFS mid-plane [35]. As resistivity is decreased, this convection pattern is
no longer permitted since the cross-surface flows are proportional to the resistivity; the poloidal flows are instead domi-
nated by a poloidal rotation in the electron diamagnetic drift direction.

When gyroviscosity is included, a new rotation near the magnetic axis becomes apparent. This is due to the toroidal gyro-
viscous torque described in the previous section driving a parallel flow. The simulations shown in Fig. 11 are such that the
toroidal gyroviscous force is in the negative ¢ direction. Since B, < 0 and J,, > 0 in this case, the poloidal component of this
flow is in the ion diamagnetic direction. In the case where the particle source is moved to the LFS, for example, this poloidal
rotation would be in the electron diamagnetic direction, thereby enhancing the ambient poloidal flow. These results are ob-
tained in the absence of parallel viscosity, which has the effect of strongly damping poloidal rotation (though not the toroidal
flows), as described below.

4.4.1. Parallel viscosity

The collisional parallel viscous stress represents the deviation of the pressure from pure isotropy, under the assumption
that this deviation is small compared to p. In a low-collisionality plasma (v; < ), the parallel viscosity is formally the larg-
est component of the viscous stress tensor I1. Parallel viscosity contains the physical effect of magnetic pumping, the main
effect of which in tokamak geometries is to damp out poloidal rotation of the plasma [36].

It can be shown that this poloidal damping in an axisymmetric toroidal system is a consequence of the minimization of
the entropy production of the parallel viscosity, which is proportional to (b - W - b)?, together with constraints on velocity
profile imposed by Ohm’s law [33].

L] RS IVIDIDERE I 1 ' ]
el el e
-\//K// /I ] R ]

1.0 /,///I \\\\\\\\\ Vi DN

e RIS N S 747N N NV [ )/ A\ PO,
Vi N\
SNSRI  NARE
1Y | NNNSNRSERN WAL RS A :
fanmmmemee “"Hl A
5 e e RN 3 3 Vi
S 0.0k s e e =3 = t"' ]
N ; P T SN N N e
I e
—O.5-§\‘”’" -I:"’-ulnl- ]
PN Py ’
~ BN [N
f\\“u,.,;//,,”l_
Nawa L M, Y A KO TR PP I 0T NSO ]
O e I
R N\ P
e = o e . ]
_1'5-l I I I )

0.5 1.0 1.5 1.5

R (Lg) R (Lg)
max(u,y) = 0.0973 v, max(u,,) = 0.0174 v,

Fig. 11. Plots of the poloidal velocity for (from left to right) n, = 107%,107°, and 107°. In these cases, the parallel viscosity has been neglected. The core
rotation is due to the toroidal gyroviscous force arising from a localized particle source driving parallel flows (see text).
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Fig. 12. Left: The time series of (b-W -b)? for a test of the linear damping of flows in NSTX geometry by parallel viscosity (see text), for various mesh
resolutions. One case without parallel viscosity is shown; the others have y = 10°. Right: the corresponding time series of the kinetic energy.

There does not appear to be a standard method or test case for verifying the implementation of parallel viscosity, which is
somewhat more complicated than parallel thermal conductivity. One effect that should be apparent in the presence of strong
parallel viscosity is that the quantity (b - W - b)* should be minimized. To test this in controlled circumstances, we have run
linear simulations, initialized in the same NSTX-like GS equilibrium as our other simulations, but given a very small initial
poloidal rotation (~ 107'%w,). The system is then evolved keeping density, pressure, and the magnetic field constant (i.e.
only the momentum equation is evolved). The results of this test are shown in Fig. 12. It is found that (b- W - b)? rapidly
drops several orders of magnitude when parallel viscosity is included. The kinetic energy (which is due at all times almost
entirely to poloidal flows) is found not to damp significantly; this is because the toroidal angular velocity is not constrained
to remain constant within magnetic surfaces in the absence of Ohm'’s law in this test case. This demonstrates that our imple-
mentation of the parallel viscosity damps (b - W - b)?, as it should, but not simply by damping the kinetic energy.

The effect of parallel viscosity in a nonlinear NSTX-geometry simulation using the full two-fluid model is shown in Fig. 13,
in which the steady-state poloidal flow from cases with and without parallel viscosity is plotted. It can be seen that the inclu-
sion of strong parallel viscosity has the effect of essentially eliminating the poloidal rotation, resulting in a more closely up-
down symmetric flow. The dominant features of the toroidal velocity, including the toroidal flow driven by gyroviscosity in
the presence of a particle source, are found to remain essentially unchanged by parallel viscosity.

5. Discussion and conclusions

We have developed and demonstrated a method for obtaining time-dependent solutions of a physically comprehen-
sive, nonlinear, two-fluid plasma model, subject to initial and boundary conditions, in axisymmetric toroidal geometry.
Using M3D-C', steady-states of this model have been obtained for NSTX-geometry plasmas by time-integration of the
dynamical, driven system. Some of these states are found to be essentially stationary on all time-scales, and others
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Fig. 13. The poloidal projection of the velocity with =0 (left) and =10 (right), in the case where 17, = 1075,
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are found to be oscillatory, with more-dissipative cases tending to yield more stationary steady-states. These solutions
go beyond previous calculations in several ways. First, dissipative effects such as viscosity and resistivity are included,
which are not present in most other numerical methods for obtaining such steady-states. These results also go beyond
those obtained using other methods which do include dissipative effects, because here the numerical methods allow
time-integration to be carried sufficiently far to ensure a steady-state on all physical time-scales present in the problem.
Second, these simulations include realistic current drive, heating, and particle injection mechanisms, and may therefore
reach a realistic steady-state in the presence of dissipation. Third, the model used here includes both parallel viscosity
and gyroviscosity, which have significant influence on the steady-state flows, and which have not been included in any
other study of this type. Finally, two-fluid effects are also included here, which appear not to have been present in any
comparable published work.

In these solutions, a number of interesting results have been found, some of which have not previously been observed
or predicted. The radial flows have been found to be in excellent agreement with the Pfirsch-Schliiter theory, as they
should be. The steady-state poloidal and toroidal components of the flow, which are free functions in the non-dissipative
case, are more difficult to obtain analytically, especially in general geometry, and therefore simulations such as the ones
described in this work are particularly useful in this regard. The radial electric field, which determines the toroidal rota-
tion, is naturally similarly difficult to calculate analytically, but may be easily extracted from simulation results. It is
found that strong, up-down asymmetric toroidal edge flows may exist in highly resistive SOLs, in accordance with pre-
vious simulation results [3]. Parallel viscosity has been demonstrated to damp poloidal flows significantly, as previously
anticipated [36]. The radial electric field has been found to be due mainly to the ion pressure gradient, with the poloidal
electric and ion diamagnetic drifts therefore nearly equal and opposite, even in the absence of parallel viscosity. In the
cases presented here, the surface-averaged toroidal angular momentum balance is between isotropic viscosity, gyrovis-
cosity, and inertia (these are essentially the only torques which can contribute to the flux-averaged torque) with the
dominant balance determined by the choice of parameters. The dynamical system has been found not to attain a sta-
tionary state when the torque due to isotropic viscosity is significantly smaller than either of the other two (non-dissi-
pative) terms.

In particular, gyroviscosity is found to play an important role in the steady-state flows, driving toroidal flows in the pres-
ence of a localized particle source. A theoretical basis for this core rotation, based on the gyroviscous cancellation effect, has
been presented elsewhere [33], and will be the subject of a future publication. Because the Braginskii form of gyroviscosity is
valid in all collisionality regimes, this result is expected to persist under actual experimental parameters. This suggests the
possibility of driving toroidal flows in fusion plasmas by pellet injection.
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Appendix A. Normalizations
The system of units used for all quantities in this paper (unless otherwise noted) is derived from a characteristic length,

density, and magnetic field. The units for various dimensional quantities are listed in the following table, along with the con-
version to SI units when the characteristic quantities are given values appropriate to NSTX.

Physical quantity Normalization NSTX values
Length X Lo 1m

Density n ngy 2% 10" m-3
Magnetic field B Bo 03T

Velocity u a0 = Bo//Amming 1.5 x 10° m/s
Time t Tao = Lo/ Va0 0.68 s
Pressure p,I1 3(2)/4n 0.7 atm
Temperature T B2/4mng 22 keV
Energy E Bé Lg /AT 72 K]

Electric field E vaoBo/c 450 kV/m
Current density ] By c/47Ly 240 kA/m?
Current I By cLy /4T 240 kA
Resistivity n ATTTp0(2p0/C)> 1.9 Om
Diffusivity Dy L2 /70 1.5 x 106 m?/s
Viscosity u B§TA0/47T
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Appendix A (continued)

Physical quantity Normalization NSTX values

Thermal conductivity K 1o L% /a0

The expressions for the collisional (Braginskii) forms of various transport coefficients are given (in normalized units) in
the following table. These expressions are for reference only, and yield neither the values used in simulations here, nor the
values observed experimentally.

Transport coefficient Normalized expression
" d; (me/my) /e

[ Hdi i/

M‘T) 0.96p;T;

K 2dpi/Ti

x) —3dip;

k(o 3.2p. T/ (me/my)
where

_ me (Te 372
TE_T'“ZTTI,-(T,) . (40)

Appendix B. Analysis of temporal discretizations
B.1. Stability

Consider the hyperbolic system of equations

ou of
= 41
ar ~ “ox (1)
of ou
—=C. 42
o~ “ox (42)
Discretization of this system according to the method outlined in Section 3.2 yields
2 c42 n+1 S+2 n N 8fm
(1 -0t L)yu™ = (1 —adt*L)u +cbt& (43)
aunﬂ aun
m+1 __ fm i _ —
fmh=f +c¢6t8x +c(1 ¢>)5t8x (44)
where £ = ¢?8?2. Letting f™! = rf™ and u™' = ru", the amplification factor r must satisfy
(1+0D)(r -1 +D(0* +¢—o)(r—1)+D=0 (45)

where D = 5t2c2k?, assuming 8y = ik. Eq. (45) has solutions

143D — ¢ +0) +1y/D + [ — 16 + ¢ — 2D’

r— 46
146D (46)

for which
|,~|2 — M (47)

1+6°D

when the quantity within the square-root of Eq. (46) is nonnegative. For the Caramana method, for which ¢ = 1 and « = 6%,

this means that |r|> = 1 for any D, as long as 0 > 1. Thus this method is linearly stable and non-dissipative in this case when
0=1/2.

For the split ¢-implicit method, for which ¢=0 and o=0(0-1), the amplification factor is

[r> =1+ [(1 —20)D/(1 + 0*D)], which is less than or equal to 1 (and hence stable) when 0 > 1. (The quantity within the

square-root of Eq. (46) is exactly D for this method, which is assumed to be positive.) Note that since |r|> < 1 when 0 >1
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the split 0-implicit method introduces numerical dissipation in this case; this is not true for the Caramana method, for any
value of 0.

B.2. Temporal truncation error

The temporal truncation error of these discretizations may be determined by standard methods. First we consider the
Caramana discretization, for whichm=n+1,¢=1,and a = 6%. Taylor expanding Eq. (43) about timestep n yields

(1—0°5t2L) (u + ot deu + %5t2afu +%5t38fu + 0(5t4)>
=(1—0*5t>L)u+ otcoy |f + (g) of +% @)zaff +% (%)363 + 0(&4)] , (48)
Dividing by Jt and using Eqgs. (41) and (42) to eliminate f (except for the O(5t°) occurrence) yields
AU = cof + <02 — 21—4> St20u + O(S3). (49)
Similarly, Eq. (44) becomes
Of = cowu— 21—45t28§f +0(83). (50)

(This can be seen immediately by noting that Eq. (44) has the same form as Eq. (43) with 6 = 0.) Therefore the Caramana time
discretization is second-order accurate for any stable value of 6.
An identical analysis of the split 0-implicit method yields

O = COf + <0 - %) Stotu + (92 - %) St20}u + O(3t3)

Of = cou+ <0 - %) St +% (0 - %>5tza§f + O(5t3).
Thus the split ¢-implicit method is second-order accurate only for 0 = 1.
B.3. Accuracy of stationary solutions

While the short-timescale dynamics of the magnetohydrodynamic system considered in the main text are dominantly
hyperbolic in character, the parabolic terms will necessarily play an important role in the stationary solutions of the system,
and must be included in any assessment of the accuracy of the stationary solutions to the discretized equations. Therefore,
we consider a more general set of equations which include dissipation:

ou of du

R Gl

of  ou f

o= ax o .
The general stationary solution to these continuous equations is

us(x) = up + [Acosh(kx) + Bsinh(kx)] (33)

fix)=fo— % [Bcosh(kx) + Asinh(kx)] (54)

where k = ¢/./7li and A, B, uo, and fy are arbitrary constants of integration. The Caramana discretization of Eqs. (51) and (52)
is
u" of"

(1= 0*0t*L — O pot)u™ ! = (1 — 0*52L — 0 pot)u™ + potos + ot (55)

2 s aunﬂ

— n+%= — 5t)Fre St—— —
(1= 0manf™d = (1 - ononf™ +nots 5 +eotl (56)
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It is found that letting u™! = u" = u,(x) and f**3 = f13 = f,(x) satisfies Eqs. (55) and (56) exactly, and therefore the Caramana
discrete-time equations admit the same stationary solutions and the continuous-time equations, regardless of the choice of
0.
In contrast, the split 9-implicit discretization is
. azun 9 TH~2
8 /

— 0P L — OusHHU™ = (1 — 0(0 — 1)0>L — O USHHU" + Udt=— + CSt—

e % (57)

8 un+1

(1 —onst)f™t =(1 Hnét)f"Jrr]btﬁ +eots (58)
While Eq. (58) is satisfied exactly by f**! = f" = f,(x) and u™! = u" = u,(x), Eq. (57) is not. It is found that the general solution
to Eqs. (57) and (58) is obtained by replacing k with « = c¢/\/nu + 1nc26 5t everywhere in Eqs. (53) and (54). Note that || < |k|,
which is consistent with the observation that the term dropped in the Caramana method is responsible for an artificial
numerical diffusion [30]. Thus there is an O(6t) error in the stationary solution to the 6-implicit split discretization. This
O(dt) error in the stationary solution persists even in the case where 0 = 1/2, in which case the dynamical error of the split
0-implicit discretization is O(5t?). The results presented in Fig. 2 are in agreement with the analysis of this section.

Appendix C. Scalar form of equations implemented in M3D-C!

In this section, the scalar forms of the physical equations, Egs. (1)-(5) are presented. The scalar forms of the time-advance
equations derived in Section 3.2.
Before proceeding, the following definitions are made to simplify notation:

Aa=RV- <%>
(a,b) =Va-Vb
[a,b] =V -Vax Vb
{(a,b)) =VVa:VVb
[{a,b)) =V -VVaxVVb
la,b]] = V- VVax VVb- V.
For compactness, derivatives are written as subscripts in the following expressions (i.e. v; = 9;V).
Writing the magnetic field and velocity in the flux/potential form of Egs. (31) and (32), (1) and (4) may be written:
n=—[nU] - (ny) -nV’y+a6+V-(DVn), (59)
d; 1
.U}~ (p. )~ TPV~ L~ diTpe[lg| + (0= D|dR -+ dn VI~V -ql. (60

Acting on Eq. (2) with the operators —V¢ - Vx,R*V¢-, and V. yields:

nA*U + (n,U) — R*[n, jf] = {A*‘” l//} <£> -R {nA*U U} —R—z{w’ U),n} - <nvz)z—<nA*U, %) — nA"UA"y

R?’ R? R?’ 2| R R?

~R*[n, (U, ﬂ]*lRZW 2, = 0A'U — (0,U) +R[0, 7] R’V -V x (ng - V-II)  (61)

nV = [I,y] —n[V,U -n(V,y) — oV +R*Ve¢ - (ng—V-TI) (62)
NV (0,) + 1. 0) = 9P — AP + (W) — A ) + 5 AU + (AU U
(WU, OO (2
3 [ () + ol >}+R<R2>an U] = AU, 7] + (n. [U. 7)
3 V220 + (0, (1 200) ~ [0.U] - 6927~ (0,7) + ¥ - (ng ~ ¥ - T0) (63)

The scalar equation for the time-evolution of the magnetic flux and toroidal field may be found by operating on Egs. (7) and
(5) with R*V ¢-, respectively:

U=, Ul - (W, 1) + [l// - 'R2V<P (R-V-IL) (64)
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Ay
R’n

I=-R [i U] -R [lp,R—q —INy =Ly +R2di<[

171 1 d;
ek ,l//]+§[— Iz}Jr{E,pe})—RZV(p.VX{H(R—V-He)},

R*n’
(65)

The scalar form of V - IT is not expanded here, as it contains derivative of greater than second order and is therefore not use-
ful in this form. The scalar form of this term after integration by parts is written in the following section.

C.1. Weak form
Egs. (59)-(65) may now be Taylor expanded and discretized in the exactly the same manner as Egs. (1)-(5) were in Sec-
tion 3.2. These scalar equations may then be integrated to yield the weak equations appropriate for computation with finite
elements. The final result of this process is the set of matrix Eqgs. (33)-(36). The operators comprising the elements of the
matrices in those equations are defined below.
C.1.1. Vorticity equation
Suuux = UUH(UX, n) — 05t[UUUn(UX, U, n) + UUUn(U-, UX, n) + UUXH(UX,X, n) + UUH(UX) + UUO—(UX”
- 926{2 [UUW\//(UX7 lp7 l//) + UU"(UX7 17 I) + UUng(UX; n)} (66)
SUVVX = _Hét[IUWH(VX7 v7 n) + UVVH(V7 VX7 n) + UVH(VX)} - 625t2 [UVW(VXa l//7 I)} (67)

Sugl® = Upn(*,m) — 06t Uy (1, 2 1) + Uy (3, 15 1) + Uugn (U, 1) + Uy () + Voo (1))
— 0738 [U gy (0, 0) + Uy (1 1) + Upng (%, 1) (68)

1
Duuux = UUn(UX,n) + (1 - 0)5{[UUH(UX) + UUG(UX)] + <§ - 9) 5t[UUUn(UX, U, n) + UUUn(U7 UX, n) + UUXH(UX, Xﬂ”l)}

1 i
+50t [UUUH(U", U°, 1) + Uy (U°, U¥, ) + Uy (U%, 20, n)] — 02562 [Uyyy (UF, ) + Uun (U, 1) + Uyg(UY)]

(69)
DwV* = (1 — 0)8t[Uyn (V)] + G - 9> St[Uwn (V¥ V, 1) + U (V, V¥ 1)) + %&[UW,,(V", VO n) + Upn(V2, V¥, )
— 020t Uy (V¥ 1, 1) (70)
Duy " = Upn 25+ (1 = 036U (2 + Uy 0] + (5= 0)3t[U(2. 26+ g2, 72°m) + Uny(U, 71
+ %&[Uun(xﬁ L)+ Ugn (20, 2) + Ugn(U°, )| = 0%08 [y (2 0.0) + Upn (2. 1.1) + Upng (11
(71)

1
Quy ™ =50t Uy (W 4+ %)+ Uy (0 +9°.9%)]
—%ezétz (Ui (U 0°) 5 Ut (U 00U g (10 40 U (00 ) +- U (V00 41|

(72)

Quil* = 3 at[Un(I .1+ )+ Uy(1 -+ 1.1
- %ozatz [Uunw“,l’: I+ 1%) + Ugg(U°, T+ 0 PV U (10 P T+ 1) + U (0, 1+ 10,1 + Uy (VO, 0 +9°, 1) | (73)
Qup*=0 (74)

Quatt* = 0t [Uuun(U%, U, 1)+ U (V, VO, 1) + Upgn (70, 2% 1%) + Uy (U°, 2°1) 4+ Ung ()]

+ot? [UUng(UO, 1) + U, g (1°, %) (75)
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C.1.2. Toroidal velocity equation

SwU* = —05t[VUVn(UX, V.n)+ VUH(UX)] — 0?5t2 [VU,“(UX, W, 1) (76)
SwV* = Vin(V¥, 1) = 0t [Viva (U, V¥, 1) + Vi (V1) + Vi (VY) + Vg (V)] = 60082 Vg (V5 )] (77)
St = —00tViyn(V. 71) + Vin (2] = PSRV s, . D) (78)
DU = (1 - 0)3tVun(UY)] + (% - e)at[vuv"(w V)] 4 4 otV (U, VO, )] — o Vo (U, 1) (79)

1 1
DV = Vi (V5 1) (1 = 0)3t[Vim (V¥) + Vo (V)] (5 - e> OtV (U, V', 1) + Vi (V' 1 1)] 4+ 5 0t Vo (U°, V', 1)

ViV )] = PtV (Vi) (80
Duy" = (1= 03tV (2] + (5= 0)OtVun(V. 25 m] 4 50tV (V25 m)] = POV s 5. 1) (81)

1.
Q¥ = 5ot Va1 + )]

1
+ ieétz |:lVV|//¢(V07 l// + l//()» l//X) + VV‘P‘P(Vov lva ‘// + '100) + UU'III(Uov l//X7 1 + IO) + UZM(XO, l//X’ 1 + IO):| (82)
1 1
Qul* = 3tV Y-+, 1]+ 5 0082 [Ua(U°, 4+ 90 1) + Uy (G0, + 00,19 (83)
Qup* =0 (84)
Qua? = 3tV (U°, V, 1) 4 Vi (V°, 22, 1) ®3)

C.1.3. Compressional velocity equation
SuU* = Xun(U¥,n) — 06t [Xuua (U*, U, 1) + Xuyun (U, U*, 1) + Xuyn (U, ), 1) + Xun (U) + Xue (UM)]
— 0?5t Xugy (U 90, 90) 4+ Xun (U™, 1L1) + Xup (U*, p) + Xung (U*, )] (86)

SwV* = —068tXpn(V¥, V. 1) + Xovn(V, V¥, 1) + Xy (V)] — 0*st? Xy (V¥ . 1)] (87)

Sugx* = Xym(X*,m) — 95f[szn(X"7X7 1) + Xy (1 15 1) + Xun (U, x5, 1) + X (1) +XXJ(XX)}
- 926t2 [XZ'W(Xxv l/’v l,b) +XJ(II(XX7 I? I) +XXP(XX7P) +XX£(XX)] (88)

1
D,yU* = Xun (U*, 1) + (1 — 0)tXun (U*) + Xus(U")] + <§ - 6) St[Xuun (U*, U, n) + Xyun (U, U*, 1) + Xuyn (U, 1, 1)]

] o X X X N X X X X
+§bt{XUUn(U LU, 1)+ Xuun (U, U, 1) + Xy (U 7X07n)} — 0758 [Xuyy (UF, ¥, ) + Xun(UY, 1L 1) + Xup (U*P) + Xung (U, 1)]
(89)
Dy V* = (1 = 0)otXyn (V)] G - 9) St X (VX V. 1) + Xowa (V, V¥, 1)) +%5t[XWn(V", VO n) + X (VO V¥ n)]

— 026t2 [XVM(val//7I)] (90)

X X X X ] X ~ X X
Dyyy* = Xy ()", 1) 4 (1 = 0)ot[ Xy () + Xy (X)) + (jf 9)&[}(1111(% XM + Xy (0 X5 1) + Xugn (U, ¢ 7”)]

1
+ E‘St {Xxxn(xxv x°,n) ""Xzzn(XO, L n) +XUzn(U07 i n)]

= 008 [Xyuy (L 0 ) + X (1 1.1) + Xyp (2 P) + Xyng (1) (91)
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Qb =3Ot Xy +0) X, (00

1
= 0708 [Xug (U )4 X (U0 0) 4+ Xy O 00 K (00400 0) 4 X (VO T 10)

1
Qul = E(St[x,,(lx,u 1°) + Xy (I +1°,1X)}

_ %Gzétz [xu,,(uo,l", T4 1%) 4+ Xun (U T+ 12, )Xy (0, P T+ 10) 4+ X (0, 1+ 10, 1) + Xuya (VO o + 90, 1)

QP = Ot Xp(p)] + 002 [Xp(U°, P¥) + X (1. )]

Q" = 5t[XUUn(U°, U, 1) + Xuwn (VO VO, 1) + Xm0, 22, 1) + Xuyn(U°, 2%, %) + Xug (W) | + 0% [Xung (U°, %)
+ Xmg (10, )]
C.1.4. Density equation
Santt® = Np(*) — 05t[Npy (%, U) + Ny (0%, %) + Nip, (n¥)]
D = Nyy(n¥) + (1 — 0)3t[Nyy (1%, U) + Niy (%, %) + Nup, ()]
RnyU* = ¢ 6t[Nyy(n, UY)]
RyV¥=0
Ruy 1 = ¢ 0t[Ny (n, )]
QuU" = (1 = ¢)5t[Nau(n, U")] + St[Nyy (n°, U")]
QuwV*=0
Qg = (1= §)ot[Nuy(n, )] + 3t[Nuy (n°, )]
C.1.5. Pressure equation
SppP™ = Pp(P*) — 00t [Pou(p*, U) + Ppy(D*, %) + Ppic(P¥) + Ppic (P, 1) + Py (P*, 01, ¥)]
Dppp™ = Py(p) + (1 = 0)3t [Pou(p*, U) + Ppy (P, %) + Ppic(P) + Ppisc (P, 1) + Ppyunc (0¥, Y1, )]
RyuU* = ¢t [Ppy(p, U*) + Py (U¥, %) + Puus(U*,U) + Pyys(U, UY)]
RovV* = ¢ 3t[Pwe (V*, V) + Py (V, VY]
Roy 1 = &0t [IPyy (D, ) + Puyo (U, %, 0) + Py (2, 1) + Py (1, )]
QuU* = (1 = ¢)ot[Ppy(p, U")] + 6t[Pous (p°, UY))]

1 . 1
+ (i — (j)) bt[PUXg(UX7 X) + PUUG—(UX, U) + PUUJ(U7 UX)} iét [PUZ(,—(UX, XO) —+ Puug(ux7 UO) + PUUO—(UO, UX)

Q™ = (5= 6 )tPw(VE.V) + P V. V] + 5 6t Puo (V2. V) + PV, V)]

Q" = (1= §)ot{Pyy (p. 1)) + 0[Py (p°. 1))

1 S X X X 1 X X X
(5= ) tlPuia U2 4 Prgo 20+ Prga1 7)) 30t [P U200 4 Prga 5 25) 4 Prga 2.2

(92)

(93)

(94)

(95)

(104)
(105)
(106)
(107)

(108)

(109)

(110)

(111)
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0y = 5t[Ppel(peJ) + Py (W, ) +P1m(1~,m

Electron pressure equation

Spop ™ = =0t [Py (W, 0) + Py (W, 0) + Poygc (Pes W, W) + Poyyuc(Pes ¥, ¥)]

Spellx =0 51’{1)",7 (", 1) + Py, Fy+ Py 1(Des ) + Ppise (Pe, IX)]

Spen Dy = Pp(D%) — 00t [Pou (D5, U) + Pyy (D%, %) + Poot (03, 1) 4 Ppic(D5) + Ppisc (D3, 1) + Ppyyc (D, W, )]

1
Dy = (= 0) 3 Pusn V) + Posnh )+ P Pes ' ) + oy et )

1
5 O [Py (W %) + Py (0, 0) + Pognc (P ¥, °) + Py (Pes ", )]

1
Dyl = —05t[Py,i(Pes ) + Potic(Pes )] + 6t P, 1(PY. 1) + Py (P2, )] + (5 - 0) Ot[Puy (I, 1) + Py (1, )]
1. X X
—+ Eat[P”ﬂ(I ,IO) + Pll11(1071 )]

Dp,p. P = Pp(P;) + (1 = 0)0t [Pou (P, U) + Py (P, %) + Pp,a (D6 1) + Py (%) + Ppic (P, 1) + Ppyuc (P, 1, )]
Ro.uU* = ¢ 3t[Ppu (pe, U")]

RV =0

Ry X" = ¢ 0t[Ppy(pe, X))

QpuU* = (1 = ¢)5t[Ppu(pe, U")] + 6t [Ppus (P2, UY)]

QuV*=0

Q2" = (1= §)3t[Pyy (Pe, 1)) + St[Poy (P2, 1))

0p, =0

e

Magnetic flux equation

S =Py (W) = 03t [Pyu (V" U) + Wy, (W, 0) + P (W, 1) + Py (W) +]
Sul* = —06t[P (o, )]

SupePe =0

1 1
Dyt = o)1 = 00 [Fyol0".U) + W07, 1) + Fagl07)+] + (5 0) Ot + 33t (071

Dl = (5= 0ot (b ]+ (o4 )

Dyp.p; =0
RyyU* = ¢ ot[¥yu (v, U")]
RyV¥ =0

Ryyx* = pot[Wy, (b, )]

7763

(112)

(113)
(114)

(115)

(116)

(117)

(118)
(119)
(120)
(121)
(122)
(123)
(124)

(125)

(126)
(127)

(128)

(129)

(130)

(131)
(132)
(133)

(134)
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QuuU" = = St[¥yu (¥, U] + ot [¥yu (4, UY)] (135)
Qv =0 (136)
Quur* = = St[¥y, (b, 1)) + Sty (W°, 1)) (137)

C.1.8. Toroidal magnetic field equation

S = —00t[luy (V) + s () + T (0 V)] (138)
Sul* = I(FF) — 951‘[1,[](1)(, U) + I, (I, ) + Ly (F) + Iy (I, 1) + In (1, IX)] (139)
S, = ~00tl, (7 (140)
Dig” = (1= 00tlly (V)] + (5= 0) 0l (050 + B )+ 50600 07) 41y 0.0 (141)
Dyl = (1) + (1 — 0)8t [l (I, U) + I, (I, ) + Ly ()] + G - 9) St (I, 1) + In(, )] + %&[1,,(1*, P)+ L% (142)
Dy b5 = (1 0)otl, (5 (143)
RyU* = ¢ ot[ly(I, U")] (144)
RuV* = oty (6. V) (145)
Ryt = botlh (1.7 (146)
QuU* = ¢ty (I, UY)] + ot Iy (I°, UY)] (147)
QuV* =~ otll 1.V + ol (47, V) (148)
Qu 1 = oty 1 7] + ot (1 7) (149)

C.2. Matrix element component terms

The terms in the above equations are categorized and defined in the following sections. Each term has been integrated by
parts to arrive at the simplest expression for which the order of differentiation on the trial function is roughly equal to that
on the physical fields. The integrations by parts of tensor quantities are aided by use of the following identities, which hold
for any symmetric tensor IT:

RPW¢ -V x (V-TI) =R,V -T1- Vo - Vv-I1-VZ+RV¢ - [VV(WR) x 1] + V - A, (150)

—R*Weo - (V-II) =RVY-T1-Vo + V- A, (151)

— W (V-II)=-VVv: T+ V-As (152)
where

A, = —R*WW¢ x (V-TI) = RIT- [V x V(Rv)] + VI - Vz
A, = —-RHIT-Vo
A;=Vv.-I1-vV. IL

In order to simplify the notation of the following terms, A = B is defined to mean A = [dA B.

C2.1. Magnetohydrodynamic terms

The terms in this section are the basic magnetohydrodynamic terms in the two-fluid equations, which do not depend on
any specific choice of closure. These terms include convection, internal forces (pressure, Lorentz force), and electromagnetic
induction.
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Ny(n) =
Nnu(n, U) =V[U,n|
Nn/(n X =n(v,x) - V- (ynVy)
Nup, (,D,) = —Dy(v,n) + V - (vD,Vn)
Uun(U,n) = = Ln(R?v,U) + V - (ynVU)
Up(y,m) = —R*v[n, 7]
Uyun(U,U,n) = Rz nA"UR?Y, U] + 5L (U, U)[R*v,n] — [vnA"U, U] — [1v(U,U),n]
Uwn(V,V,n) = 5 [v, R*|VWn — [LvnVV, R]
Uym(U, 1, 1) = EnAURY, ) — [U, 7)[R?v,n] = V - (vnA"UVy) — [R*v[, U], n]
Uyn (2 2:m) = (2 2) RV ] = [LROv(2, 7).
Upy (4, ¥) = = 5 RV, WIA" Y — [, vA"Y]
Un(I,T) = —R*VI [1, R%]
Vi (V,n) =vnV
Vo (U,V,n) = vn[U, V]
VVxn(V7 Xa Tl) = _Vn<X7 V>
Vi, 1) = Vil
Xun(U,n) = v[n, U]
Xn(g,m) = —n(v, ) + V- (vaVy)
Xp(p) = *szp
Xuun(U,U,n) = — 5nA"Uv,U) + (v, ) 4 V. (12 vnA*uvu) -v. [%vnV(R]—ZW, U))]
Xow(V,V,0) = 1nW(L v) + V- (;3—3 vnVVVR)
Xugn(U, y,m) = (Wzv +(n, V>)[U 7] +nAUp, x]+ V- (vaV([U, y] = n[U, y]Vv) - [vnA"U, ¥
Xy (s 1:1) = 30(v, (0 = V- (GvaV{(y, 1)
Xon (0, 0) = A Y(v,9) = V- (Tvayvy)

Xu(LD) = LI,y - V- (Ri v1v1)

R2

R
Wy () = vy
Wyu(y,U) = v[U, ]
Wy (b, ) = v ¥)
Wy, 1) = diviiy, 1]
I() = I
Lu(I,U) = R%v [U7 R'Z]

(W, V) = RV [y

Iy (1y) =& (R, ) = V- (VIVy)

Ly (W, ) = di 5% [, R*V) + [di VA", Y]
Ii(L,1) = diR*vI [Rz ,1]

Ipe(pe) = dIR v[ﬁzpe}
Py(p) =vp

PPU(p7 U) = V[va]
Py, (D, ) = I'p(v, ) + (' = 1)v{p, ) =V - (I'vpVy)
Ppel(pevl) = di(%v[pm” + vae [%71])

Terms arising from L£(u). The following terms arise from the ideal MHD operator term £(u) in Eq. (21).

7765

(153)

(154)

(155)

(156)

(157)

(158)

(159)
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Uty (U ) = 3 (R0, ). U ) = 5 ROV, [U YA Y + VA" (U] + VAW [U. ) = V- (3 (R, 0]V U )
Uun(U,1,1) = R VII[U. 5] - [R, vl[u ]
Uvaa(V, 1) = R [ w] = [R V% v ]] (160)

Uy (10 0) = = RV, U, (2 0) + 3 ROV, () A' Y — VA" (), 0] = DA, (1 0)] + V- (& RO, 1 (7, w)
U (21 1) = 5 v, RAIIA -+ (1, 10) = [l VIAA 7+ 41, 7)), R

Voo (U, y,1) = v, UJIL ] + 510U R, ] + [Rov[UL ] v + 1 ViU, v

Viws (Vo) = =10, IV, 0] = VI R0+ [RPV 5 ] v

Vo (1) = WV IIA L+ (L 10) = QDT = DUA 74 {1, 720), 90 = [, v )

Xup(U.p) = =V*VU.p] + V - (IU,pIVV = VW[U, )

Xp(2:P) = VWPV Y+ (0, 1) + V- W (IPV2 )+ (p, ) — TPV + (p. 1) VY]

Xuw (U, 0) = % (0, [UWDAW = & (.0, U] = V- (G vAWVIU] + VA" U VY = & (v, ) VUL Y] )
Xun(U,LI) = —V2I [U, RL] V. [ [U, R'z} V- LW (RZ [U, R’z] )] (162)
Xyua (V) = =AV ] + 9 - [1]4,w] Vv = 2vv (R[4 v]) ]

X 0) = = 3 0, GLUDAY + 5 (0,0, (LU Y - (R%vA*wm V) + VALV = H ) V(L))

Xa( 1,0 = VAV + (1L g) + V - { WAV g + (1)) = 2 VIV + (1, y))}

(161)

C.2.2. Collisional forces
Assuming the collisional force R is of the form given by Eq. (8) (which neglects the thermal force), the contributions to the
scalar equations due to this force are given by

Wy (h) = vnA'y

Iy(I) = —%n(sz,I) +V - (vVI)

1 (163)
wa(lﬁvlﬁ)z(r*UPW’lA'!//Alﬂ

Puy(L1) = (1= 1) (L 1)

C.2.3. Gravity
These terms are obtained assuming a gravitational force of the form given by Eq. (16). (Note that here the subscripts on g

denote vector components, not derivatives.)
Ung(n) = ggvin, R] — g;Rv(n,R)
164
Xog() = (gR<v R) + £.R(V.R). 1o

Gravitational terms arising from analytic density advance. The numerical stability of simulations of gravitational modes may be
greatly improved by Taylor expanding n in the gravity term of the velocity advance and using the analytic form of 1 to elim-
inate the advanced-time occurrences of n in that term (in the same manner as B is treated throughout the velocity advance).
This procedure leads to the following terms:

Uung(U, ) = ~[n, U] (kg2 (R*V.R) ~ L gx[V,R]) + V - (RvgIn, UVR) ~ [vgz[n, U], R

Uymg(2:m) = =(nV* 1+ (0, 7)) (%gz<R2v, R) — % 8[V.R)) +V - VR, (1Y% + (n, 1)) VR] ~ [vga(nV° 1 + (1, 7)), R
Xung(U, ) = [U, ) (Rg [V, R) + b g (v, R)) — [Rvg,[U,n], R - V - [1; vgs[U, n]VR]

Xg(2:m) = ~(0V°7 + (0, 1)) (Rez[V, R + 8 (v, R) ) — [Rvg (V) + (0, 7)), Rl = V - [ vga(nV° 7+ {n, 1)) VR].

(165)

(166)
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C.2.4. Heat flux terms
These terms are obtained assuming a heat flux density of the form given by Eq. (15).

P (15,T) = —(I' = 1)k, V°T
Pu (K, Ty, B?) = —(I' = 1)Ku§[w,vnw, T+ V- [(I' = 1)vigybb - VT]
P (i, T, 1B )= (I' - 1);<Aé[v7T] + V- [(I = 1)vk,b x VT

where

B = () + .

C.2.5. Particle Source
The particle source term is:

Nq(0) = vo.
The contributions to the momentum equation due to the particle source are:

Uyo(y,0) = —[R*v, ylo + [, R*va]
Vve(V,0) = —-VWa

Xus(U,0) = [v,U]o + [U, va]
Xyo(1:0) = (v, )0 + V- (vaVy)

The contributions to the pressure equation do to the particle source are:

PUEPUUJ+PWJ+P110+PUZJ

1
Pyys(U,U,0) = ﬁvaw., U)

1 2
Pwes(V,V,0) = ﬁvav

1
P (4 0,0) =5v0 (%, 1)
Poy, (U, 1, 0) = valy, U]

C.2.6. Viscosity

The viscous terms are each the sum of the isotropic, parallel, and gyroviscous contributions:

Apni(B) = Agn, (B) + Apr (B) + Agn, (B)

where A and B are each one of {U,V, x}. Each contribution is described in the following sections.

C.2.6.1. Isotropic viscosity. These terms result from isotropic viscosity of the form given by Eq. (12).

Uun. (U) = % (1, R2v) + P (RV)A'U + V2u(R2Y, U) + A" (RV) (14, U))
1
Uyn. (7) = =V (RPV) [, 1] — A IRy, 1] — s (R*0)[R*v, ]

Vv, (V)

(0,10 R (ROVV

Xun.(U) = V2V, U] + V2 iy, U] + AUy, 4]
X () = VA, ) + V2 (v, 1) + 2u Vv
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(167)

(168)

(169)

(170)

(171)

C.2.6.2. Parallel viscosity. These terms are obtained assuming a parallel viscosity of the form given in Eq. (10). These equa-
tions were obtained using Egs. (150)-(152). For compactness, derivatives are written as subscripts in the following expres-

sions (i.e. vz = 9zV).
Each term takes the form



N.M. Ferraro, S.C. Jardin/Journal of Computational Physics 228 (2009) 7742-7770

7768
ABHH (B) = ,uHDASB
where A and B are each one of {U,V, x}.
3 1 , 2
Dy = {5 [0 P ) = P = S0 — v + 2w}
Dy =3[y
( )+ ( v "”>>—<w,<v,w>>+%lzv,e)
1
I Vv
V=g [*”R—]
1 /1 1 1
20 ) — )+ g V) ) — 3V

R¥(x,

G

SX RZ BZ 2 RZ

(11).

pil

Uu]‘[A (U) = W X

(e —

pil

U, (0) =
% IRB? N

2| 220 (VBIRO V), + VIR vale)

R’B?

(1548

[Rvale) ([, + [ ])_

wz 4
o

([R*vz], —
—([R*vgl, +[R vzl

R/R
(R]

o)

+ L
B2

<R (
RiwT) - (w.R [

) =R (v S - A

7 R?

#]) RG]

1z2) (R Vel = [R*z]z) + 247 (R Vil + [RVz]y)]

(A X ['/’z - lPR]

— AV + XRRwizt) ]
x ([R*Velg —
— 2 7] R Vil

{
V) + 610, v])

(172)

C.2.6.3. Gyroviscosity. These terms are obtained using Egs. (150)-(152) assuming a gyroviscosity of the form given by Eq

)

[Xzz

[R*v,)
+[re — § Xk [R3VZ}R> ]
(. RIU,V]) + (v, RIU, )
& [U R 0,0 + Uklv,u] + 200, U)
~AUW.Y) )

(v, R U]

ZW//z(

3
+ RB?

” ( 2(y, (U, y))
_RLZ <U~ R2<¢ﬂ l//>> +

[U,R|(v, ¥)

12
18

)
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2
Von, (v) = - PIR (1 BEAUS ‘”) v V()

=2z R UZ[VZZ — Vgg]
1V [(R); + (9l

#) (e (R G )) = (0 Gen) - o)

l//,R[V,(//D _%[V~<¢(//>]> XZI'I,A (X)

B’ 2 R?p*)R?

o [ HE @R -0 V=l )
= —B—é X %[l// VI((W, Rl v) — 3R(2 (W, 9)]) Xun, (U)

3 (0 (V) + (v, <7- ¥)) = U (V) — 2474 (v, ¥)
( U>> Rz[[V U” + 5 {UR(VZZ — VRR) —2Uz Vg7 — EURVR}
([F, — [#e) VZZW% — VrrWS + X VRIVZ — W3]

N I e e i L I R S

2R°B + 72 [ } VRR"F[ ] Vzz

o o+ ko) ([ + [],)
|yt hive R (], + 8]

C.2.6.4. Viscous heating. The contributions from viscous heating —(I1 : Vu) are

Pn, = Pruv + Prow + Priyy + Pruy

Pru (U, U) —vu<1 A'UA Uf%[[U U+ { };UZD

vV Vv
P (V, V)—vuR2< 2,R2>

Pry (1 7) = 2V(1e = V2 1V 1 = 292, 20) (173)
P U0 = 4w (0.2 - [Ug ] ).

1 2
PnH = 3,LLH <ijb>
P]'[A =0

where Ib-W-b =Sy +Sy + S, as defined in Section C.2.6.2. Note that gyroviscosity is not dissipative, and does not contrib-
ute to viscous heating.

C.2.7. Electron viscosity
The contribution from electron viscous heating (d,-l'[e : V%) is

Pnezv}[n<%,%> R14(A*¢) Rlz (<<11>>-%1§+%n}24<l2 <R—>>ﬂ (174)
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