RESEARCH ARTICLE | JULY 14 2023
Viscosity impact on 3D non-linear MHD simulations of RFP

fusion plasmas
N. Vivenzi & @ ; M. Veranda @ ; D. Bonfiglio @ ; S. Cappello

’ '.) Check for updates ‘

Phys. Plasmas 30, 072304 (2023)
https://doi.org/10.1063/5.0150255

@ B

View Export
Online  Citation

Articles You May Be Interested In

Chaos generated pinch effect in toroidal confinement devices

2]
©
=
2]
T
o B
T
o
/)]
O
2]
>
e
Q.

Phys. Plasmas (October 2007)

On shear viscosity and the Reynolds number of magnetohydrodynamic turbulence in collisionless
magnetized plasmas: Coulomb collisions, Landau damping, and Bohm diffusion

Phys. Plasmas (August 2009)
Wavelet methods for studying the onset of strong plasma turbulence

Phys. Plasmas (December 2018)

£ Publishing Physics of Plasmas

Special Topics Open

for Submissions

Learn More

AIP
é/_‘. Publishing

€0:12:€1 520Z Aenuer o)


https://pubs.aip.org/aip/pop/article/30/7/072304/2902257/Viscosity-impact-on-3D-non-linear-MHD-simulations
https://pubs.aip.org/aip/pop/article/30/7/072304/2902257/Viscosity-impact-on-3D-non-linear-MHD-simulations?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-6033-6954
javascript:;
https://orcid.org/0000-0002-5821-2896
javascript:;
https://orcid.org/0000-0003-2638-317X
javascript:;
https://orcid.org/0000-0002-2022-1113
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0150255&domain=pdf&date_stamp=2023-07-14
https://doi.org/10.1063/5.0150255
https://pubs.aip.org/aip/pop/article/14/10/102310/864764/Chaos-generated-pinch-effect-in-toroidal
https://pubs.aip.org/aip/pop/article/16/8/082307/316361/On-shear-viscosity-and-the-Reynolds-number-of
https://pubs.aip.org/aip/pop/article/25/12/122310/364089/Wavelet-methods-for-studying-the-onset-of-strong
https://e-11492.adzerk.net/r?e=&s=72ouWT4QZoowQUQzyIIIss02oYg

Physics of Plasmas

ARTICLE pubs.aip.org/aip/pop

Viscosity impact on 3D non-linear MHD
simulations of RFP fusion plasmas

Cite as: Phys. Plasmas 30, 072304 (2023); doi: 10.1063/5.0150255

Submitted: 13 March 2023 - Accepted: 21 June 2023 -
Published Online: 14 July 2023

© Mt @

View Online Export Citatior CrossMark

N. Vivenzi,">® () M. Veranda,'* (%) D. Bonfiglio,"”

and S. Cappello'®

AFFILIATIONS

IConsorzio RFX (CNR, ENEA, INFN, Universita degli Studi di Padova, Acciaierie Venete SpA), C.so Stati Uniti 4, 35127 Padova, Italy

ZCRF-University of Padova, C.so Stati Uniti 4, 35127 Padova, Italy
*CNR-ISTP Padova, C.so Stati Uniti 4, 35127 Padova, Italy

3 Author to whom correspondence should be addressed: nicholas.vivenzi@studenti.unipd.it

ABSTRACT

Several studies pointed out the joint role of resistivity # and viscosity v in determining the dynamics and the emergence of helical regimes of
reversed-field pinch (RFP) plasmas. In this framework, the self-consistent time evolution of the 7 and v coefficients still lacks of a fully satis-
fying modeling, being constrained by many approximations. In this work, the hypothesis of a flat viscosity profile is relaxed: A viscosity pro-
file inspired by the Braginskii perpendicular viscosity is implemented in the code. This choice is motivated by the fact that the
magnetohydrodynamics field instabilities relevant for the RFP configuration dynamics (resistive-kink/tearing modes) are active in the direc-
tion perpendicular to the magnetic field. Such a non-monotonous profile causes a localized damping of plasma flow in the regions, where the
viscosity is stronger, close to the plasma edge. This results in the reduction of the flow shear, in turn allowing the enhancement of edge mag-
netic field modes amplitude. The impact on the magnetic topology and on connection length to the wall is also analyzed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0150255

I. INTRODUCTION

In fusion research, 3D non-linear visco-resistive magnetohydro-
dynamics (MHD) represents a fundamental tool in modeling the
dynamics of toroidal pinches," with reference to both the configura-
tions: tokamak and reversed-field pinch, RFP. Fundamental results
have been obtained exploiting the RFP configuration, which represents
a toroidal magnetic configuration for the confinement of fusion plas-
mas, characterized by relatively high values of the plasma current with
respect to magnetic flux.” An important feature of the RFP is the
plasma helical self-organization,” characterized by the dominance of a
single mode over all the magnetic field spectrum that gives its domi-
nant helical twist to the whole plasma column. This condition, which
was originally observed at high visco-resistive dissipation in numerical
simulations,”” is realized in the experiments during high plasma cur-
rent operations (I, > 1MA on REX-mod device), and it is accompa-
nied by the formation of transport barrier and the improvement of
plasma confinement.”® *

In the last few decades, non-linear visco-resistive MHD modeling
has played a key role in describing the plasma helical self-organizing
process (see Sec. II). In particular, the transport coefficients of the
model (resistivity and viscosity) determine, together with the

application of proper plasma boundary conditions, the possible occur-
rence of helical states.”""

In the context of visco-resistive MHD, the joint role of resistivity
and viscosity has been pointed out in several works, see, e.g., Refs.
11-13, with particular reference to the occurrence of steady state heli-
cal solutions. The toroidal geometry has also been proven to play an
important role in this framework (see, e.g., Refs. 14 and 15).

Despite the importance of using the proper transport coefficients
to describe RFP regimes, see Refs. 6, 16, and 17, no unique consensus
still exists about the evaluation of such coefficients. The existence of an
important anomaly between the classical transport prediction by
Braginskii'® and the experimental measurements is pointed out, for
both the resistivity'>** and the viscosity.”' >

In the case of resistivity, in Refs. 27 and 28, a remarkable agree-
ment is shown between the Spitzer estimate (coinciding with the
Braginskii formula) and the experimental measurements of the resis-
tivity during magnetic reconnection experiments in collisional regime.
However, in Ref. 19, the effective resistivity (and the consequent toroi-
dal loop voltage) is shown to deviate significantly from the classical
estimate because of the dynamo action. In addition, a recent work”’
has pointed out the need for an order of magnitude anomaly of the
resistivity in order to obtain a quantitative agreement between the
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linear resistive MHD model predictions and resonant modes growth
rate measurements on the EXTRAP T2R reversed-field pinch device.

For the viscosity, the uncertainty in the coefficient estimate is
even larger,” and the existence of a two orders of magnitude anomaly
between the Braginskii estimate and the experimental measurements
is confirmed by recent studies.” *°

In non-linear MHD codes, simplified expressions are commonly
used to model the transport coefficients profiles. In particular, the
M3D,” and PIXIE3D"' codes usually adopt a Spitzer-like dependence
of the resistivity profile ((r) oc T, *?) and a uniform profile for the
viscosity, while in the non-linear extended code JOREK,™ in addition
to the Spitzer-like resistivity, the viscosity term is split into two contri-
butions: the parallel (spatially constant) and the perpendicular (whose
profile is evolved as the resistivity one, to maintain a constant ratio
between the two coefficients over the whole plasma volume). In the
non-linear spectral code SpeCyl,” the one considered in this paper,
the present modeling of transport coefficients profiles is rather simple,
considering a uniform, scalar viscosity profile, and no evolution in
time for both resistivity and viscosity. At the current state of knowl-
edge, the relaxation of such assumptions in MHD simulations deserves
further studies (see, e.g., Ref. 34, where non-uniform transport coeffi-
cients are introduced for both tokamak and RFP configurations, and
Ref. 35, where the effects of non-uniform profiles on 7 = 0 modes sta-
bility are studied), which are carried out in this work.

The aim of this paper is to test the effects on the plasma dynamics
and on the magnetic topology of a non-uniform viscosity profile,
inspired by the Braginskii transport theory and by simplified radial
profiles of plasma measurable quantities. We show that a Braginskii-
like viscosity profile causes a shear flow suppression, allowing the
enhancement of edge magnetic field modes amplitude. This recalls a
well-known mechanism of microturbulence suppression induced by
edge shear flow.”

In Sec. II, the SpeCyl code for 3D non-linear visco-resistive
MHD simulations is introduced, discussing: the approximations of the
model, the equations solved, and the numerical scheme adopted by
the code. A brief summary of the main advancements made in MHD
modeling using the SpeCyl code is also provided.

In Sec. 111, we discuss the choice of the viscosity profiles studied
in this work, qualitatively describing the different viscosity values as
the radial position in the cylinder varies.

In Sec. IV, the simulations results are analyzed in terms of the
plasma dynamics. In particular, we firstly analyzed the temporal evolu-
tion and the spectra of both the kinetic and the magnetic energy, fol-
lowed by the poloidal flow, the poloidal shear flow, and the radial
magnetic field instabilities at selected radial positions. This has allowed
us to draw a basic picture of interplay between viscosity coefficient, the
sheared velocity, and the magnetic field, where the tested viscosity pro-
file is shown to damp the velocity and the velocity shear, allowing a
slight enhancement of the magnetic field instabilities.

In Sec. V, the profile effects on the viscosity anomaly is described,
showing that a Braginskii-like viscosity profile could contribute in
reducing the anomaly of about a factor three.

In Sec. VI, the simulations results are analyzed in terms of the
magnetic topology. In particular, the Poincaré plots and the contour-
plots of the connection length for selected time instants are described,
showing that the introduction of a perpendicular Braginskii profile
decreases the average value of the connection length, which can be
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interpreted as a sign of an increased activity of the m =1 intermediate
resonant modes.
Conclusions and final remarks follow in Sec. VII.

Il. SPECYL VISCO-RESISTIVE MHD SIMULATIONS

This section is devoted to introducing the 3D non-linear visco-
resistive MHD model and to presenting the SpeCyl code, the numeri-
cal tool used to study reversed-field pinch fusion plasmas in this work.
The model is derived from single fluid MHD equations, assuming a
constant and uniform mass density”’” and neglecting the effects intro-
duced by the pressure gradient in the equation of motion. As
highlighted in Ref. 38, models adopting similar approximations have
been extensively used for compressible laboratory plasmas, capturing
major physical effects observed in experiments (see, for example, Refs.
39-47). Moreover, focusing on current driven instabilities, we are
much more interested in the effects introduced by the Lorentz force
term and then in those introduced by the pressure gradient. According
to this simplification, the latter term is neglected.” In this case, only
the electromagnetic Lorentz force and the momentum diffusion term
(modulated by the viscosity) contribute in determining the plasma
dynamics.

The model consists of the following equations, written in
Alfvénic units:

Po (%4— (V'V)V) =jx B+ prViv, M
B VX (vx B) -V x (1), @)
V-B=0, (3)

j=V xB, (4)

where space, time, and magnetic field are normalized, respectively, to
plasma minor radius a, Alfvén time 74, and on-axis magnetic field By,
while p, represents the constant and uniform mass density. In these
units, resistivity and viscosity (that represent the transport coefficients
of the model) are expressed naturally as the inverse of the Lundquist
number 7 =1,/t4 =S ! and of the viscous Lundquist number
v =1,/14 = M~'. Even if Eq. (1) should be modified by the intro-
duction of a non-uniform viscosity, we will consider the additional
terms negligible in the context of this paper, see the Appendix, main-
taining the current formulation of the equations for this sensitivity
study.

SpeCyl™ solves the equations of model (1-4) in cylindrical geom-
etry, adopting a semi-implicit temporal advance scheme and exploit-
ing a spectral formulation in the axial and azimuthal coordinates and
a finite differences scheme in the radial one.

This code has successfully undergone a cross-benchmark
nonlinear verification study® with the 3D finite volume MHD
code PIXIE3D.” With a proper change of coordinates (t,v)
— (t = +/n/vt,v =+/v/nv) and the introduction of the Prandtl
P=v/y and the Hartmann numbers H = 1/,/nv, the plasma
dynamics (1)-(4) is shown to depend only on the latter dimensionless
coefficient, if the inertia term in Eq. (1) becomes negligible.16
Therefore, the Hartmann number turns out to be the ruling parameter
of the MHD activity,"’ highlighting the joint role of both resistivity
and viscosity in determining the plasma dynamics and the need for an
experimental evaluation of both the transport coefficients. More
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recently, the predictions of the model have reached a good level of
agreement with the RFX-mod data, being able to describe both the
helical twist’ and the intensity of the perturbed mode™ of helical
states, exploiting the introduction of non-ideal magnetic field bound-
ary conditions. The latter consists of imposing an edge non-zero radial
magnetic field, mimicking edge radial magnetic field, also known as
magnetic perturbation (MP). This is essential to reproduce a helically
self-organized regime even at low dissipation, the so-called quasi-sin-
gle helicity regime, characterized by periodic repetition of an ordered
phase, suddenly interrupted by reconnection events (crashes). No slip
boundary conditions are considered for the axial and the azimuthal
components of the velocity [v,(a) = 0, vg(a) = 0], while an inward
finite pinch velocity is assumed only for the m =0, n=0 radial com-
ponent, caused by the electric and magnetic field interaction and
determined by the Ohm’s law: v%°(a) = ((Ege, x B) - e,/B*)*". This
is qualitatively in agreement with the experimental picture (character-
ized by an almost uniform, constant density), where the inward radial
pinch velocity and the influx of particles coming from the wall can be
thought as particle source terms that contribute in the continuity equa-
tion to the balance of the flow divergence. The quantitative balance of
these terms in the MHD modeling framework is beyond the scope of
this paper. The transport coefficients (1, /) have been considered to be
constant in time. In the past, the same profile [Eq. (5a)] was consid-
ered for both the resistivity and the viscosity, to maintain a uniform
value of the Prandtl number on the plasma volume.”’ However, in the
most recent SpeCyl simulations, a simple radial profile is commonly
assumed for both resistivity (r) and viscosity v(r),

n(r) = no(1420r"°), (5a)
v(r) = vp. (5b)

More precisely, the resistivity profile expression is derived applying the
Spitzer resistivity formula (17 oc T;3/2)"" to typical REX-mod electron
temperature profiles, while the viscosity profile is preliminary assumed
to be uniform. In this regard, the setting of a Braginskii-like viscosity
profile (inspired by simplified radial profiles of temperature, density,
and magnetic field in RFX-mod plasmas) is going to be discussed in
Sec. 111, with the aim of describing its effects on the plasma dynamics
and the magnetic topology with respect to flat profile in Eq. (5b), the
mostly adopted so far.

I1l. SIMULATION SETTINGS

In this section, we describe the SpeCyl simulations considered for
this study.

The settings common to all the three simulations are the absolute
on-axis values of the resistivity: 1, = 10~ and viscosity: vy = 1074,
and the resistivity profile, chosen according to Eq. (5a). We focus,
presently, on the case of ideal boundary conditions simulations, lead-
ing to a multiple helicity regime, that is experimentally observed in
low current RFP discharges. The Fourier spectrum selected for this
analysis is reported in Table I for both the azimuthal (poloidal) wave
number m and axial (toroidal) wave number n. We recall that the con-
vention adopted in the Fourier decomposition is exp [i(m0 + nz/Ry)].
The modes spectrum shown in this study was selected after a conver-
gence study (see Ref. 33) and includes also non-resonant modes (e.g.,
m=1, =7 <n <0). As we will see from Fig. 2, the number of
selected modes is adequate for the study.

ARTICLE pubs.aip.org/aip/pop

TABLE . Details of the Fourier spectrum considered in the SpeCyl simulations analyzed
for the azimuthal (poloidal) wave number m and axial (torcidal) wave number n. 225
Fourier modes are considered, in addition to the axisymmetric component (0, 0).

m 0 1 2 3 4

n [-250] [-55;9] [-50;—6] [—60;—16] [—70;—26]

Although many radial dependencies for the viscosity were con-
sidered, in this paper, we compare the three more significant simula-
tions (only differing for the viscosity profile considered), as shown in
Fig. 1(a).

The first profile is the flat profile vg,(r) = v, which represents
the reference case of study in SpeCyl simulations so far.””

The second profile is inspired by the perpendicular Braginskii vis-
cosity coefficient evaluated on experimental-like plasma parameters
profiles: vpya. 1 (1) = vo(1 + 20r° cos (1.6r))."" Some remarks are
needed in order to justify this choice. First of all, we mention that RFP
dynamics are determined by magnetic instabilities and fluid convec-
tion, which both develop in the direction perpendicular to the mag-
netic field. In a recent study, Ref. 52, different viscosity coefficients
have been estimated according to the main theories of transport and
we have compared the trends of the amplitudes of magnetic field

()

Low Brag profile

) N\

High Brag profile

— — UBrag, | —— V(Brag),,,

m =1 n = —8 resonanci

0.051 m =1 n = —15 resonance
. m = 1, inter. resonant
m_=1n = —55 resonance
m = 0 resonance o —

0.0 0.2 0.4 0.6 0.8 1.0
r/a

FIG. 1. (a) Comparison of viscosity profiles set in SpeCyl simulations: the flat vis-
cosity profile vy, (black), the profile that comes from using the perpendicular
Braginskii viscosity /g, (red), and the flat profile with the same volume average
viscosity of the Braginskii one, (grag),, (blue). (b) Safety factor profile of a RFP
plasma, with the main instability resonances marked with horizontal lines. Two dif-
ferent regions are highlighted: the region where the Braginskii viscosity profile is
lower than its volume average (Vgrag, 1 < V(8rag),,» iN green) and the one where it
is higher (Vgrag 1 > (Brag),,,» I purple). In the first region, the resonances of the
m=1, —14 < n < —7 are located, while in the second, the m=0 and m=1,
—55 < n < —15 modes resonances are located.
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instabilities at the edge as a function of the Hartmann number
between SpeCyl simulations and REX-mod experimental data. We
have preliminary shown that the parallel Braginskii viscosity, which is
larger by about seven orders of magnitude than the perpendicular one,
is the one that gives the worst quality fit. For this reason, we identified
the parallel viscosity estimate as not suitable for an optimal compari-
son between SpeCyl simulations and RFX-mod data. On the contrary,
even if it is not the largest among the possible viscosity estimates, the
perpendicular Braginskii coefficient with a suitably anomaly factor
represents the contribution to the plasma viscosity which provides the
best agreement. The perpendicular Braginskii viscosity (in its dimen-
sionless form, i.e., the reciprocal of the viscous Lundquist number) is
expressed as a function of the plasma measurable parameters,

1 9Z' 2 In A n??
o

et ©)

VBrag,1 =
MBragA,L a

where the mass number 7, the effective charge Z, the Coulomb
Logarithm, and the plasma minor radius a are considered constant; a
polynomial profile is considered for the density and the temperature:
n(r)/no, T(r)/To = 1 — r°. This choice is motivated by considering
basic analytical expressions resembling typical REX-mod profiles™ for
the main plasma measurable quantities. The values and the profile of
the viscosity are not evolved self-consistently by the code. The Bessel
function model is considered as simple approximation™* for the mag-
netic field modulus.

The third profile is a flat profile (as the first one) but with a differ-
ent central value, exactly amounting to the volume average viscosity of
VBrag, 1 (T): V(Brag),,, () ~ 2.821, which allows the study of the effects
purely due to the profile, by comparison with the simulation based on
Eq. (6).

The introduction of Braginskii-like viscosity profiles does not
modify significantly the axisymmetric component of the magnetic
fields. In Fig. 1(b), the safety factor profile of the simulations is shown,
calculated using the time average of the m =0, n =0 magnetic field,
a(r) = (r(B*(r)),)/ (Ro(BY (1)),

We preliminary observe that in the core region (highlighted in
green), where the Braginskii perpendicular viscosity profile is lower
than its volume average value: vpg 1 < V(prag),,» the modes m=1,
—14 < n < —7 resonate. On the contrary, in the external region
(highlighted in purple), the Braginskii viscosity profile is higher than
its volume average value Vg4 1 > V(Brag),,- This is the region where
the reversal of the toroidal magnetic field occurs (and consequently
the resonance of the m =0 modes) and the resonance of the m=1,
n < —15 modes is located. The approach of considering a viscosity
higher in the external region is followed also in Ref. 35 with the aim of
studying the excitation of m =0 modes during the sawtooth crash. In
the present study, the viscosity peak in the external region is a result of
the application of the Braginskii theory upon reasonable profile
estimates.

IV. BRAGINSKII-LIKE VISCOSITY PROFILE: EFFECTS ON
THE DYNAMICS

In this section, the effects of Braginskii-like viscosity profiles on
the plasma dynamics are studied, firstly focusing on the volume inte-
gral quantities (kinetic and magnetic energy) and then on the velocity
and magnetic fields, which instead display also a dependence on spa-
tial coordinates. Since in any fluid model, the viscosity coefficient

pubs.aip.org/aip/pop

directly acts on the velocity field, see Eq. (1), and then, it influences the
other quantities (like the magnetic field) by means of the coupled
equations [Eq. (2) in the present model], we will proceed giving prior-
ity to the velocity related quantities (like the kinetic energy W) and
then analyzing the magnetic field related ones (like the magnetic
energy Wy).

As a preliminary study, the spectra of both the kinetic and the
magnetic energy are shown in Fig. 2, for the m=0 and the m=1
modes and for any viscosity profile analyzed. The energy time average
is calculated (for each mode) over the simulation time interval. The
energies of m =0 modes display an almost monotonously increasing
trend as 7 is increased, while, for the 7 =1 modes, a maximum point
is displayed for n=—8. The spectrum tails, which are small with
respect to the peak values, show that the number of harmonics ana-
lyzed is adequate for this study. For the sake of completeness, we also
plot in Fig. 3, the values of all the harmonics, where the general trend
of kinetic components decreases and of magnetic components increase
can be observed on the global values, when a volume increase in the
viscosity is applied.

To investigate the purely effect of the viscosity profile, in Fig. 4,
the time evolution of the kinetic and the magnetic energy is compared
for the three viscosity profiles: Va, Vprag, 1, and V(g - Considering
the shape of the profiles and the safety factor (Fig. 1), three contribu-
tions are highlighted: the m =1 “core resonant” modes —14 < n
< —7, the average of the m=1 “intermediate resonant” modes
(=55 < n < —15), and the average of the m =0 secondary modes
(=25 < n < —1). The choice of the m=1 intermediate resonant
modes is suggested by the shape of the g, | profile. These modes
are in fact those which resonates in correspondence of the region,
where the Braginskii perpendicular profile is higher than its volume
average.

We preliminary observe that the dynamics is not qualitatively
altered by the viscosity profile. However, we observe that the
Braginskii-like viscosity profiles vpsg 1 and v/(py4g),, cause a reduction
of the kinetic energy and a slight enhancement of the magnetic energy:
This is consistent with an effect of plasma flows counteracting the
growth of magnetic perturbations.”” To make a more quantitative
comparison, the numerical values of the time average of the energy are
considered in Fig. 5, where we also compute the average of all the
modes except the (m,n) = (0,0), showing that a volume average
increase in the viscosity of about a factor three causes the halving of
the kinetic energy and a 30% increase in the magnetic energy of the
MHD modes. The energy related to the axisymmetric part of the
velocity field is reduced by almost 20%, while the axisymmetric part of
the magnetic field is unaffected by the new profiles.

In Fig. 6, the spectrum ratios for the kinetic (a)-(c) and the mag-
netic energy (d)-(f) are shown with the aim of analyzing the effect
of the new Braginskii-like profile with respect to the flat one (a) and
(d). The spectrum ratios are computed according to the following
expressions:

< Z;};ag.L> <Wryn<gr:ag>‘/01> < r’:[l?::g¢>
s t B t » t
(Wals)e 7 (Wali)e 7 (W),

being W = Wy, Wy, for the harmonics with wave numbers m =1,
—55<n <9, and m=0, —25 < n < —1, which represents all the
m =0 and m =1 modes computed by the code. The global damping
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v VBrag. Y(Brag)y,
10-4 flat 10-4 Brag, L 10-4 Vol
(b) e m=0 (C)
[ ]
o m=1 L4
g 105 -5 ° -5 °©
= 10 10 10 o
23]
o)
&
= 1076 1076 1076
£
1077 1077 1077
n = —55 n=—15 n=-—7
—60 —40 —20 0 —60 —60
n
1073 1073
g
=
—
£ 10 1071
o]
on
n
/E:\ 1079 ) 1075
= ‘”zg?%
107 % | 1070 107
n = —55 n=—15 n=-79 3 L
—60 —40 —20 0 —60 —40 —20 0 —60

FIG. 2. Kinetic and magnetic energy spectrum comparison for SpeCyl simulations distinguished by the viscosity profile: v (a) and (d), vgrag, 1 (b) and

)1 and V (Brag)yy (C)

(e
and (f). The time average is computed for each mode: m=0, —25 < n < —1 (in purple) and m=1, —55 < n < 9 (in orange). For both kinetic Wj (a)-(c) and magnetic
energy Wy (d)—(f). The number of the spectral components considered results adequate for all the viscosity profiles.

4 | (a')
10 N VBrog, L
- VB,
S
1075
-3 =
< -
=, 10—3§§
0 1074
m=0m=0m=1m=2m=3 m=4
n=0 n#0

FIG. 3. Kinetic (a) and magnetic (b) energy spectrum comparison distinguishing the
contribution of the axisymmetric component and of the MHD instabilities: The latter
contributions are divided on the basis of the poloidal wave number. Note that panel
(b) is divided into two subplots, with very different scales, one for the axisymmetric
mode and another for the others. In both the cases: vgrg 1 and V(Brag),,» @ reduc-
tion of the kinetic energy and an enhancement of the magnetic energy are observed
for the fluctuating components.

effect (amounting to about a factor 0.5) of a higher viscosity profile on
the kinetic energy is highlighted, in panels (a) and (b) for all the
modes. In (d) and (e), the consequent enhancement (amounting to
about a factor 1.3) of the magnetic field energy is shown. This is con-
sistent with the expectation that the increased viscosity produces a
stronger flow damping. In addition, the higher viscosity profile causes
an increase in the magnetic activity.

The ratios shown in (c) and (f) are more interesting, because two
viscosity profiles with the same volume average value are compared,
being distinguished only by the “profile shape.” In this case, the effect
on the spectrum is smaller (amounting to about the 20% for both Wj,
W), but anyway remarkable. In addition, the result of the compari-
son depends on the specific mode considered. Indeed, the kinetic
energy of the m =1 intermediate resonant modes is reduced, while
that of the innermost resonant modes (m=1, n=—7,—8) is
increased by the vp,,, 1 profile. The opposite effect is observed for the
magnetic energy. Despite a bulk viscosity increase in about a factor
three causes a halving of the m = 0 kinetic energy, the influence of the
profile in the behavior of the m =0 is less clear. The latter may be
influenced by the lower values of the plasma flow as the plasma edge
is approached (see Fig. 8), which would make the damping viscosity
effect less influential on the global plasma dynamics, since the velocity
field is already weaken by the no-slip boundary conditions, see Sec. I1.

Before analyzing the viscosity profile effects on the velocity and
magnetic fields, we recall that a volume average viscosity larger by
almost a factor three causes an increase in the energy associated with
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FIG. 4. Kinetic and magnetic energy time evolution comparison on the basis of the viscosity profile for m=1 and m=0 secondary modes, —25 < n < —1 (purple). The
m=1 modes are grouped into two contributions: the m=1 core resonant modes, —14 < n < —7 (green), and the m =1 intermediate resonant modes, —55 < n < —15
(orange). The Braginskii-like viscosity profiles [(b), (c), (e), and (f)] display a reduction of the kinetic energy and a slight enhancement of the magnetic energy with respect to
the flat profile [(a) and (d)]. This is pointed out by the dashed horizontal lines representing the time average of m = 1 core resonant modes (green) and m = 1 intermediate res-
onant modes (orange). The vertical lines indicate the time instants of the magnetic topology study, see Sec. VI t/ta = 81360 for vgrag 1 and t/cs = 29720, for v grag), -

the magnetic fluctuations of ~20%, see Fig. 3. In Fig. 7, the enhance-
ment caused by the new viscosity profiles is shown in detail for the
edge magnetic field fluctuations, splitting the contributions on the
basis of the poloidal wave number.

In Fig. 8, the effect of the two profiles with equal volume aver-
age viscosity on the real field dynamics is analyzed. Being SpeCyl a
spectral code, the real fields are computed by means of a Fourier
anti-transform accounting for all the harmonics with poloidal

10!
(a)
g
=
— 100
=
1071

core inter sec M

mzlmzlmz()m;é(g)

mode numbers m =0, 1, and 2. Since the real field depends on
position, the cylindrical surface average is computed at three
selected radial positions: r/a = 0.5,0.7,0.9. The quantities consid-
ered for the comparison are the poloidal velocity |vy|, the shear of
the poloidal velocity [sh(vy)| = |dvy/dr|, and the unstable radial
magnetic field |b,|. We preliminary notice that the dynamics is not
qualitatively altered by the new settings and that both the poloidal
velocity and the radial magnetic field component are lowered as

10!
N Vi (b)
I VBrag, 1
vT I V(Brag)y,
o
)
=100
P
§
~—
10-1
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mzlm:1m=0m77éé(g)

FIG. 5. Kinetic (a) and magnetic (b) energy time average comparison for the three different viscosity profiles. The average over four groups of modes are shown: the m =1
core and intermediate, the m =0 secondary, and the average of all the non-axisymmetric modes. The effects specifically due to the viscosity profile are pointed out. The
m =1 core resonant modes resonate in the region where the Braginskii viscosity is lower than its volume average: their kinetic energy is enhanced, and their magnetic energy
is dumped. On the other hand, the m=1 intermediate resonant modes resonate in a region where the Braginskii viscosity is larger than its volume average: their kinetic

energy is damped and their magnetic energy is enhanced.
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FIG. 6. Energy spectrum ratios for the m =1 and m= 0 modes. Due to higher volume average Viscosity /g, . and v/(gg),,,, both cause a suppression of the kinetic energy
(a) and (b), in correspondence of which an enhancement of the magnetic energy is observed (d) and (e). In (c) and (f), the pure effect of the profile is highlighted displaying,
for the m= 1 modes, a damp of the kinetic energy (and the associated grow of the magnetic energy) for the modes with n < —15 and the opposite effect for the core resonant

modes.
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FIG. 7. Edge magnetic field instabilities, normalized to the edge poloidal magnetic
field for the azimuthal (a) and axial (b) components. The Braginskii-like viscosity
profiles (vgrag, 1 and (grag),,, ) €nhance the magnetic fluctuation amplitudes.

the plasma edge is approached, according to the boundary condi-
tions settings.

To evaluate the effects purely due to the viscosity profile, the time
average ratio of the average fields is calculated and summarized in
Table I The latter is computed excluding the reconnection events, i.e.,
choosing the time intervals during which the spectral index ™ is below
a fixed threshold: N; < 5.

Though small, a decrease amounting to about the 20% of the
absolute value is observed for the poloidal velocity, by taking a non-
uniform v profile. It is worth noting that the decrease affecting the
shear of the poloidal velocity is even larger and it cannot be explained
only in terms of velocity damping, but suggests a more direct (damp-
ing) effect of the viscosity profile on the shear of the velocity (as
expected, since the stress tensor depends on the spatial derivatives of
the velocity). On the contrary, the suppression effect on the shear flow
has a small enhancing effect (~5%) on the radial magnetic field. This
result (derived in the contest of numerical macroscopic instability
studies) recalls a well-known mechanism of microturbulence suppres-
sion induced by edge shear flow, analytically derived in Ref. 36 for the
tokamak configuration. In that framework, an increase in the electric
field (and of its shear), triggers, thanks to the interaction with the
(mainly toroidal) magnetic field, the onset of a sheared poloidal rota-
tion (vp = E, x Bg), which is able to quench the magnetic turbulence.
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FIG. 8. Comparison of the poloidal velocity, shear of the poloidal velocity, and radial
magnetic field evolution in time, displayed for the profiles U (Brag)y and Vg, t0
test the “pure” profiles effects. The average over the cylindrical surfaces at the
radial positions r/a = 0.5,0.7, 0.9 are considered and computed every 25074. For
the radial position r/a = 0.70, the time average of vy, sh(vy) and b, is also com-
puted and represented by the green horizontal dashed lines. Despite not qualita-
tively altering the dynamics, both the flow and the shear flow are damped by the
VBrag, 1 profile.

Here, on the contrary, the decrease in macroscopic plasma flow has an
enhancing effect on macroscopic magnetic instabilities.

V. PROFILE EFFECTS ON THE VISCOSITY ANOMALY

In this section, the potential effect of adopting a Braginskii viscos-
ity profile on the viscosity anomaly is discussed.

First of all, we recall that many studies in the past” *° have
highlighted the existence of a viscosity anomaly (amounting to about
two orders of magnitude) between experimental measurements and
the Braginskii estimate of the perpendicular viscosity in RFP plasmas.

22-2

TABLE Il. Time average of the poloidal velocity, shear velocity, and radial magnetic
field at selected radial positions, calculated excluding the reconnection events. The
values highlight a moderate damp of the poloidal flow and the shear poloidal flow:

vBreo-L jy BP0 < 4 ang Bt /B9 < 1 and a moderate enhancement of the
magnetic field bZ¢-+ /pEvs > 1,

Brag, L /VéBragan Shgmgxl / ShéBmg)VﬂI blfrag,i / bﬁBragNn]

Yo
r/a = 0.50 1.02 0.84 1.07
r/a =0.70 0.81 0.69 1.02
r/a =0.90 091 0.83 0.95
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The measurements are based on the study of plasma flow damping,
consequent to momentum injection by means of a probe (biased elec-
trode) or resonant magnetic perturbations (RMP). The existence of a
viscosity anomaly is also found comparing the fitting laws of the
m =1 secondary modes amplitude (i.e., —20 < n < —8) of the mag-
netic field as a function of Hartmann number, for SpeCyl numerical
simulations and REX-mod experimental data, which is shown in Fig. 6
of Ref. 52.

The two scaling laws are both calculated with an ordinary least
squares technique on a wide database of SpeCyl simulations exploiting
a flat viscosity profile'’ and RFX-mod experimental data.”” The on-
axis value of the Hartmann number is considered as an independent
variable of the scaling, since this is the only estimate of the dimension-
less number available in the experimental data. In that case, we noticed
that the simulations and the experimental data display a similar trend
of decreasing amplitudes with increasing Hartmann, if the latter is
evaluated (for the experimental data) according to the perpendicular
Braginskii viscosity. However, an important anomaly was highlighted:
Hspecyl/Hexp ~ 0.07. The difference between the two set of data can
be solved by rescaling the Hartmann number. Thus, the origin of the
anomaly can be attributed to an anomaly of either plasma resistivity or
viscosity with respect to the Braginskii formulation. If one attributes
the anomaly to the viscosity only, one gets a § := v exp /Vprag, 1 ~ 250
anomaly factor.

We observe in this study that the introduction of a perpendicular
Braginskii profile v/ 1 of the viscosity (maintaining the same on-
axis viscosity value v, for the consistency with the experimental data)
causes an increase in the m =1 secondary modes of about 13%. This
can contribute, albeit not decisively, to reducing the offset of about a
factor 3, bringing its value to é ~ 75-100. Even if not sufficient to
explain the viscosity anomaly on its own, the introduction of a
Braginskii-like viscosity profile is potentially relevant for future
improvements of the viscosity estimate.

VI. BRAGINSKII-LIKE VISCOSITY PROFILE: MAGNETIC
TOPOLOGY EFFECTS

In this section, we test the effect of the change of viscosity profile
on the magnetic field lines topology. To do so, two tools are employed,
namely, the Poincaré plot and the connection length (CL).

The Poincaré plot is a well known method to study recurrent
flows in a dynamical system. It is based on the definition of puncture
plot of a vector field (in this case the magnetic field) on a so-called
Poincaré section .. The puncture plot is the intersection of a magnetic
field line with ., indicated by p; € . with i indicating the ordering of
the intersections. The Poincaré plot is the union of all puncture plots.
(Of course, in the pictures, we plot a finite set of puncture plots.)

The connection length represents the arc length that a magnetic
field line threads from an initial condition to reach a selected radial posi-
tion (usually the wall) r,,,. It is defined as the average between the length
to reach 7y, following the magnetic field forward and backward.

As a preliminary test of the effect of the radial dependence of the
viscosity profile on magnetic topology, we select two time snapshots
from the two simulations: one with the perpendicular Braginskii vis-
cosity profile and the other one with the flat profile.

The two snapshots are chosen by looking for a similar dynamical
phase and to reflect the differences in the magnetic spectrum during
the whole simulation shown in Fig. 6(f), ie., similar magnetic energy

Phys. Plasmas 30, 072304 (2023); doi: 10.1063/5.0150255
© Author(s) 2023

30, 072304-8

€0:12:€l G20z Aenuer oL


pubs.aip.org/aip/php

Physics of Plasmas

associated with the m =1 core resonant modes (—15 < n < —7) and
a higher value of magnetic energy associated with the m =1 interme-
diate resonant modes (—55 < n < —15).

This is respected by the two snapshots, and, keeping in mind that
a single time snapshot may be partially representative of the whole
simulation, the impact will emerge in the topological properties, as we
will show.

The two snapshots are selected: at t = 81 36074, in the simula-
tion with the perpendicular Braginskii viscosity profile g4, 1 and at
t = 297201y, in the one with volume averaged profile equal to the
Braginskii one v(g), - In Fig. 4, the two snapshots are highlighted
with a dashed line in the subplots (b) and (e) and (c) and (f).

1. Poincaré plot analysis

In Fig. 9, two sets of Poincaré plots are presented. The results
about the simulation with a Braginskii viscosity profile v/p4y | are
depicted in panels (a) and (¢).

Panel (a) presents a Poincaré plot on a surface . at a fixed poloi-
dal angle 0, = 0: This surface of section highlights the periodicity of

V(Brag)yo

a)ZTI _ ] VBrag, 1 ‘

3n/21,

Z/Ro
=1

00 0.2 04 06 08 10 0.2 04 06 08 1

r/a r/a

FIG. 9. Poincaré plots comparison for SpeCyl simulations with different viscosity
profiles for selected time instants: t/74 = 81360 for v/grag,, in panels (a) and (c)
and t/ts = 29720 for (g, in panels (b) and (d). Poincaré sections .7 are
taken at 0 =0 [panels (a) and fb)] and z=0 [panels (c) and (d)]. Wider structures
are observed in the core in both panels (a) and (c). This is due to the fact that the
marginally resonant m = 1,n = —7 MHD mode presents an eigenfunction quite
peaked in the region r/a ~ 0.10 in the vgsg . Simulation. On average, the
energy associated with the intermediate resonant m =1 modes is higher than the
simulation with the flat viscosity profile, in agreement with the analysis presented
in Sec. V.

ARTICLE pubs.aip.org/aip/pop

the magnetic field structures along the z direction. One can observe a
tiny structure with a periodicity n =7 at r ~ 0.15a and a more evident
structure of islands at r ~ 0.8a. Panel (c) is a Poincaré plot on a sur-
face at a fixed axial position zg = 0: This surface of section shows that
the chain of islands at r ~ 0.8a has a “poloidally symmetric” (ie.,
m = 0) structure. It is also visible that the structures in the core have
an m =1 periodicity: In fact, the region r ~ 0.15a is the one, where
the m = 1,n = —7 MHD mode is more active and the related eigen-
function has a higher value than all the other ones. Such a value is
higher enough than all the other MHD modes to allow for the emer-
gence of a small conserved structure in that region.

Panels (b) and (d) describe the magnetic topology of the simula-
tion with the v/g,,)  flat viscosity profile. For the two instants chosen,
the viscosity profile does not alter qualitatively the Poincaré plots, which
appear to be similar. Indeed, only a careful analysis reveals the existence
of small quantitative differences. In particular, one notices in panels (b)
and (d) smaller conserved structures with n =7 periodicity, close to the
core (corresponding to a m = 1, n = — 7 mode dominant in this region).
Instead, the ones with 7 =0 close to the edge cover a slightly larger area
than the corresponding ones in panels (a) and (c). A possible explana-
tion of this behavior lies in the fact that in the v/, 1 simulation, the
MHD modes more active in the core have an increased amplitude, as
described in Sec. IV and at the beginning of this section.

2. Connection length analysis

To make the previous consideration more quantitative, we show
the connection length in Fig. 10, computed on the 0 = 0 surface of
section.

Panel (a) regards the simulation with vy 1, while panel (b)
regards the simulation with v/, . Both panels show the CL to the
edge (ry, = a) of magnetic field lines starting on the 0 = 0 surface.

Consider panel (a). One notices a much higher connection length

(very close to the maximum value over which the computation is

a) VBrag, 1 b)

V(Brag)vo

Lc/a
—7 101000

98669
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60401
55201
50001
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30000
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20000
15000
10000
5000

/2 el

40.6 0.8
r/a r/a
FIG. 10. Plots of the connection length comparison for SpeCyl simulations for

Vgrag, L iN panel (a) and v gg),, in panel (b). The time snapshots and sections
coincide with those of Fig. 9.

Phys. Plasmas 30, 072304 (2023); doi: 10.1063/5.0150255
© Author(s) 2023

30, 072304-9

€0:12:€l G20z Aenuer oL


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

stopped by the field line tracing code, in this case L; o = 10° in nor-
malized units) in the region where conserved magnetic surfaces are pre-
sent, both in the core and at the edge. One can observe that the chain of
m =0 magnetic islands at the edge, observed in Figs. 9(a) and 9(b), rep-
resents a partial barrier,® preventing the escape of some magnetic field
lines. Also, it is interesting to notice the presence of an edge region, at
z/Ry ~ 37/4, with very low connection length. This is probably the
region where high-n modes lock with each other, see Ref. 58.

Panel (b), similarly, regards the simulation with v(g,) . One
notices that the average connection length is higher than that in the
simulation with a Braginskii profile [panel (a)]. A simple average of
the CL at z= 0 provides, in fact, a value of (L.)®"* ~ 4 x 10* on the
left and (LC)<Bmg>V°’ ~ 8 x 10* on the right, a remarkable difference,
more evident than that displayed by the Poincaré plots. For both vis-
cosity profiles, one finds the edge region with extremely low connec-
tion length: In panel (b), it is observed at z ~ 7Ry.

A reasonable interpretation is that the higher magnetic activity in
the simulation with a non-flat viscosity profile results in a negative
effect on the overall transport of magnetic field lines, visible through
the lower average CL in panel (a): In fact, higher MHD modes imply a
higher stochasticity of the magnetic field lines and a higher transport
of magnetic field lines and thus a lower connection length.

VIl. CONCLUSIONS AND FINAL REMARKS

In this paper, we have presented a sensitivity study of the
Braginskii experimental-like profile effects on non-linear visco-resis-
tive MHD simulations.

The effects of three different viscosity profiles have been com-
pared, allowing us to highlight the existence of local effects specifically
due to the profile, in addition to the more consistent ones, due to the
absolute value of the viscosity. The latter have already been highlighted
in the past (see, e.g., Ref. 10), jointly varying resistivity and viscosity.
The present work is consistent with that study, if the same Hartmann
regime (H ~ 10°) is considered.

The effects have been studied considering plasma dynamics and
magnetic field topology. About the simulation dynamics, the profile
effect has consisted of a: kinetic energy, velocity field, and shear velocity
(small) damping and in a correspondent enhancement of the magnetic
field and the magnetic energy. This is specifically highlighted in the case
of m =1 intermediate resonant modes (n < —15), which resonates in
regions, where the Braginskii viscosity profile is larger. About the
magnetic topology, the Poincaré plots and the connection length
contour-plot have been shown at specific time instants (far from the
reconnection events), displaying larger structures with conserved mag-
netic surfaces for the perpendicular Braginskii profile, sign of a more
intense MHD activity, due to the m =1 intermediate resonant modes.
In turns, this results in an increased level of transport of magnetic field
lines, as shown by the connection length plots, in Fig. 10.

The new profiles have also been proved to provide a slight reduc-
tion of the anomaly in viscosity”' ** observed between the simulation
and experimental data. Indeed, the introduction of a Braginskii-like
viscosity profile in SpeCyl numerical simulations would slightly con-
tribute to decreasing the offset displayed when comparing the scaling
laws of m =1 magnetic field edge instabilities as a function of the
Hartmann number for SpeCyl numerical simulations and RFX-mod
experimental data.”

pubs.aip.org/aip/pop

Some assumptions made in the simulations presented in this
work deserve additional remarks. In particular, we point out that the
approximation of constant, uniform density (made in SpeCyl) corre-
sponds to the experimental observation and it strictly holds only if the
density profile evolution can be considered slow with respect to that of
velocity and magnetic field profiles.”” In this case, to formally satisfy
the continuity equation (not evolved in SpeCyl), artificial “source/sink”
terms should be assumed as a simplified representation of the time-
dependent inflows/outflows from the plasma wall. (A refined plasma-
wall interaction modeling is indeed largely beyond the scope of this
work.) A more refined approximation for the density (polynomial
function) is adopted in the estimate of the Braginskii like viscosity pro-
file. The corresponding non-uniform density profile is not imple-
mented in the simulations, to keep the same conditions (other than
the viscosity profile) for the distinct simulations, thus estimating the
pure effect of viscosity profile. Regarding the choice of the Bessel func-
tion model for the magnetic field, we remark that the difference intro-
duced by using the latter instead of the code output is small, if
compared to the uncertainty associated with the choice of an optimal
formula to estimate the viscosity or to the assumptions of the simple
visco-resistive model. The magnetic field output is going to be consid-
ered in the future, to upgrade this work with the introduction of a self-
consistent viscosity evolution, despite being a task beyond the scope of
the present study. Future developments could be considered for this
work, addressing the effects of the additional terms introduced in
momentum balance equation by a non-uniform viscosity profile,
reported in App. A and the (already mentioned) introduction of a self-
consistent evolution for the transport coefficients. We remark that the
latter would require to solve a more complete set of MHD equations
(including continuity and energy balance equations in the MHD
model), because of the transport coefficients dependence on density
and temperature. Since the more complete set of equations is not
solved in SpeCyl, the use of a more complete MHD code, see, e.g., Ref.
31, has to be considered to get the time evolution of temperature and
density and a self-consistent treatment of the transport coefficients.
This further step in modeling, which is meant as long term develop-
ment, would allow the resistivity and the viscosity to depend on all the
spatial coordinates, testing whether this could have a positive feedback
effect on the RFP helical self-organization process.
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APPENDIX: MOMENTUM BALANCE EQUATION
WITH A NON-UNIFORM VISCOSITY PROFILE

In this section, we report the modifications to the momentum
balance equation introduced by considering a non-uniform viscos-
ity profile. Since this work is intended to be a first order sensitivity
study, these computations have not been taken into account in the
present work, but they could be of interest for future developments.
The viscosity term appears in the momentum balance equation as a
tensor I, signal of the non-isotropic nature of transport in fusion
plasmas. The tensor IT is usually simplified, assuming the propor-
tionality to a rate-of-strain tensor as in neutral fluids,

(g‘t’ (v V)):—Vp+ij—V-H, (A1)

M= —uw, (A2)
B avi O
I = —p aij“'aij—g(v V)5 ) (A3)

where p represents the dynamic viscosity, which differs with respect
to the kinematic viscosity v (used in the rest of the paper) by the
mass density factor py, assumed to be uniform and constant in
SpeCyl, u := pyv. Expliciting the indices for a non-uniform pu(r),
one gets

- 61_[,7_ 0 6vi an 2

81/,' an 2
Z@x <+ - (v‘v)(s,j>

7 'j 8}6] Gx,» 3

0? v, (921/1 20
3 ( ax]ax,> “3a VY

_ N~ (Ondvi Oudvi\ 2 0p
Z Bx] (')x] 6)xj 0x; 30x; (V-v)

+uV2v,+ K 88 (V-v). (A4)
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The momentum balance equation is so rewritten as

ov
p0(5+(v~V)v) =—-Vp+jxB+(Vu-V)v
2
+Vu:Vv—§(V-V)V,u
1
+ HV2V+§HV(V ). (A5)

In addition to the diffusive term uV?v, other terms should be
considered. Two of them are proportional to V -v and could be
neglected if the hypothesis of uncompressible fluid is made. The
other terms should be computed using the specific spatial depen-
dence of the profile.
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