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ABSTRACT

The two-fluid plasma equations for a single ion species, with full transport terms, including temperature and magnetic field
dependent ion and electron viscous stresses and heat fluxes, frictional drag force, and ohmic heating terms, have been imple-
mented in the CFDNS code and solved by using sixth-order non-dissipative compact finite differences for plasma flows in several
different regimes. In order to be able to fully resolve all the dynamically relevant time and length scales, while maintaining com-
putational feasibility, the assumptions of infinite speed of light and negligible electron inertia have been made. Non-dimensional
analysis of the two-fluid plasma equations shows that, by varying the characteristic/background number density, length scale,
temperature, and magnetic strength, the corresponding Hall, resistive, and ideal magnetohydrodynamic equations can be recov-
ered as limiting cases. The accuracy and robustness of this two-fluid plasma solver in handling plasma flows in different regimes
have been validated against four canonical problems: Alfven and whistler dispersion relations, electromagnetic plasma shock, and
magnetic reconnection. For all test cases, by using physical dissipation and diffusion, with negligible numerical dissipation /diffu-
sion, fully converged Direct Numerical Simulation (DNS)-like solutions are obtained when the ion Reynolds number based on the
grid size is smaller than a threshold value which is about 2.3 in this study. For the magnetic reconnection problem, the results
show that the magnetic flux saturation time and value converge when the ion and magnetic Reynolds numbers are large enough.
Thus, the DNS-like results become relevant to practical problems with much larger Reynolds numbers.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5082190

I. INTRODUCTION

Plasma, by far the most abundant form of ordinary matter
in the universe, has been the subject of research in many disci-
plines, particularly in fusion,” space physics,” ° industrial appli-
cations,” ? astrophysics,’* and so on. Aside from full ab initio
descriptions,” " for many applications, a reasonable level of

possible, becomes computationally necessary for the descrip-
tion of turbulent plasma flows because the governing equations
solved in the fluid model are three-dimensional. Assuming
quasi-local thermal equilibrium (i.e., small departures from the
Maxwellian distribution function) within each of the compo-
nents, the fluid equations describing plasma dynamics can be

accuracy for plasma flow calculations can be achieved by using
kinetic theory and the distribution functions that characterize
each particle component.'” The evolution of the distribution
functions is governed by the Boltzmann equation.” However, for
turbulent flows, solving the six-dimensional Boltzmann equation
coupled with Maxwell’s equations for the electromagnetic field
is prohibitively expensive, due to the broad range of scales that
need to be captured. Using the continuum approximation, when

obtained by taking appropriate moments of the Boltzmann
equation and averaging over velocity space for each of the
components.'*"”

For single component plasmas, i.e., consisting of electrons
and a single ion component, starting from the equations for the
ion and electron distribution functions, Braginskii'” derived a
two-fluid hydrodynamic model for separate ion and electron
fluids by using the Chapman-Enskog expansion with two-term
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Sonine polynomial solutions. In the Braginskii two-fluid model,
the transport terms include the magnetic field impact on the
viscous stress tensor, heat flux, and frictional drag force, with
different formulations along and perpendicular to the magnetic
field. In contrast to the single ion component case, plasma equa-
tions containing multiple ion species involve additional trans-
port phenomena such as baro- and electro-diffusion.”’**
Although this is a very active area of research,”” “° there are still
many open questions, especially on how to treat mixtures with
magnetic field dependent transport properties.

According to the H-theorem of Boltzmann,'**’ if the distri-
bution function changes only by virtue of collisions, any arbi-
trary distribution will approach a Maxwellian. Therefore, the
Braginskii two-fluid plasma model'” can describe well plasma
flows in which the characteristic time scale is much larger than
the collision time, ie., to > 75, and the characteristic length
scale is much larger than the distance traversed by particles
between collisions (i.e., particle mean-free-path), i.e., Lo >> ZAmgp.
One of such applications is the study of hydrodynamic instabil-
ities between the hot spot and the colder surrounding plasma
during the Inertial Confinement Fusion (ICF) coasting /decelera-
tion stage. For the DT plasma in the early deceleration stage, the
primary parameters of interest found in the literature,”**’ i.e., a
reference number density of ng ~ 10°°m=3, a temperature of
To ~ 2.5keV, an acceleration of g ~ 1.0 x 10m/s?, and a hot-
spot radius of Rps = 55um, lead to trr/7i =250 >>1 and
Ris/2mip = 150 > 1. Here, gt = /1/(Akg) is the classical single-
mode Rayleigh-Taylor instability (RTT) growth time and 7; is the
ion collision time. The definitions of the Atwood number, A, and
wavenumber, k, can be found in Ref. 30. Similarly, by using the
typical plasma scales for the late deceleration stage,”** one
obtains trr/7; &~ 500 > 1and Rys/Amg, ~ 320 > 1.

Unfortunately, magnetized plasmas encountered in nature,
including space and astrophysical plasmas, are mostly collision-
less, and the typical collision time and mean-free-path in such
flows can be comparable to or even larger than certain charac-
teristic time and length scales of the flow. For example, accord-
ing to the primary parameters given in Refs. 33 and 34, the
particle mean-free-path in solar flare/corona is much larger
than the length-scale of the reconnecting current sheet, i.e.,
Jmfp = 1.0 x 10°m > 6 ~ 10 m. Therefore, the quasi-Maxwellian
distribution (or quasi-local thermal equilibrium) assumption
does not seem to be guaranteed in such regimes. Theoretically,
the highly collisionless magnetic reconnection can only be rig-
orously described by using collisionless kinetic models (e.g.,
Vlasov-Maxwell system of equations) in which both ion and
electron kinetic-scale features are included.”” However, in fact,
the fluid model can still describe fairly well some strongly mag-
netized, collisionless plasma dynamics,*° which is largely due to
the following two justifications. First, a strong magnetic field
can play the role of collisions by forcing particles to gyrate in a
Larmor orbit that is smaller than the mean free path by a factor
of weete, "° where wy, is the electron cyclotron frequency and z,
is the electron collision time.' The other argument is that, even
though the real distribution function in collisionless plasmas
may significantly deviate from Maxwellian distribution, the fluid
equations derived based on the quasi-Maxwellian assumption
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may approach the physical solution when the range of fluid
scales is very broad. This argument is similar to the mixing tran-
sition”” often invoked in fluid turbulence to justify the relevance
of finite Reynolds number simulations to practical problems with
a much larger range of scales.”® A more rigorous statement of
the argument is that the flow develops an inertial range, where
the energy cascade is local”” and not influenced by the viscosity,
except through the magnitude of the mean dissipation. From
this point of view, it is tempting to assume that numerical dissi-
pation in Euler equation simulations can act in a similar way and
allow the development of an inertial range so that the numerical
solution is close to the physical solution when the grid is fine
enough. However, developing a power law range in the spectrum
is not proof of the emergence of an inertial range*’ and proving
cascade locality in the presence of numerical viscosity/diffusion
may be impossible in general. In a broader sense, mixing transi-
tion may be extended to certain non-turbulent flows to mean
convergence of the results with respect to the Reynolds number.
In other instances, the concept of separation of scales can also
be used to justify the relevance of fluid simulations to practical
applications. For example, when the shock wave thickness is
much smaller than the flow scales, the results become indepen-
dent of the shock profile. In this case, even though the Navier-
Stokes description breaks around strong shocks, it can still accu-
rately predict the shock-turbulence interaction.” While the mix-
ing transition has not been explicitly explored for plasma flows,
it has implicitly been assumed for example by showing that two-
fluid plasma (including Hall-MHD) equations can successfully
predict the fast reconnection rate in collisionless magnetic
reconnection.”**"** Here, we further address this issue by con-
sidering the convergence of magnetic reconnection results as
the ion and magnetic Reynolds numbers are increased.

Single-fluid magnetohydrodynamics (MHD) has been suc-
cessfully used for studying large-scale plasma flows in a wide
range of problems.’®”' However, single-fluid MHD fails to
describe plasma phenomena that occur on a length scale com-
parable to or smaller than the ion skin depth, ie., when
Lo < 4 = c¢/wy;, where c is the speed of light in vacuum and w;
is the ion plasma frequency. When applied to the magnetic
reconnection problem, ideal MHD cannot predict the reconnec-
tion due to its flux-frozen-in limitation, while resistive MHD
predicts a growth rate much lower than observations.” This is
because two-fluid effects become important at length scales
below /; as the ion and electron motions start to decouple. By
including the Hall current in the governing equations and elec-
tron pressure contribution to the total pressure, Hall-MHD
equations™ account for some two-fluid effects and have been
successful in capturing the rapid magnetic reconnection pro-
cess."*##4%3 Nevertheless, Hall-MHD equations are not as gen-
eral as the Braginskii two-fluid plasma model. For example, to
close the Hall-MHD equations, some studies neglect the elec-
tron pressure altogether,” °° while others assume identical ion
and electron temperatures.”*”’ In addition, when viscous effects
were included in Hall-MHD equations,**°” again these were less
general than those in the Braginskii two-fluid plasma model.

In many practical problems, electron and ion temperatures
are different. For example, the ion temperature in the Saturnian
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magnetosphere near the Titan orbit is normally higher than the
electron temperature, while in Titan’s ionosphere, the electron
temperature is dominant over the ion temperature.”” The two-
fluid plasma model***?%" can solve many of the problems
encountered in single-fluid MHD and Hall-MHD formulations
by considering separate ion and electron sets of equations.
Nevertheless, previous applications of the two-fluid model”® '
did not include plasma transport terms and relied on the
numerical dissipation/diffusion to obtain stable solutions; such
solutions can obviously become corrupted by numerical arti-
facts and generally might misrepresent the physical transport.

Previous studies of plasma flows with physical transport
phenomena such as thermal diffusion include simulations with
Flash,"*%* Hydra,"*®" and Miranda**“®" codes. In these codes,
the transport coefficients for thermal diffusion were calculated
by using the Lee-More model.”® However, Flash and Hydra
codes solve the inviscid fluid equations and only Miranda explic-
itly considers viscous and diffusive effects.”” In particular, the
Miranda code uses a similar (even higher order) numerical
scheme as the CFDNS code, with negligible numerical dissipa-
tion; however, this is accompanied by a high order filter to
remove high frequency oscillations. No filtering is used with
the CFDNS code. As far as we know, the magnetic field impact
on the transport phenomena perpendicular to the magnetic
field has not been considered in previous two-fluid plasma
flow simulations. Nevertheless, the presence of a strong mag-
netic field reduces the distance traveled by particles between
collisions. As a result, depending on the magnetic strength,
plasma transport coefficients in the directions perpendicular
to the magnetic field may become significantly small so that
the associated fluxes are strongly anisotropic. As argued
above, there are many situations, e.g., when a mixing transition
exists, where the exact form of the physical transport is not
important, provided that the energy transfer among scales of
motion remains local. Nevertheless, such transition and the
role of anisotropic transport have not been explored for many
of the practical situations of interest.

The objective of this study is to present an accurate two-
fluid plasma solver with a single ion component that can simu-
late magnetized plasma flows in a range of applications, with a
special focus on collisional dominated transport for low-Z fully
ionized nondegenerate plasmas, in regimes where the results
might be sensitive to the exact formulation of the transport
terms. All plasma transport terms such as the temperature and
magnetic field dependent ion and electron viscous stresses and
heat fluxes, frictional drag force, and ohmic heating are included
in the two-fluid plasma solver. To obtain fully resolved Direct
Numerical Simulation (DNS)-like solutions, the two-fluid plasma
equations are solved by using sixth-order non-dissipative com-
pact finite differences’® at sufficiently fine grid resolutions. In
this study, to maintain computational feasibility, the infinite
speed of light and negligible electron inertia assumptions are
made to eliminate severe time-step limitations. These two
assumptions can be well justified for problems such as the ICF
coasting stage, where ion thermal velocity is non-relativistic,
Vri/c ~O(1072), and m;/m, ~ 5 x 10>. The length scale limita-
tion imposed by using these two assumptions, Lo > (T, de),
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where 11, is the electron Larmor radius and 2, is the electron
skin depth, is also satisfied in many other practical problems.
While the primary target applications for the new solver are
plasma flows which can be described with collisional transport
terms, the test problems considered are widely used in the liter-
ature and have been addressed primarily using ideal equations
solvers; the numerical treatment of such equations requires
numerical dissipation/diffusion for regularization. Our new
solver yields smooth solutions without any numerical dissipa-
tion/diffusion and can recover inviscid analytical solutions for
sufficiently high Reynolds numbers.

In general, the Braginskii transport coefficients become
inaccurate for degenerate partially ionized plasmas or high-Z
materials.”® However, more general formulations do not include
the full directional dependence of the physical transport with
respect to the magnetic field. A separate objective of this study
is to form the basis of future estimations of anisotropic trans-
port importance and explore the existence of a mixing transition
in various applications.

This paper is organized as follows: in Sec. II, the derivations
of reduced two-fluid plasma equations from the Braginskii full
two-fluid plasma model, together with an analysis of their ranges
of applicability, are discussed in detail. A non-dimensional analy-
sis of the reduced two-fluid plasma equations is conducted in
Sec. III. The accuracy and robustness of the two-fluid plasma
solver are highlighted, in Sec. IV, against a series of canonical
problems. Finally, the main conclusions are provided in Sec. V.

Il. MATHEMATICAL FORMULATION

The macroscopic description of plasma in fluid theory can
be obtained by taking appropriate moments of the Boltzmann
equation and averaging over velocity space for each of the com-
ponents in plasma. When using the Chapman-Enskog expan-
sion,"®'” the zeroth-order distribution function for each species,
f0, is chosen to be a Maxwellian, which assumes a local thermal
equilibrium within each of the components. By considering the
effects that produce small deviations from equilibrium,
Braginskii'”” derived a set of two-fluid plasma transport equa-
tions and constitutive relations for all transport terms. On the
other hand, ignoring those effects leads to a set of Euler-type
two-fluid plasma equations in which all transport phenomena
are absent.””“’ Such equations develop singularities in finite
time and need to be regularized by the numerical algorithm.

A. Braginskii's two-fluid plasma model

For a simple fully ionized plasma, the continuity, momen-
tum, and internal energy transport equations for species s (s =1
for ions and s = e for electrons) are given as follows:"’

Ops

§+v (psus) =0, (1)
d(psu
% +V - (psusuy)
Z—VPS—V'RS+%(E+USXB)+RS+psg7 (2)
s

O(pses)

7t + V- (psestts) = —psV -us — V- qg + 75 - Vus + Qs, (3)
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where the primary variables are species density, ps, velocity, us,
and specific internal energy, e,. In this study, the ideal gas
equation of state (EOS) is assumed for simplicity. Therefore, the
species pressure can be expressed as ps = (y — 1)pses = nskpTs,
in which y and kg are the specific heat ratio and Boltzmann
constant, while ns = p;/ms and T, are the species number
density and temperature, respectively. m; and ¢s are the
mass and charge of particle s. The ion and electron charges are
qi = Ze and q. = —e, in which e is the constant elementary
charge. The formulations for plasma transport terms in the
above equations, including species viscous stress, n;, heat flux,
q,, frictional drag force, R, and collision generated heat, Qs,
can be found in Appendix A and Ref. 17. The accuracy of
Braginskii transport coefficients for the domain of applicability
has been confirmed by comparing with the transport coeffi-
cients predicted by using Ab Initio Molecular Dynamics
(AIMD).”*"* For example, for the DT hot-spot in ICF with a
number density of m.~10°m= and a temperature of
Te ~10.0 keV, the electron thermal conductivity calculated by
using the Braginskii model (see Appendix A for full definitions)
is ke = NekETeTe/Me = (MRET, /M) x (67273262 /Mg (RpTe)>/?/
(InAe*Zn,)] ~ 5.15 x 10°(Wm~K™!) which is very close to the
AIMD prediction,” i.e., k, = 5.05 x 109 (Wm~' K1),

As discussed before, the Braginskii two-fluid plasma model
is derived for the collision-dominated plasma flows in which the
characteristic time and length scales are much larger than the
collision time and the particle mean-free-path, i.e., to > 15 and
Lo > Jmfp- In addition, the Braginskii transport coefficients
become inaccurate for degenerate partially ionized or high-Z
plasmas.®® Thus, the results presented here apply to fully ionized
nondegenerate single low-Z ion component collisional plasmas
or plasma flows where a mixing transition has occurred.

The evolutions of electric field, E, and magnetic field, B, are
governed by the Maxwell equations given as follows:

1 OE

gazvx B — 10, (4)
0B
E:—VXE, (5)
vV.E="Lc (6)
€0
V-B=0, 7

where 1o and ¢y are the permeability and permittivity of free
space, respectively, and are related to the speed of light in vac-
uum, ¢, as ¢ = (uyeo) /2. In the above equations, the formula-
tions for current density, J, and local charge density, p., are
J =) gsnsus = e(Znju; — newe) and p, = > qsns = e(Zn; — ne),
respectively. It is worth pointing out that, for closing the govern-
ing equations, one only needs to solve two of the Maxwell equa-
tions and the other two equations [e.g., Egs. (6) and (7)] are just
restatements of the closed set of governing equations. For exam-
ple, by multiplying continuity Eq. (I) by qs/ms and then taking
summation over ion (s = i) and electron (s = e) species, one obtains

9p. _
S TVI=0. (8)
Furthermore, by taking the divergence of Ampere Eq. (4) and

then subtracting it from Eq. (8), it yields

scitation.org/journal/php

(VB pfe0) =0 ©)
Obviously, the Gauss equation (6) is just a restatement of the con-
sequence [i.e., Eq. (9)] of solving continuity Eq. (I) and Ampere Eq.
(4). In this study, we would like to call Eq. (6) a diagnostic equation
instead of a redundant equation. This is because that, after apply-
ing the two assumptions discussed in Secs. II B and 11 C, the elec-
tric field is calculated from generalized Ohm’s law (13) instead of
the Ampere equation (4), and Eq. (8) is reduced to a quasi-
neutrality condition. As a result, Eq. (9) is no longer rigorously
guaranteed to be satisfied when solving the final governing equa-
tions given in Sec. II D. Therefore, in this study, we solve Eq. (6) as
a diagnostic tool to monitor the importance of the numerical inte-
gration errors. By following the same procedure, one can also
conclude that, mathematically, the magnetic field remains diver-

B. Infinite speed of light assumption

In this study, the severe time-step restrictions’’ (e.g., At
< CFLAx/c and At < 0.1/wp, where CFL is the Courant-
Frederich-Levy constant, Ax is the mesh size, and wp, is the
electron plasma frequency) caused by high frequency electro-
magnetic waves are eliminated by using the infinite speed of
light assumption, ie., (OE/dt)/c? ~ 0, which reduces the
Amperes equation (4) to

1
J=—VxB. (10)
Ho

Consequently, this assumption restricts the calculations
to plasma flows with nonrelativistic thermal velocity, Vi
= /kpTs/ms < ¢, and to electromagnetic waves with phase
speed, V, =w/k<c (also see Ref. 46). Furthermore, by
substituting Eq. (10) into Eq. (8), one obtains

Ope

5 0, (11)
which indicates that the quasi-neutrality condition (p, = 0) is
maintained at all times if the initial plasma flow is charge free.
Consistently, the number densities and mass densities of ions
and electrons become dependent, ie., n. = Zn; and
pe = Z(m/m;)p;, which eliminates the need to solve the conti-
nuity equation (1) for electrons and relates the ion and electron
velocities via the current density as

1
U =u; — <eZn)J (12)
i

The quasi-neutrality condition limits our interest to plasma
phenomena whose characteristic frequency is much smaller
than the electron plasma frequency, o < wpe = \/Ne€?/eoMe,
and characteristic length is much larger than the Debye length,
Lo > Ape = Vre/wpe (also see Ref. 46).

C. Negligible electron inertia assumption

The second assumption made in this study is negligible
electron inertia in the electron momentum equation (2). This
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assumption is justified as the right-hand side of the electron
momentum equation is of the same order as that of the ion
momentum equation, but the advection part is of the order
m,/m; compared to the corresponding part of the ion momentum
equation. Then, after applying the relation between ion and elec-
tron velocities [Eq. (12)], one can obtain generalized Ohm’s law as

1

i m
E= <%) {—Vpe—V~ne+Re+Z(We)p1g+JxB} —u; x B,

(13)

where the Biermann battery, viscous, resistive, acceleration, and
Hall effects are all included. Recent kinetic simulations™ show
that the Biermann battery term appearing in Eq. (13) is the physi-
cal source of strong, self-generated electric fields observed in
ICF plasma.” The rest of the terms, in particular, the Hall term
and the last term in Eq. (13), are also indispensable in maintaining
the constant charge condition [i.e., Eq. (11)].

Negligible electron inertia implies that the electron flow has
an infinite fast response time on the time scales of interest.
Therefore, the characteristic time scale of interest must be
larger than electron plasma frequency and electron cyclotron
frequency, ie., 1/w > (1/wpe,1/wee), which further relaxes the
time-step restriction on 0.1 /cuce.57 Consistently, the characteris-
tic length scale of interest must be longer than the Debye length,
the electron Larmor radius, and/or the electron skin depth, i.e.,
Lo > (Ape,TLe, and/or Ze), where Tie = Vre/wee, de = Va/®ce
= ¢/wpe, and V4 = B/ /ngnim; is the ion Alfven velocity. The infi-
nite speed of light assumption further reduces the above condi-
tion to Lo > (1. and/or A.) since A //pe = ¢/Vpe > 1.

After replacing the electric field, E, in the momentum equa-
tion (2) for ions using Eq. (13) and then applying the quasi-
neutrality condition, a modified expression for the ion momentum
equation can be written as

a(piwi)
ot

+ V- (piuit) = —=V(pi +Pe) — V- (7 + Te)
+ (Re +Ri) + I x B+ pig. (14)

D. Final two-fluid plasma equations

Finally, the two-fluid plasma transport equations consid-
ered in this study are the dimensional ion continuity equation,
ion momentum equation, ion and electron internal energy equa-
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% — —VxE, (19)

where the currently density, J, electron velocity, u., and electric
field, E, are calculated from formulations (10), (12), and (13),
respectively. The ion/electron pressures, ps, and temperatures,
T, are related through the ideal gas EOS as described in Sec.
ITA.

As a result of infinite speed of light and negligible electron
inertia assumptions, the consistency of the quasi-neutrality
condition (p, ~ 0) in the final two-fluid plasma equations must
be checked numerically by examining the value of charge den-
sity, p, calculated from Eq. (6). In other words, the divergence of
the electric field, E, calculated from generalized Ohm's law Eq.
(13) must be sufficiently small to maintain the quasi-neutrality
condition. The numerical results obtained for all test cases con-
firm the quasi-neutrality condition, and two sample results are
presented in Appendix B.

11l. NON-DIMENSIONAL ANALYSIS

In order to assess the importance of Hall and Biermann
battery effects, resistivity, viscous stress, and heat flux in
plasma flows in different regimes, as well as characterize
special limiting cases, in this section, a non-dimensional anal-
ysis of the two-fluid plasma equations is provided. In order to
compare different applications, the characteristic parame-
ters that can be varied in practical problems of interest
including temperature, number density, characteristic length
scale, and magnetic field strength are chosen as the primary
reference quantities.

A. Non-dimensional two-fluid plasma equations

We choose the characteristic number density, no, length
scale, Lo, temperature, Ty, magnetic field strength, Bo, and
external acceleration, go, as the primary reference quantities
and use them to construct scales for other variables like ion
mass density, py = nom;, ion Alfven velocity, V§ = Bo//figTomm,
plasma pressure, p® = nokTy, a time scale, Lo/V?, and so on.
With these choices, the non-dimensional two-fluid plasma
equations become

p;

tions, and Faraday’s law, and are summarized as follows: 5t + V- (piuj) =0, (20)
dp;
El +V. (piui) = 07 (15) 8(pf‘u’f)
d(prw) o TV (pluie) = —pVI(pi 4 pp) £ X B
1
—ar TV (puitt) = =V(pi+pe) = V- (mi+ ) 1 1 1
“RaY N TReY Tt pRfigs
+J xB+pg, (16) o1
d(piei) (21)
+V- (pieiwi) = —piV-u —V-q;+m: Vu + Qa, <17)
o 0 | o (gru R S
d(piee) m T"‘V -(pieiw)) = —ppiV '“i‘@v G
e + V- (pieelte) = (Zm ) “PeV U —V-q, 1 my
e . g Vu 437 (#) B Qx,
: T R.-J— 1 e
+me - VU + (CZPi) e d QA:| , ( 8) (22)
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OB*
ot*

= V' xE, (24)

a1 1
B =i {J* X< B~ BVp; — V' o+ ZBpi Ry

1

Zme * * *
#(%e) st | + e Ry < B 25)
P |
u, =u — 4 —J, (26)
Py
J =V xB. @7)

where the superposed asterisk refers to the dimensionless vari-
able and the non-dimensional parameters are the ion inertial

scale or skin depth
Ji=c/ (wgiLo) — mi/(ZeLoy/Hoo), 28)
ion and electron reference Reynolds (or viscous Lundquist)
numbers
Re' = poVRLo/uf, (29)
Re* = (4 /u))Re. (30)
plasma beta
B = nokBTo/(B%/Ho>7 (31
magnetic Reynolds (or resistive Lundquist) number
Rey = 1gViLo/n°. (32)
Froude number, and
Fr = Vi/v/goLo. (33)

the collision frequency

o = Lo/ (V32). (34)

In the above non-dimensional parameters, #° = (%

X (;"j) is the background resistivity, and the formulations for

other reference variables are ion plasma frequency, wgi

= Ze\/No/(omy), ion viscosity, 1 = noksTot?, electron viscosity,
10 = ZnoksTot?, ion collision time, 0 = [127%/2¢2/m; (ks To)>/?/
(InAe*Zng)], and electron collision time, 79
= [6v2713/26% /i, (ke To)*/? / (InAe*Z2ng)]. The Coulomb loga-
rithm (InA) variation is described in Appendix A.

In addition, by using the relations, /1= ¢/
= \/M/m;, we can summarize the range of applicability for the
two assumptions made in this study in terms of the non-

dimensional ion length scales as: T < v/mi/me and/or

711 < /mi/m, depending on the local magnetic field strength.
Thus, in the magnetic dominant regime (e.g., low plasma f), the
fact that 1;/4; = VB < 1 yields 7; < /m;/m,. On the other
hand, in the plasma dominant regime (e.g., large plasma f), the
applicability condition becomes 71; < \/m;/m,

B. Single-fluid limiting equations

In order to demonstrate the limiting cases of the two-fluid
plasma equations solved in this study, the non-dimensional sin-
gle-fluid plasma equations for ion-electron mixture density
p*=pi+p;, velocity, u*= (pjuf+piu;)/p*, and pressure,
p* = p; + p;, are derived from the two-fluid plasma equations
and given as follows:

6t* v (p'u’) =0, 35)
fév* I8 +ng, (36)
. 11 Zf: + V- (p*u*)} =-p'V.u +%V* . (?—EJ*)
i (£) -l
(Rle1 4 +%$V* qf“?)
+Z2i(~V" - Q. + R} ~J*). (37)

Equation (35) is obtained by applying the relations
pe/pi = Zme/my, p* = pi + pg, w" = (pju; + pyug)/p*, and Egs.
(26) and (27) into Eq. (20). Similarly, by using the above ion-
electron mixture variable definitions (including p* = p; + p;)
and Eq. (26), one can obtain Eq. (36) from the ion momentum
equation (21) under the negligible electron inertia assumption.
Finally, using the non-dimensional EOS, pje; = f/(y — 1)p;, the
ion-electron mixture variable definitions, negligible electron
inertia assumption, and Eq. (26), Eq. (37) is obtained by taking
summation of ion and electron energy Egs. (22) and (23).

In addition, generalized Ohm’s law is rewritten as

* * *« __ 9 1 * A‘ﬁ * % 1 *
E +u x B 711;‘] x B _)WEV pe+RemRu
3 * * 3 * 1 me
— i ReeV -ne+Z/11ﬁRT+/1iF —g. (38)

Equation (38) is obtained by substituting the ion-electron
mixture variables and Eq. (26) into Eq. (25). Faraday’s law for the
non-dimensional magnetic field, B*, and reduced Ampere’s law
for current density, J*, remain unchanged as Egs. (24) and (27),
respectively.

The ion velocity u; and electron velocity u; can be obtained
by using the relations p;/p; = Zm./m;, p* = p; + pi, u* = (pju;
+ppu;)/p*, and the definition of current density under quasi-
neutrality condition (26) and then are used to calculate the
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viscous stresses, n; and n;, appearing in the single-fluid equa-
tions (36)-(38).

Written as above, the equations are unclosed, as the ion
and electron temperatures and densities cannot be indepen-
dently determined. For plasma flows with identical ion and elec-
tron temperatures (ie., T;=T;), the ion and electron
temperatures become the same as the mixture temperature, T,
which can be obtained from the total pressure, p*, by using the
EOS. In addition, the electron pressure can be obtained via the
relation p; = Zp; =p*/(14+1/Z). In this case, the single-fluid
plasma equations, including all transport terms, are closed.

As demonstrated in Appendix C, the conventional Hall,
resistive, and ideal MHD equations can be recovered from the
above single-fluid plasma equations, as limiting cases, in regimes
where the non-dimensional parameters satisfy the correspond-
ing conditions described below:

* The conventional Hall-MHD equations can be recovered in
regimes where Rei, Re® — oo, Fr — o0, @', — 0, and Ry — 0
(q;,, and Rj are always ignored in the Hall-MHD equations
and are only considered in the Braginskii two-fluid model"’)

* Resistive MHD equations can be recovered in regimes
where /; — 0 (and/or 71; — 0), Re!, Re® — oo, and Fr — co.

* Ideal MHD equations can be recovered in regimes where
4i — 0 (and/or #; — 0), Rel, Re® — oo, Fr — oo, and Re,
— OQ.

The Hall-MHD equations can sometimes be classified as a
two-fluid model because of the inclusion of the Hall term and
the electron pressure gradient. However, similar to the discus-
sion made above, due to the presence of the electron pressure,
the Hall-MHD equations are not closed. In practice, to close the
Hall-MHD equations, some studies”™ *° simply neglect the elec-
tron pressure, while others®*”’ assume identical ion and elec-
tron temperatures (T; = T;) and obtain the electron pressure as
pe = Zp; =p*/(1+1/Z).

The viscous terms vanish from the single-fluid equations in
the limit of infinite Reynolds numbers only for non-turbulent
flows. This restricts the domain of applicability of the limiting
cases above, unless models for subgrid or turbulence transport
are added to the equations. In some recent studies,”"*° viscous
effects are included in the Hall-MHD equations for regimes
where Re' is not sufficiently large. However, the formulations for
the viscous terms are more or less ad-hoc. Some studies™
model the viscous stress term by using ion-electron mixture
velocity, u*, with the standard formulation for compressible
ideal gas, ie., V' -n* = V*?u" + (1/3)V*V* . u* instead of the
detailed plasma formulations for n; and =} given in Appendix A.
In addition, the viscous contribution was only added to the
momentum equations.

In Sec. IV, numerical simulations will be conducted for a
series of canonical problems to highlight the accuracy and
robustness of the two-fluid plasma solver in handling plasma
flows in different regimes.

IV. TEST CASES

The dimensional two-fluid plasma equation with full trans-
port terms described in Sec. II D have been implemented in the

ARTICLE scitation.org/journal/php

CFDNS code” ™" and solved by using sixth-order non-dissipa-
tive compact finite differences’”’” for four canonical problems:
Alfven and whistler dispersion relations, electromagnetic plasma
shock, and magnetic reconnection. For these cases, ion and
electron temperatures are the same, i.e., T; = T,. Therefore, the
collision generated heat for the ion energy equation, Q;(Qa),
vanishes, while the collision generated heat for the electron
energy equation, Q, reduces to the ohmic heating term shown
as the fourth term in the RHS of Eq. (18). Therefore, the two-
fluid plasma equations solved in these test cases
are mathematically equivalent to the single-fluid plasma equa-
tions described in Sec. 111 B which can be viewed as the general
or full Hall-MHD equations (therefore more general than the
conventional Hall-MHD equations used in previous studies and
explained in Appendix C 1), including all plasma transport terms.
The identical temperature simplification further eliminates the
need to solve the ion energy equation (17).

For the test cases considered in this study, the initial condi-
tions for all primary variables (non-dimensional) are identical to
those given in the references mentioned below. The values of
the non-dimensional parameters, i.e., 7i, Re, and Re,, are calcu-
lated based on the characteristic number density, no, length
scale, Lo, temperature, Ty, and magnetic strength, By, and cho-
sen to match previous studies and /or certain practical applica-
tions, with the requirement that the simulations remain well-
resolved.

A. Alfven and whistler dispersion relations

The first two test cases used to test the accuracy of the
newly developed two-fluid plasma solver are the dispersion
relations for Alfven and whistler waves. These are the two
plasma phenomena often observed in different space flow
regimes.”’“”* The frequency and length scales for Alfven waves
satisfy the relations o < o and Lo >> ¢/wp = 4;."” Therefore,
Alfven waves become ideal MHD waves when the local Re' and
Re,, values are sufficiently high. The basic frequency and length
scales for whistler waves are in the ranges of v, < o < w. and
Je < Lo < 2./ Therefore, whistler waves are a Hall-MHD
phenomenon.

By linearizing the ideal MHD and Hall-MHD equations
about the equilibrium and assuming plane wave solutions of the
form exp(ik*x* — iw*t*), one obtains the Alfven and whistler dis-
persion relations

o* =k* forAlfven waves, (39)
(02— k2)” = k" for Whistler waves, (40)

where k* = 2am/L; is the wavenumber, m is the integer mode,
and w* is the wave frequency. The initial conditions are

pi=1 u =0, vi=-5cos(kx’), w=7s" sin(kx"),
pi=1 B;=1 Bj=0&"v,cos(kx’), B=—5;sin(k'x"),

where v, is the phase velocity which can be calculated from lin-
ear Egs. (39) and (40). The simulations are conducted over a peri-
odic domain with a size of L} = 9.6 and a number of grid points
of NX = 384. Therefore, for the simulations conducted in this
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study, the largest wave resolution is 192 points per wavelength
for the minimum mode (i.e., m = 2). For the case using the maxi-
mum mode (i.e., m=30), the wave resolution becomes 12.8
(=384/30) points per wavelength. The initial perturbation
amplitude 6" = 10~° was used in all simulations.

Because Alfven waves are believed to be the main mecha-
nism for heating the solar corona,’ the characteristic number
density, no, length scale, Lo, temperature, Ty, and magnetic
strength, By, are chosen as the typical values for solar corona/
flares.”>** These characteristic values are Lo~ 10'm, ng
~10°m=3, To =100eV, and By~ 0.01T, which leads to
7i ~1.0 x107% Re,, ~ 2.0 x 10®, and Re ~ 1.0 x 10*. Figure 1(a)
shows that the CFDNS results calculated using the two-fluid
plasma equations in the global solar corona regime are in excel-
lent agreement with the analytical linear stability theory (LST)
predictions for ideal MHD over a wide range of modes, m.

The whistler waves found in solar corona/flares are related
to the fast, collisionless magnetic reconnection that occurs on
the length-scales comparable to the ion skin-depth.”**" The
ion-skin depth estimated using the typical parameter values of
solar corona/flare parameters shown above is similar to the one
provided in Ref. 34, i.e., 4; &~ 10m. However, the viscous effects
estimated using the closures described in Ref. 17 and Appendix A
are probably not accurate at this scale, which is smaller than the
mean free path for the solar corona/flares.”””** Developing clo-
sures applicable to collisionless systems is difficult.”’ Therefore,
to be able to perform simulations relevant to the whistler wave
dispersion relation, yet maintain the correspondence to the
solar corona/flare parameters, we still use the above parame-
ters, but decrease the reference temperature T to obtain high
enough values of Re' ~ 4.0 x 10° and Re,, ~ 1.0 x 10*. Again, as
shown in Fig. 1(b), the CFDNS results calculated using the two-
fluid plasma equations perfectly match the analytical solution
given in Eq. (40).

B. Electromagnetic plasma shock

The presence of plasma shocks is also often observed in
space and fusion applications. For example, the interaction of
the solar wind with the Earth magnetosphere leads to the for-
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electromagnetic plasma shock simulated here is an extension of
the single-fluid, inviscid Brio-Wu shock® to the two-fluid
plasma model. The initial values for the non-dimensional pri-
mary variables are

p; 1.0 ]
u; 0.0
v} 0.0
w; 0.0
= Forx® < 0.5 and
pi 0.5
B: 0.75
B} 1.0
| B: | [ 00]
[pr ] [0.125]
u; 0.0
v} 0.0
w; 0.0
= Forx* > 0.5,
P; 0.05
B: 0.75
B} -1.0
| B;] | 0.0 |

and Dirichlet boundary conditions are implemented at the
shock-tube boundaries.

Most (if not all) previous numerical studies of the bow
shock®**> and Brio-Wu shock”**“ ignore the viscous and
heat flux terms and fully rely on the numerical dissipation intro-
duced by shock-capturing schemes to regularize the equations
around sharp discontinuities. In contrast, by including full
plasma transport terms, one should be able to resolve the
shocks by using high-order non-dissipative numerical schemes
at a sufficiently high grid resolution. Therefore, in this test case,
we choose the characteristic number density, ng ~ 10’m3,
length scale, Lo ~ 10'm, and magnetic strength, Bo~10nT , as

mation of a bow shock upstream of the magnetopause.®*® The  the typical values found in solar wind,”"’**> and vary T, to obtain
20 (a) Alfven Wave 2001 (0) Whistler Wave
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: 5 - ; 300
2 [ 2 - FIG. 1. Comparison of analytical Alfven
R g C and whistler dispersion relations (LST)
310__ 3 2001 with numerical solutions calculated by
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2 e L (CFDNS) in (a) ideal MHD regime and
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a range of substantial high, but still affordable Reynolds num-
bers. These reference scales give 2; ~ 1.0 x 10°® and Re,, ~ 10,
and therefore, both the Hall effect and the magnetic resistivity
become negligible.

Figure 2 shows that, without the need to explicitly turn
off the corresponding terms from the governing equations,
the ideal MHD results including the slow compound wave
(SM), contact discontinuity (CD), and slow shock (SS) are
obtained from the two-fluid plasma solver for flows with
large enough Reynolds numbers. In the presence of physical
viscosity, the shock wave is no longer zero-thickness.
Instead, the value of the shock thickness depends on the local
Reynold number. Therefore, all shock structures can be fully

resolved by using high-order non-dissipative numerical
schemes, provided that the grid resolutions are sufficiently
high. Of course, by increasing viscosity or decreasing the
Reynolds number, the profiles for all variables become
smoother and, therefore, can easily be resolved at lower grid
resolutions.

In this study, grid convergence tests have been conducted
for all plasma shock cases to guarantee that computational
results presented are free of numerical error. As indicated in Fig.
3, fully resolved DNS-like solutions are obtained at all ion vis-
cous Reynolds numbers when the ion grid Reynolds number,
Rep = Rel/NX, is smaller than a threshold value, which is 2.3 for
our 6th order compact finite difference solver.

1F (a) 1F (b)
08fF 08f
06F 06F FIG. 3. Fully converged CFDNS results
* T koo for plasma shocks at two ion viscous
p 04 p 04:_ Reynolds numbers (a)4Re’ =63 x10°
= NX=3200 “F NX=10240 and (b) Re' = 2.3 x 10%.
02F ----- NX=5120 02k~ NX=20480
[ ----- NX=10240 Eo--- NX=40960
00_ T T *l 0!5 - 10.|75' L1 0 C101 .I L1 *I 0! T R T N N B N R
X X
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By using the finest grid solutions as the exact results, i.e.,
NX = 40960 for Rel=6.3x10° and NX = 122880 for
Re' = 2.3 x 10*, Fig. 4 shows that the grid convergence rates
are i = 6.14 for the Re! = 6.3 x 10> case and 7 = 6.08 for Re!
=2.3 x 10* cases. Both values are very close to the theoretical
limit of the sixth-order compact finite difference scheme. This
shows that the high-order two-fluid plasma solver results are
free of the spurious behavior commonly found in high-order
shock-capturing scheme results, like the modification of the dis-
continuity location.?” Second, the CFDNS results maintain nearly
6-order accuracy across the discontinuities, while the conver-
gence rate of most shock-capturing schemes drops to first-
order accuracy near discontinuities.**

C. Magnetic reconnection

The last test case considered in this study is the collision-
less magnetic reconnection, a rapid rearrangement of magnetic
field topology, and release of free magnetic energy. It is of par-
ticular importance to the dynamic evolution of the solar
corona/flares,”” the magnetosphere,” " and thermonuclear
fusion.” % Previous studies®****>*#" confirm that the fast mag-
netic reconnection occurs on a length scale comparable to the
ion skin depth and is mainly contributed by the Hall term.

Although extensive computational work has been done on
the magnetic reconnection problem, simulations of magnetic
reconnection with explicit viscous and thermal diffusion effects
are rare. In addition, instead of a dynamically changing property,
the resistivity in most previous studies**”® was simply chosen as
a constant value. The justification for the absence of physical
plasma transport terms is partially because the rapid magnetic
reconnection is collisionless, therefore, the closures for trans-
port terms based on Chapman-Enskog expansion in the small
mean-free-path'” become inappropriate, while developing clo-
sures applicable to collisionless systems is difficult.” In turn,
most widely used plasma solvers use dissipative shock-
capturing techniques and rely on numerical dissipation instead
of physical transport terms to regularize the equations. In gen-
eral, in such approaches, the numerical dissipation is related to
the mesh size and the simulations do not converge as the mesh
size is increased. Therefore, it seems impossible for such plasma
flow solvers to produce fully resolved DNS-like solutions.

107 10*
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In this study, we choose the characteristic number density
and length scale as the typical values found in solar flare reconnec-
tion,”* i.e., Ly ~ 10m and ng ~ 10°m~3, which leads to 4; = 1.0. We
demonstrate that physical transport can be used to obtain mesh
converged solutions with negligible numerical dissipation.
Moreover, as the viscous Reynolds number is increased, the solu-
tions tend to converge and predict the collisionless magnetic
reconnection results. We vary the reference temperature, Ty, and
magnetic strength, By, to generate a wide range of viscous
Reynolds number, Re!, and magnetic Reynolds number, Re,y,, values.
The range of Re,, values is chosen to include values used in previ-
ous studies, i.e., Re,, = 100 — 350 and Re,,, = 200 employed by Ma
and Bhattacharjee™” and Toth et al.,” respectively.

Similar to previous studies, the initial conditions for the
non-dimensional primary variables are

- 1/5+sech?(2x*)
. 0.0
W 0.0
v 0.0
w; ’
= [1/5+ sech®(2x")) /4
pi
B: (2n/10L§) X sin (Zny*/L;) x cos (nx" /L)
By tanh(2x*) — (n/10L}) x cos <2ny*/L;> x sin (nx* /L)
B;
CT 0.0

The perfectly conducting wall boundary condition is
applied in the vertical direction (x*) and the periodic boundary
condition is implemented in the horizontal direction (y*). The
simulations are conducted in a two-dimensional domain with
L: =12.8and L} = 25.6.

Figures 5 and 6 show that the two-fluid non-dissipative
plasma solver (i.e., CFDNS) with temperature and magnetic field
dependent transport (ion/electron viscous stress, heat flux, fric-
tional drag force, and magnetic resistivity) can successfully reveal
the whole magnetic reconnection process. For example, Fig. 5
shows that, during the reconnection process, the high-density
sheet is stretched and finally broken up into two ligaments, which
further shrink to increase the high density values. In contrast to
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FIG. 4. The comparison of grid conver-
gence rates calculated by two-fluid plasma
solver for plasma shock at two ion viscous
Reynolds numbers (a) Re' = 6.3 x 10°
and (b) Ré = 2.3 x 10* with the theoreti-
cal limit of the sixth-order compact
scheme (n=6).
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previous two-fluid plasma results without transport terms,”’ the
CFDNS results remain perfectly symmetric, which indicates the
high accuracy of the two-fluid plasma solver in handling this chal-
lenging plasma flow. Figure 6 clearly shows that, as the reconnec-
tion takes place, the magnetic streamlines tend to bend from the
horizontal direction to the vertical direction and the intensity of
the vertical component, B,, increases dramatically. This corre-
sponds to a rapid increase in reconnection flux and an eruptive
release of magnetically stored energy to heat the plasma.

The temperature contours shown in Fig. 7 further confirm the
rapid conversion of magnetic energy into particle energy. As the
reconnection takes place, both temperature and velocities (not
shown) increase significantly due to the rapid conversion of mag-
netic energy into thermal and kinetic energies. In the solar corona,
this phenomenon is thought to give rise to solar flares and drive
the outflow of the solar wind.* Consistently, the rapid increase in

t=20.0
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FIG. 5. The temporal variation of density
contours during magnetic reconnection
with Rep, ~ 112 and Re' ~ 426.

temperature causes a dramatic increase in heat flux and viscous
dissipation, since x oc T°/? and i* o T2, as well as a large decrease
in magnetic resistivity, since i o< T-%/2. The presence of thermal
diffusion is then absolutely necessary to prevent unphysically high
temperatures to be generated at the reconnection points. Previous
studies without physical thermal diffusion had to rely on the
numerical diffusion introduced by dissipative numerical schemes to
damp this effect. The effect of numerical diffusion is hard to quan-
tify due to the higher order nonlinearities usually present in the
associated terms (if such terms can be explicitly evaluated at all). In
addition, different numerical schemes have different truncation
errors, and so, numerical diffusion is difficult to generalize across
various codes. Thus, numerical results relying on numerical diffu-
sion to regularize the equations should be regarded with caution.

A grid convergence test has been conducted for the mag-
netic reconnection problem, and the reconnection fluxes

FIG. 6. The temporal variation of magnetic
streamlines during magnetic reconnection
with Re, ~ 112 and Re’ ~ 426.
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calculated using the two-fluid plasma solver are converged at a
moderate grid resolution (e.g., 256 x 512) for Re' = 426 and Re,,
= 112, as shown in Fig. 8(a). By using the finest grid (e.g,
768 x 1536) results as the exact solutions, one can calculate the
numerical error on coarser grids. The results are shown in Fig.
8(b). The grid convergence rate estimated from the last two
points is 1 = 6.58, which is fairly close to the theoretical limit of
the sixth-order compact scheme. Fully converged DNS-like
results can also be observed in cases with higher viscous
Reynolds number, provided that the grid resolution is suffi-
ciently large. For example, the CFDNS results for the case with
initial ion Reynolds number Re! = 850 are fully converged at a
grid resolution of 384 x 768. In this test case, the threshold value
for fully converged DNS-like results is around Rej ~ 2.6. In
addition to the reconnection flux profile, the 2D contours of
vertical velocity and spanwise current density shown in Fig. 9
further confirm that the CFDNS results presented here are
indeed fully converged DNS-like solutions.

Finally, to examine the effects of the plasma transport
terms and convergence of the results with the Reynolds number,

ARTICLE scitation.org/journal/php

T_lon

e

FIG. 7. The temporal variation of ion tem-
perature contours during magnetic recon-
nection with Re, ~ 112 and Re' ~ 426.

we have conducted a series of simulations for a range of Re' and
Re,, values. First, as observed in Fig. 10(a), viscosity has a slight
delay effect on the reconnection time, as Re' is increased from
124 to 850. However, for all viscous Reynolds numbers, Re', the
magnetic flux saturates to the same non-dimensional value of
around 4.0 at a non-dimensional time close to 40.0. These values
are consistent with those reported in Refs. 6 and 43. In addition,
the time variations of the reconnection flux quickly converge at
Re' values above ~400. For Rel = 426, Fig. 10(b) shows that the
magnetic flux also converges as the magnetic Reynolds number
is increased to Re,, = 890.

Based on this convergence, we assess that the results
obtained with Re! = 426 and Re,,, = 890 fully represent the colli-
sionless reconnection process for the number density and
length scale shown above, representative of solar flare recon-
nection. In addition, due to the robustness of the saturation flux
value and time to the viscosity value, the results are also very
similar to numerical results relying on numerical dissipation for
regularization. On the other hand, resistivity has a larger effect
than viscosity at moderate Re,, values [Fig. 10(b)], in particular

10° g
‘4@ E (b)
<3k R1:192X384 -
s L _____ R2: 256 X512 10% & FIG. 8. (a) Temporal variation of recon-
= < F nection flux at different resolutions and (b)
& [ ----- R3:384x768 . comparison of the grid convergence rate
g 2 - s T for the two-fluid plasma solver results
s [ 5T (i = 6.58) against the theoretical limit of
S r 10° | the sixth-order compact finite difference
~ 1 b E scheme. The simulations were conducted
- 3 with Rem ~ 112 and Re’ ~ 426.
0 AN TN T T [T A N M T T [N T N N 1 -6 | I T R R B BN BN
0 10 .20 30 40 2.5E-02 5.0E-02 7.5E-02 1.0E-01
time AX*

Phys. Plasmas 26, 012109 (2019); doi: 10.1063/1.5082190
Published under license by AIP Publishing

26, 012109-12


https://scitation.org/journal/php

Physics of Plasmas

on the reconnection time. Lower resistivity or large Re,, values
lead to an earlier reconnection and slightly larger saturation flux
values. The reconnection time and saturation flux value for the
case Re,, = 224 shown in Fig. 10(b) are very close to those pre-
dicted by previous Hall-MHD simulations’® with Re,, = 200.
However, due to the larger potential effect of the numerical reg-
ularization scheme regarding resistivity, predictions using the
ideal (inviscid and perfect conductivity) two-fluid plasma model
(e.g., Ref. 45), need to be evaluated with more caution.
Nevertheless, again, the convergence of the results, as Re' and
Re,, are increased, explains why previous studies using relatively
low Re, values are still useful in predicting the magnetic recon-
nection phenomena occurring in space.

V. CONCLUSION

In this study, to be able to generate high-order fully con-
verged DNS-like solutions for plasma flow problems, we have
implemented the Braginskii two-fluid plasma model with full
plasma transport terms, including temperature and magnetic

ARTICLE scitation.org/journal/php

FIG. 9. The contours of vertical velocity,
V,, and spanwise current density, |J;|,
with different resolutions for Rey, ~ 112
and Re’ ~ 426.

field dependent ion and electron viscous stresses and heat
fluxes, frictional drag force, and ohmic heating term, in the
CFDNS code, using sixth-order non-dissipative compact finite
differences with negligible numerical dissipation/diffusion. To
maintain computational feasibility, while also solving all the
dynamically relevant time and length scales, the infinite speed of
light and negligible electron inertia assumptions have been used.

The range of applicability of the resulting two-fluid plasma
equations was discussed in detail. This was achieved by using a
non-dimensional analysis of the equations, which highlights the
relevant non-dimensional parameters. These parameters are
cast in terms of characteristic scales found in practical problems
of interest, including the characteristic number density, no,
length scale Lo, temperature, To, and magnetic strength, Bo. The
non-dimensional parameters can be used to estimate the rela-
tive contributions of Hall and Biermann battery effects, resistiv-
ity, viscous stress, and heat flux in different regimes. In the
appropriate limits, the two-fluid plasma equations recover the
conventional MHD (i.e., ideal, resistive, and Hall) equations. First,

r I
4@ Rem,=112 AR Re{=426
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the corresponding non-dimensional single fluid equations for
the mixture velocity, density, pressure, and temperature are
derived. Then, (i) conventional Hall-MHD equations can be
recovered in regimes where 0 < T < vmi/me (and/or
0 < 71 < /mi/me), Rel, Re® — oo, and Fr — oo; (ii) Resistive
MHD equations can be recovered in regimes where Z; — 0
(and/or 71; — 0), Fr — oo, and Re', Re® — oo, but Re,, has a finite
value; and (iii) Ideal MHD equations are recovered in regimes
when in addition Re,, — oo. The single fluid and the conven-
tional Hall-MHD equations are unclosed due to the explicit
presence of the electron pressure. Several choices for closing
these equations in previous studies are discussed. In contrast,
the two-fluid plasma equations are more general and do not
need additional assumptions.

The two-fluid solver was demonstrated against four
canonical problems, to confirm its accuracy and robustness in
handling plasma flows in different regimes. These test cases
include the Alfven and whistler waves for parameter values rel-
evant to solar corona, the electromagnetic Brio-Wu plasma
shock® with parameter values relevant to the bow shock
caused by the interaction between solar wind and the earth
magnetosphere, and the fast magnetic reconnection in solar
flares. All physical transport terms are retained for the four test
cases, and the convergence with respect to the viscous and
magnetic Reynolds numbers was discussed, in addition to prov-
ing grid convergence of the results. For both Alfven and whistler
dispersion relations, the numerical results are in excellent
agreement with the analytical or linear stability theory (LST)
predictions for the corresponding ideal MHD and Hall-MHD
equations over a wide range of wavenumbers. Because of the
inclusion of physical viscosity in the two-fluid plasma solver, all
plasma shock characteristics can be fully resolved at all
Reynolds numbers, provided that the grid resolution is suffi-
ciently high. This means that the ion grid Reynolds number,
Rea = Rel/NX, needs to be smaller than a threshold value, which
for the plasma shock test case is around 2.3. Near the sharp gra-
dients in the plasma shock problem, in contrast to the first-
order convergence rate commonly found in studies using
shock-capturing schemes, the grid convergence rate calculated
here is in the range of n ~ 6.08 — 6.14 which is very close to the
theoretical value of the sixth-order compact scheme.

For the last test case, the CFDNS results successfully demon-
strate, using the two-fluid plasma model, the fast magnetic recon-
nection process occurring under solar flare conditions. The
magnetic flux saturation time and value predicted here are in
good agreement with those reported in previous studies under
similar conditions. The systematic examination of Re' and Re,,
effects on the magnetic reconnection reveals that the results are
converged for the largest values used in this study, Re' = 426 and
Re,,, = 890. This implies that the results are relevant to practical
problems with much larger Reynolds numbers. The viscous effects
are relatively small for Rel ~ 100 — 400, so that coarse resolution
simulation results using numerical dissipation to regularize the
equations are likely close to the high Reynolds number results. On
the other hand, the reconnection flux saturation value and time
are more sensitive to changes in Re,,. The CFDNS results with
Ren ~ 200 are close to those reported in previous studies, but

scitation.org/journal/php

the results become converged at much higher magnetic Reynolds
number values (Re,,, > 800). These results are particularly useful
in evaluating the different approximations used in plasma solvers
(e.g., with /without viscosity, heat flux, resistivity, etc.).

In general, the Braginskii transport coefficients become
inaccurate for degenerate and/or partially ionized plasmas.
However, more general formulations do not include the full
directional dependence of the physical transport with respect
to the magnetic field or are less accurate for low-Z materials.
Future simulations will address the importance of anisotropic
transport and differences with more accurate models where
available (e.g., for higher-Z materials) and further explore the
existence of a mixing transition in various applications.
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APPENDIX A: PLASMA TRANSPORT TERM
FORMULATIONS

For completeness, the formulations for all transport
terms, mostly following Ref. 17, as well as the details of their
implementation are given below.

1. Viscous stress tensors, nig

In general, three major steps are needed for calculating
the viscous stress. First, the strain rate tensor, Wy, is calcu-
lated in the fixed Cartesian coordinate system, {ej, ez, es}, as
follows:

2
W, = — |V + (Vu) " — 3(V-wr), (A1)

where I is the second-order identity tensor.
The next step is to restate the strain rate tensor, W, into
a moving coordinate system aligned with the magnetic field,
{€], €,, e}, in which e} = B/|B| denotes the unity vector in the
direction of the magnetic field, as follows:
W, =Q'w,Q. (A2)
The transformation matrix, Q, is defined by

~B, —BIBj By
Q=B -ByBj B3|, (A3)
0 BB} +B,Bj B}
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where B} = B;//B? + B% and B/ = B;//B? + B% + B3. The viscous
stress in the new coordinate system can then be calculated as

1 1
n;lﬁs == z:u% (W{l‘s + WlZZ,s) - Eui (Wil,s - WIIZZ,S) - /“LISSW{Z,S ’

(A4)
1
n;Z,s = n/21,s = _:uiwizﬁs + zllg <W{Ls - Wéz,s)v (AS)
”43,5 =Ty = _“3W{3,s - #Zwlzs,s ) (A6)
1 1
72:/22,3 = E“?) <W{l,s + Wéz,s) - z#? (Wéz,s - Wil,s) + tuisiwl,Z,s )
(A7)
7-[,23,3 = nl32,s = 7:“;Wé3,s + HZW{B,S ’ (AS)
717?33,3 = _lu?)WéB,s ) (A9)

where yj, j=1,..,4 are the ion and electron viscosity coeffi-
cients which are mainly functions of temperature, T,
and number density, ns. For ions, one has i = (2.23/
2.33)nikBTiri, ‘uiz :nikBTiri(l.sz + 223)/A, andui =n;kpTiTix (Xz
+2.38)/A, where x=w7; and A=x*44.03x*>+2.33. The
coefficients xi and yf can be obtained by replacing x by 2x in
the formulations for p) and g, respectively. Here, 1
=1273/282 /m; (kpT;)*? /(InAe*Z*n;) is the ion collision time
and w¢ =Ze|B|/m; is the ion cyclotron frequency. For elec-
trons, one has ug=(8.50/11.6)nckpTete, 11§ =nckpTete(2.05x
+8.50)/A,and i =—nekpTetex(x2+7.91) /A, where x=awete and
A=x*413.8x*+11.6. Similarly, the coefficients ¢ and p§ can be
obtained by replacing x by 2x in the formulations for x§ and
1, respectively. Here, t,=6v/213/%2 /Mg (kg Te)*? /(InAe*Zn,)
is the electron collision time and w.=e|B|/m, is the electron
cyclotron frequency.

In this study, the Coulomb logarithm formula, InA, is
adopted from Ref. 93 and its expression in Gaussian units is
given as follows:

5
—In (Zakgk> ,
k=1
bo + biln(g) + ba2ln?(g)
1+ b3g + bsg?

if g=(Ze)*/RplefrTe <1
InA =

2 x , if g =(Ze)*/kplefTe > 1.

(A10)

The numerical values of the constant -coefficients

ap, az, ..., as,bg,....,bs can be found in Ref. 93. The effective
screening length /. can be estimated as

~1/2
Jeff = 7 (1 + m) , (A1)

where Je = [kpTe/(4nZ2e2n,)]"?, T = (Ze)?/aikpTe, and
a; = (3/4mn,)">.

Finally, the viscous stress tensor, ns, can be obtained by
restating =, back into the fixed coordinate system, {e;,e;,es},
as follows:

s = Qr.Q". (A12)

scitation.org/journal/php

For the special case without the magnetic field, ie.,
B = 0, the viscous stress tensor can be calculated directly by
using the following formulation:

s = W (A13)

Another special situation is when the magnetic field is
aligned with the fixed coordinate system, i.e., B = B = 0 and
B3 # 0. In this case, the transformation matrix, Q, is reduced
to the second-order identity tensor I. Therefore, no coordi-
nate transformation is needed and the viscous stress tensor
can be calculated by using Egs. (A4)-(A9) directly.

2. Heat flux, g,

The ion heat flux, q;, is caused by the temperature gradi-
ent only and can be expressed as

nikE Tt nx? + 1l
q; = - (W) [”IOVHTi + (% V. Ti

- x(nfx* +ng) (

< h x vm} : (A14)

where h = B/|B| represents a unity vector in the direction of
the local magnetic field and the symbols || and L on any vector
denote its component in the parallel or perpendicular direction
to the magnetic field, B, respectively. For example, V|T;
=h(h-VT;) and V. T; = h x (VT; x h) = VT; — V| T;. The non-
dimensional variables x and A follow the above definitions.

In contrast, the electron heat flux, q,, is caused by both
the temperature gradient and the relative velocity between
ions and electrons, (u; — u.) or current density, J, and can be
written as q, = qr, + q,,. The two parts are formulated as

NekE T, P2+ 9
Aqre = — (%eee) [VOVHTe + (% ViTe

2 "
_ W(h % VTe)} : (A15)
T, ) / 1.2 /"
ue = kBe |:ﬁ0JH + ( la A+ ﬁO)JL +x( 1JCA+ ﬁO) (h x J):| .
(A16)

The numerical values of the constant coefficients, 79, yo,
Bo, 7o, etc., can be found in Ref. 17.

3. Frictional drag force, R

Similar to the electron heat flux, q,, the frictional drag
force between ions and electrons, R,; (or R,), also has two dif-
ferent contributions

! a2 / I a2 7
Ru: (Z%e) |:0(0JH+ (1706136 +060)Jl7x(0(1x +O(0) (hXJ)j|,
e

A A
(A17)
/2 /
Rr = —(nckp) |:ﬂ0vHTe + (@) V.T.
+ w (h x VTE)} : (A18)
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R, is the classical momentum frictional force caused by
the velocity difference between ions and electrons, while the
thermal frictional force, Rr, is produced by the electron tem-
perature gradient.

4. Collision generated heat, Q,

Following the approximations made in Refs. 17 and 54, the
ion and electron collision generated heat terms are written as

Q=Qu= 3(%) (?—) Rn(Te — T)), (A19)
Qe =Re - (uj —ue) — Qa. (A20)

The expression Ry - (u; — u,) is the general ohmic heating
term.

We note here that the Braginskii coefficients are consis-
tently derived using two-term Sonine polynomial solutions.
The electron conductivity model presented in Ref. 68 reduces
to the Braginskii model for fully ionized nondegenerate plas-
mas but retains a higher precision for the numerical coeffi-
cients due a different treatment of the Sonine polynomial
solution. Thus, most of the coefficients appearing in the heat
flux and frictional drag force Braginskii formulas are about
8% different from the exact values. On the other hand, Ref. 68
does not include electron-electron scattering, which adds a
non-negligible contribution for low-Z materials, where the
model overestimates the conductivity. For consistency with
the other transport formulas and to consider the full direc-
tional dependence of the transport, here, we use the
Braginskii formulation for the heat flux and frictional drag
force and will address the differences compared to the formu-
lation in Ref. 68 elsewhere.

APPENDIX B: QUASI-NEUTRALITY CONDITION

As discussed in Sec. 11 D, an indication of the accuracy of
the numerical integration is that the charge density, p., evalu-
ated from the divergence of the electric field, E, remains suffi-
ciently small at all the times. For all test cases discussed in
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this paper, the maximum normalized charge density in the
computational domain, |p; | . = €0V - E/(€ZN)|;0x, Was moni-
tored throughout the simulation times.

Figure 11 shows [p; | Variation for the 1D plasma shock
and 2D magnetic reconnection problems. Both cases exhibit
sufficiently small values to conclude that the simulations con-
ducted in this study satisfy the quasi-neutrality condition.

APPENDIX C: SINGLE-FLUID LIMITING EQUATIONS

The single-fluid plasma equations (35)-(38) described in
Sec. I1I1B are derived from the non-dimensional two-fluid
plasma equations (20)-(27) by using the ion-electron mixture
definitions, infinite speed of light, and negligible electron
inertia assumptions. The Hall term, electron pressure term,
and all plasma transport terms are retained in the single-fluid
plasma equations, which can be viewed as full Hall-MHD
equations, in contrast to the conventional Hall-MHD equa-
tions where the viscous, heat flux, and acceleration terms are
neglected. As shown in this Appendix, the conventional Hall,
resistive, and ideal MHD equations can be recovered from the
general single-fluid equations (35)-(38) as limiting cases.

1. The conventional Hall-MHD equations

In regimes where Re!,Re® — o0, g%, — 0, and R — 0 and
assuming that the gradients remain finite, the single-fluid
equations (35)-(38) given in Sec. Il B reduce to

dp*
ot
+ V' (p'u'u’) = —pV'p* +J x B,

/11‘ p*
+V*. *u*} =— *V*-u*Jr—V*-(—eJ*)
(pru) p — o

+V - (pu) =0, (1)

I(p'u)
o

(€2)

1 |op*
y—1[0t*

G kT J* 1 * *
+ 24P,V ( )+[3RemR“ J, (C3)

p*
OB* .

N v E*
B V* x E*,

B 1
I kK _R*
,O*V pe +Rem u?

(C4)

1 ;
E +u xB = MEJ* x B* — J; (C5)
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FIG. 11. The temporal variations of maxi-
mum normalized charge density for (a)
plasma shock and (b) magnetic reconnec-
tion cases.
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J =V x B (C6)

Equations (C1)-(C6) are the conventional Hall-MHD
equations’>”* in which Ry is a function of current density, J*,
as shown in Appendix A3 and g—R; - J* o gp--J* - J* repre-
sents the resistive effects. The q;,, and R} terms have been
never been considered in previous derivations of Hall-MHD
equations. For the tests considered in this study, these two
terms are negligible. In the presence of turbulence, it is
assumed that viscous dissipation does not vanish in the infi-
nite Reynolds number limit, so that the domain of applicabil-
ity of Egs. (C1)-(C6) relates to non-turbulent flows, unless
they are used in the context of turbulence modeling with
added subgrid or turbulent transport models.

Written as above, the conventional Hall-MHD equations
are not closed, due to the presence of the electron pressure,
p;, which cannot be estimated from the rest of the variables.
In practice, to close the equations, some studies™ *° simply
neglect the electron pressure, while others”*”’ assume identi-
cal ion and electron temperatures, T; = T;. In the latter case,
the electron pressure becomes p; = Zp; = p*/(1+1/Z).

2. The resistive MHD equations

In regimes where /; — 0 (and/or #1; — 0), Re!, Re® — oo,
and Fr — oo, the single-fluid equations (35)-(38) reduce to

0" ey
v () =0, C7)
E’(g—;)+ V' (puwt) = —pVp + T x B, (C8)
1 ap* * Kok _ Tk * 1 * *
m 8t*+v.(pu) = pV u+[ﬁ’RemR“ J7 (Cg)
OB’ » o b
= -V xE, (C10)
* * * 1 *
E'+u' xB =R, ()
J =V xB". (C12)

Equations (C7)-(C12) are the non-dimensional resistive
MHD equations*®”*. Obviously, the resistive MHD equations
are closed without the need of explicitly assuming identical
ion and electron temperatures (T; = T;). As before, R, is a
function of current density, J*. Again, neglecting the viscous
contributions in the infinite Reynolds number limit generally
precludes the use of Egs. (C7)-(C12) for turbulent flow
calculations.

3. The ideal MHD equations

If in addition, Re, — oo, the resistive MHD equations
(C7)~(C12) can be further reduced to the ideal-MHD equa-

tions”*"* given as follows:
" o () —
T () =0, (C13)
%4— Ve (p'u'u’) = —pVp" +J° x B, (C14)
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L L2 N .
- m*#—v-(pu) =—p'V*-u’, (C15)
OB* . .
E*+u* xB" =0, (C17)
J=V*xB". (C18)
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