N
N

N

HAL

open science

Implementation of multi-component Zhdanov closure in
SOLEDGE3X

H Bufferand, J Balbin, S Baschetti, J Bucalossi, G Ciraolo, Ph Ghendrih, R
Mao, N Rivals, P Tamain, H Yang, et al.

» To cite this version:

H Bufferand, J Balbin, S Baschetti, J Bucalossi, G Ciraolo, et al.. Implementation of multi-component
Zhdanov closure in SOLEDGE3X. Plasma Physics and Controlled Fusion, 2022, 64 (5), pp.055001.

10.1088/1361-6587 /ac4dfac . hal-03981783

HAL Id: hal-03981783
https://hal.science/hal-03981783
Submitted on 10 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03981783
https://hal.archives-ouvertes.fr

N
N

N

HAL

open science

Implementation of multi-component Zhdanov closure in
SOLEDGE3X
Hugo Bufferand, J Balbin, S Baschetti, J Bucalossi, G Ciraolo, A Gallo, R
Ghendrih, N Mao, P Rivals, H Tamain, et al.

» To cite this version:

Hugo Bufferand, J Balbin, S Baschetti, J Bucalossi, G Ciraolo, et al.. Implementation of multi-
component Zhdanov closure in SOLEDGE3X. 2021. hal-03243371v2

HAL Id: hal-03243371
https://hal.science/hal-03243371v2

Preprint submitted on 28 Jul 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03243371v2
https://hal.archives-ouvertes.fr

Implementation of multi-component Zhdanov
closure in SOLEDGE3X

H. Bufferand, J. Balbin, S. Baschetti, J. Bucalossi, G. Ciraolo,
Ph. Ghendrih, R. Mao, N. Rivals, P. Tamain, H. Yang
IRFM-CEA, F-13108 Saint-Paul-Lez-Durance, France

E-mail: hugo.bufferand@cea.fr

G. Giorgiani, F. Schwander, M. Scotto d’Abusco, E. Serre
Aix-Marseille Univ., CNRS, Centrale Marseille, M2P2, Marseille, France

J. Denis, Y. Marandet, M. Raghunathan
Aix-Marseille Univ., CNRS, PIIM, Marseille, France

P. Innocente
RFX, Padova, Italy

D. Galassi

Swiss Plasma Center, Lausanne, Switzerland

Abstract.

The multi-component fluid closure derived by Zhdanov [1] is implemented in the
fluid code SOLEDGE3X-EIRENE to deal with arbitrary edge plasma composition.
The closure assumes no distinction in between species such as light vs heavy species
separation. The work of Zhdanov is rewritten in a matricial form in order to clearly
link friction forces and heat fluxes to the different species velocities and temperature
gradients.

Submitted to: Plasma Phys. Control. Fusion

1. Introduction

In order to interpret experiments and in the perspective of predicting edge plasma
properties for future nuclear fusion devices, a dedicated effort is made to simulate
plasma-wall interaction. Edge plasma collisionality being moderate to high, a fluid
description of the plasma can be considered as a good approximation, at least to estimate
engineering quantities of interest such as heat load on the plasma facing components.
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More precisely, two-dimensional transport codes [2, 3, 4] are used to provide in a few
hours of computation an overall description of the edge plasma, the price of reduced
computation time being a raw ad-hoc description of turbulent cross-field transport.
Conversely, three-dimensional fluid codes [5, 6, 7] can provide a self-consistent first
principle description of the turbulent structures but are much more computational
demanding. The two approaches are complementary and both rely on the same set of
fluid equations describing mass, momentum and energy balance of the various plasma
species.

The most common set of equations is the Braginskii’s equations [8] providing for
the first time in the 1960’s a collisional closure for the pressure tensor, friction forces and
heat fluxes for a highly magnetized plasma. However, the collisional closure presented
by Braginskii is derived for a simple electron-hydrogen plasma. In this contribution, we
worked on the multi-species extension of Braginskii like equations proposed by Zhdanov
[1]. This multicomponent closure based on Grad’s method has already been used in the
communinity [9, 10, 11]. It does not make assumptions on impurity concentration or
mass ratio in between the different species. It is thus of particular interest to simulate
reactor plasmas where a mix of Deuterium, Tritium and Helium ions takes place, the
species having quite similar mass and concentration.

In this contribution we apply Zhdanov closure to the code SOLEDGE3X-EIRENE
that implements a fluid model to describe the plasma either in 2D to make transport
simulations or in 3D to run turbulent or 3D-transport simulations. In a first part,
we present the multi-species SOLEDGE3X-EIRENE equations. In particular, a special
attention is paid to describe the multi-species closure terms. To do so, Zhdanov closure is
rewritten in a matricial form in order to relate the parallel heat fluxes (¢,z) and parallel
friction forces (R,z) felt by one component of species « at charge state component Z,
because of parallel velocity (wg¢) and parallel temperature gradient (V7j¢) of a another
component of species 3 at charge state (. This relation takes the form:

A ” Tﬁ§
=M, . 1
( Roz ) e ( wee @

The matrix M contains in particular parallel heat conductivities as well as coefficient
for thermal and drag forces.

Zhdanov closure is compared to Braginskii closure for a simple electron+hydrogen
plasma. Also, in order to check the consistency of Zhdanov closure, a comparison is
made between two simulations of a pure deuterium plasma: in the first one, deuterons
are considered as a single species (standard treatment); in the second one the deuteron
population is splitted into two different species. The total input power and particle
input being the same, the two simulations should give exactly the same results if the
coupling terms in between the two deuteron species are correct.

Finally, an example of application to a JET D-T fusion plasma is performed and
reported in the last section.
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2. Multi-component plasma SOLEDGE equations

The SOLEDGE3X has been developed in the past few years to address plasma-wall
interaction in tokamak plasmas taking into account the realistic wall geometry as much
as possible. It merges the codes SOLEDGE2D and TOKAMS3X previously developed
by the same team. Thanks to immersed boundary condition methods [12], the code can
simulate the plasma up to the first wall while using a magnetic field aligned grid. The
physical model has been improved over the year to include neutrals via coupling the
code to EIRENE [13], drifts [14] and impurities [9] since the code can now handle an
arbitrary number of species. We denote by the subscript aZ the ion species of charged
number Z and of chemical element «. The subscript e is used for electrons.

2.1. Mass balance

For all ion species, the particle balance is given by:

Doz +V - (Naziiaz) = Sty (2)
where the velocity vector v, is decomposed as

oz = Ull,azg+ T A P (3)
where

® V| oz is the parallel velocity along the magnetic field unit vector b= B /B

B = ng is the E cross B drift velocity

— B‘XﬁpaZ
Z T Zengz B2

o i, = —%LZ {&@az +V- (US)Z) ® Qaz>} is the polarization drift with

[ ]
<y

°
oH

is the diamagnetic drift velocity

m

. o 1
Woz = B2

(naZvL¢ + Ze

VJ_paZ) (4)
¢ denoting the electric potential and where the first order velocity 1722 is the species
velocity v,z without the polarization drift.

o U, =—-D, 2% is the anomalous perpendicular velocity that is used to emulate

the turbulent transport when the code is used as a transport code. The diffusion
coefficient D, takes value from empirical considerations or reduced turbulence
models [15].

The volumic source term S, describes particle sources and sinks due to ionization and
recombination processes. It takes the form
n
a7z — T NeNaz (<Uv>iz,aZ + <UU>rec,aZ>
+ nenaZ—1<UU>iz,aZ—1 + NeNaz+1 <UU>rec,aZ+1 (5)

For ionization and recombination processes involving neutrals, the source term is
computed by EIRENE.
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No transport equation is solved for electron density. It is computed from plasma
quasineutrality assumption:

Ne = Z AN (6)
a,Z

2.2. Parallel momentum balance

For each ion species, the following parallel momentum balance is solved:

O (manaZUH,aZ) + 6 : (manaZUH,aZﬁozZ) = - V||paZ + ZenaZEH
+ 6 : (manaZVaZﬁJ_UH,aZ)
+ Raz + S,y + 5.y (7)

where 1%, is the anomalous viscosity describing turbulent cross-field transport of parallel

momentum in shear layers (set to classical value when the code is used in 3D to solve

turbulence). The term R, is the parallel friction force resulting from elastic collisions

in between the different species. It can be decomposed as R,z = ZBC R,z 3¢ where

one exhibits the different contributions due to binary interactions between ion species

(cv, Z) and ion species (3, (). The elastic collision processes conserve parallel momentum

giving Raz pc + Rpc.az = 0. Following Zhdanov closure, one can evaluate the friction

forces from different species temperature gradients and parallel velocities. The detail of

the closure is given in section 3. The volumic source term S}, accounts for momentum

exchange in between species in the ionization-recombination processes. It is given by:
Y|
252 gz (0V)naz + (00)aca2)

+ NeNaz-1V),02-1{0V)iz,a2-1 + NeNaz4+1V),02+1(TV)rec,az+1 (8)

Finally, the source term ZZ”Z accounts for other momentum exchange processes such as
charge exchange.

Parallel electron velocity is obtained from parallel current definition j = —encv) .+

Y oz ZNazV|,az Where the parallel current is obtained by solving current balance (see

section 2.4. When the charge balance is not solved, one assumes j; = 0 (ambipolarity)

hence v, = n,! Y az ZNa ZV|,az- We neglect electrons inertia which provides an
expression for the parallel electric field from electron parallel momentum equation:
Vipe Re
0=—Vpe—en.j+ R, or Ej=— 1P + — 9)
ene ene

2.3. Energy balance

For all species (including electrons), the “total” energy balance is solved where the
“total” energy is defined by

3 1
gOéZ = §k3nazTaz + émanazvﬁ,az (10)

This quantity is not in fact the total energy since one could include in addition
perpendicular kinetic energy and electrostatic potential energy. The consequence of
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not considering these terms on the conservative form of the equation will be discussed
in the next paragraph. Moreover, in practice electron kinetic energy is neglected over
electron internal energy. The “total” energy equation is given by

8tgaZ + 6 : <€aZUaZ + pozZUH,aZg+ QaZg> = ZenaZUH,aZEH

— 1 = = =
+V- (§mananaZVLU||,aZ> +V. (anaZXaZvJ_TaZ>

- pozZ6 : ﬁJ_,aZ + U||,0<ZR01Z + QaZ + SSZ + EiZ (11)

where U o7 gathers all drifts velocities. The parallel heat flux is denoted g,z and also
find an expression from Zhdanov closure that generalizes Spitzer-Harm heat conduction
closure. In the RHS, one introduces an anomalous perpendicular heat conductivity
Xoz that takes value from empirical considerations (set to classical value when the
code is used in 3D to solve turbulence). The term @,z describes energy exchange
in between species due to collisions and is also expressed in the next section about
collisional closure. The volumic source term S, denotes energy source ans sinks due
to ionization /recombination processes and takes the form:

SiZ = - negaZ (<Jv>iz,aZ + <0-U>rec,ozZ)
+1eaz-1(00)inaz-1 + Ne€az41(0V)rec,az+1 (12)

Finally, the source term Y, denotes other volumic energy sources such as radiation
losses (for electrons), charge exchange energy losses or external heating.

2.4. Charge balance

Assuming quasineutrality, the charge balance reduces to

V-j=0 (13)
The current is decomposed as

J=ab+7 45" (14)
where

e jj denotes the parallel current given by the generalized Ohm’s law:

Ji = o) <—V||¢ - % (Vpe — RZ)) (15)

o) denoting the parallel electric conductivity and R! the thermal contribution of
the friction force. The parallel conductivity is a collisional term that requires a
closure. It is not discussed in this contribution.

. f* is the diamagnetic current given by f* =5 Zenagz0s,

e,z

° j’p is the polarization current given by j’p =Y.z Zen,z1",



Implementation of multi-component Zhdanov closure in SOLEDGES3X 6

Given the expression of the polarization velocity, one can show [14] that the current
balance can be rewritten as a vorticity equation where the vorticity €2 is defined by
0=V- (Za z Zeu_)'az) where &,z is given by Equation 4. The vorticity equation takes

the form:
DO+ Fo=V- (j,,5+j‘*+<%9) (16)
where the flux of vorticity Fy is given by
Fo =Y 7eV - (laz ® Baz) (17)
a,Z

A diffusion term is added in the vorticity Equation 16 to take into account anomalous
current and for stability reason. The diffusivity ( takes either anomalous or classical
values depending whether the code is used as a transport code or as a turbulence code.

3. Zhdanov closure

The remarkable work of Zhdanov [1] consisted in extending the hydrogenic magnetized
plasma collisional closure to multi-component plasmas in the linear transport regime
under weak-field conditions. It provides in particular expressions for the above
mentioned friction forces R,z, heat fluxes q,z, energy coupling terms @),z and plasma
conductivity o|. It does not make assumptions of trace impurities and all species are
treated on the same footing. However, it does not provide explicit formulation for each
of these terms. The species being intimately coupled between each other, the closure
takes the form of a linear system of equations linking the different species plasma fields
(in particular diffusion velocities and temperature gradients) to the quantities we want
to express, that is in particular friction forces and heat fluxes.

3.1. Friction forces and heat flures

First of all, most of the Zhdanov closure algebra is performed in the frame of the local
center of the mass, the velocity of which is given by
> 0z MaNazV| 0z

ZQZ Malaz

In this frame, the peculiar velocity of the component is denoted waz = vj oz — v). The

v = (18)

purpose of this section is to express the friction force R,z and the heat flux ¢,z1 as a
linear combination of the different species parallel velocities and parallel temperature
gradients as already expressed by the matrix product presented in the introduction in
Equation 49. Several steps are required to express the matrix M,z gc. First, physical

i Careful: In Zhdanov book [1], the heat flux for each species is denoted h,z. The notation
daz in [1] refers to the heat flux in the centre of mass frame (see Equation 2.2.4 in [1]), that is
%paZvH + oz = gpazv‘|7az + haz, hence hoyz = qaz — gpazwaz (Equation 4.2.4 in [1]). In this paper,
we do not use the heat flux in the centre of mass frame and thus use the more common notation ¢,z
for the heat flux instead of hyz.
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quantites are defined for each chemical element, averaging over the different ionization
states:

o density: o =), Naz

o cffective k" power of charge (Vk € N): ZF =i 'Y naz 2"

e velocity: W, =Y, InzWaz where I,; = ”“%Zi;
e temperature gradient: VT, = (7o ZL) ™'Y, Zn0zVTaz
e pressure : P, =y, kpnazlaz

In particular, expressions for velocity and temperature can be re-written in the matrix

VT, \ V1pz \ [ M11 0 VTsy

where M 11 and M12 are Nepem X Nepec rectangular matrices (Nepem denoting the number

form:

of chemical elements and Ngpe. the number of species considering all ionization states).
More precisely:

Z
N5Z2 s (20)
ng

M11, 57 =

and
M12, 57 = 1370a8. (21)

From the averaged velocities and parallel gradients are computed averaged heat
fluxes and averaged fifth order rank-1 fluid moments denoted 7, from which the friction
forces will be computed later. The following set of reduced equations is the keystone of
Zhdanov closure:

N 5 ftap ~(2) , - (5)%
Siakp Vo = > [——GQB (W — W3) + GY

5 2 mg ? Da
G(ﬁ G5 Has (G(9 e T /3)} 59
kBT Pa pﬁ ( )

§ Hap ? (8) B 9)
35 [ ~(8 _ Ha o

— — | =2 G T 1%

3 [‘2 <ma> aﬁ( ) <G(Bpa

Ol

~(10) 48 Mo =(11) Ta mg =12)7p
= = 2
+G o ) + kBTGaﬁ + kBTG B] (23)

It can be re-written in the matrix form as:

M2 ( VTs ) M3 ( % ) (24)
wg s
where M2 is a square 2Ngem X 2Nepem Mmatrix where the coefficients are given for all

[a7ﬁ] € [17Nchem] X [17Nchem]:
® M2a”3 = gﬁakBéaB
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¢ MQOH'NChemzﬁ = 0
o M2 = 3 (25 22GP)) Gop + S22 GO)
a7B+Nchem 2 ﬁ aﬁ 2 ma Oéﬂ

2 2
a a = 78
® M20¢+Nchem76+Nchem - _% (Zﬁ </:Tl_5> ) 5 + 35 <H f) G&B)

The matrix M3 is also a square 2Npem X 2Nehem matrix where the coefficients are given
for all o, 8] € [1, Nenem] X [1; Nehem):

’(5) é(ﬁg
b M30‘7/B = Zﬂ Po O‘5+ D3

s GO) oy GO
L M30&+Nchem7ﬁ = 257 . "ﬁ 5 +7 (’f DB

H 5 (9) Hap G(lﬁo)
L4 M30¢7/B+Nchem = Zﬁ kT pa 6Oéﬁ + kT PB

Gy .
_ Mo B af
L4 M30{+Nchem76+Nchem - (26 kT Po 50[6 + kT § ¢}

A few notations are introduced above. First, the plasma common temperature T is
defined as
Nazl,
T — ZaZ aZtaZ (25)
ZQZ Naz
Secondly, the reduced mass pas = mamgs/(ma + mg). Then, the coefficients Ggg,
combinations of collision times and species masses, are given in Appendix A.
The heat flux g,z for each ionization state can be computed from ¢, using Equation
26:

— ao o 72

e el Z YT U
q_Z — q_ = NaTaT lc( (XVT VTa + C&G) (waZ - wa) (26)
Paz Pa

The same kind of equation provides an expression for the fourth order moment r:

r kT
TO‘_Z _ 7:_0‘ — "B 7S NaTaTn, c( aVTaZ VTa
Paz Pa maS(H) ae
(S + 7SO (s — ) o)

where the collision times, the coefficients S{" and ") are given in Appendix A. Once
again, the above two equations can be re-written in the matrix form

N 7 vT T
<qz>=M4-<q5>+M5-<vﬁ>+M6-<vﬂ<> (28)
Taz 7“/3 ’LUg wﬁc
o M4 is a 2Ngpec X 2Nepem rectangular matrix given by

M41 0
M4 = 2
< 0 M4l ) (29)

where

where V[aZ, ] € Nspeec X Nenem 0ne has M41,7 5 = paz/Psdas-
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o M5 is a 2Ngpec X 2Nchem rectangular matrix given by

M51 M52
M5 = ( Mb53 M54 )

where Y[aZ, ] € Nypec X Nehem One has
M51aZ[3 - _paZnaTa ao} ((15)6(1,8

M52aZ,ﬁ = — PazC, )5aﬁ

kgT
Mb53.z5 = & ) 75&9)pazﬁaTaTw ca5)5
Mo Sa
kgT
M5447.5 = %paz (S + 78D ap

e M6 is a 2Ngpec X 2Ngpeec Square matrix given by

M61 M62
M6 = ( M63 M64 >

where V[aZ, (] € Nypee X Nypec OnE has

M61aZ,,BC paZnaTa ao a Z26aZBC

M62,z5c = Pazc® dazpc

k T 72
M63az 5 = — & 75 pazﬁaTaTaa ca5) Z‘;
kgT
M6dazp = — %paz (S + 78D 6, 75¢
ma o

At last, the friction force R,z is given by Equation (8.1.3) in [1]:

~(1 Hap ~(2
Rz = 32 |Gl az = ws0) + 2226,
ﬂ7<

2
Hap ~(8) Taz ra¢
FoP ) G _
" (k‘BT) e <manaz mﬁ”ﬁc)]

giving in the matrix formulation:
T
Gz _oppp [ V) s [ 956
Raz wp¢ T8¢
o M7 is a2Ngpee X 2Ngpee square matrix given by

0 0
M7 =
7 (0 M?l)

with V[aZ, 5C] € Nypee X Nepec:

M= -G+ (T 6t
ﬁ7C

where
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o M8 is a 2Ngpec X 2Ngpec Square matrix given by

I 0
M8 = 44
8 <M81 MSQ) (44)
with V[aZ, BC] € Nypee X Nepec:
tag G Gazsc tas Gose
M8,z 450 = — ——2 v _« S, 45
7,8¢ knT M. (Z T mwﬂ) 75¢ (45)

Hap :(SgﬁC Hap ’ :7(8%&“
M824zp50 = — | — = § s = Oazpc(46
28 (kBT> mgnae + o (kBT> MaNaz 26¢(46)
Once all the above matrices calculated, that is the eight matrices M1... M8, the

final matrix linking heat fluxes and friction forces to temperature gradients and velocities
can be calculated. From Equation 24, one finds

(gﬁ):MS‘I-MQ-(Wﬁ> (47)
T Wwp

Reporting in Equation 28 gives

<q@z ) = [M4-M37"- M2+ M5] - ( VT ) + M6 - ( Vs > (48)
Taz wp Wp¢

Combining with Equation 19 and 41 finally gives the desired expression

Jaz VT
— M.y - 49
(Raz ) o ( wp¢ (49)

where the matrix M is given by
M = M7+ M8- [(M4-M3~"- M2+ M5) - M1+ M6 (50)

Once each individual matrix computed, the final matrix M is quite straightforward to
obtain by matrix product. The only matrix inversion required implies the matrix M3
which is a relatively small 2 Npem X 2 Nehem matrix. The direct numerical inversion can
be done easily with a linear solver such as LAPACK. Most of the numerical cost in the
matrix approach relies in fact in computing the different collision times and Zhdanov’s
collision coefficients Gaﬁ, s

4. Boundary conditions

SOLEDGES3X being based on a finite volume numerical scheme, setting the boundary
conditions consists in setting particle, momentum and energy fluxes on faces at the
boundary of the domain, in particular on the wall.
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4.1. Particle fluxes on the wall

Particle fluxes on the wall are given by the Bohm-Chodura boundary condition: the
particle flux on the wall is set to be greater or equal to the particle flux that would
result from a plasma flowing at sound speed in the direction parallel to the magnetic
field. This condition guarantees in particular that whatever the value and the orientation
of the drift velocities, the flux on the wall will always be a net outflux of particle. This
boundary condition can be summarized as

’an . ﬁwall’ Z ‘ncsg' 77iwall‘ (51)

where qgn denotes the particle flux. In the present implementation, every ion species
follows its own sound speed on the wall. For a collisional multi-component plasma,
other expression for the boundary condition exist in the litterature, in particular using
a common sound speed followed by all ion species on the wall [16]. These boundary
conditions will be considered for implementation in the future. In addition, one forces
V| n = 0 to set density in ghost cells on the wall.

4.2. Momentum fluzxes on the wall

On the flux of momentum, one sets Neumann boundary conditions on parallel
momentum Vv = 0. The flux is not forced, one let the free streaming advected
flux on the wall.

4.3. Energy fluzes on the wall

The energy flux is set according to simplified sheath properties that link energy and
particle fluxes on the wall. The sheath transmission factor v estimates the average
energy of the particles crossing the sheath electrostatic barrier. The total energy flux
on the wall is thus given by:

— 1 —
¢Eoz,se = (P)/oaTa + §mavﬁ,a> ¢no¢,se (52)

A typical value for electron sheath tranmission factor is 7. = 4.5 providing that only
the fast electron in the tail of the distribution can cross the sheath barrier. For ions,
a typical value for the sheath transmission factor is 7; = 2.5 which is reminiscent from
the free streaming advected flux, the sheath letting all ions go through. Other values
can be found in the litterature [17] and improved sheath models should be implemented
in the future.

4.4. Current on the wall

In a similar fashion as the energy flux, the current on the wall can be set proportionaly
to the particle flux. The following expression is used:

jwall = jsat |i1 — €xp (1 - quj )1 (53)
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where the saturation current is given by ion saturation current jy =Y, , Z€Ppaz.

5. Verification of the implementation

5.1. Verification of the operators

SOLEDGESX is based on a finite-volume, flux surface aligned, multi-domain algorithm
[18]. In order to verify the implementation of the different operators, the method of
manufactured solution (MMS) is used [19]. It consists in comparing numerical solution
with an analytical solution. The method can be summarized as follow. Let us consider
an operator O to test (for instance advection, diffusion...). We consider the equation:

(X +0(X)=58 (54)

A priori, the analytical steady-state solution X associate to the arbitrary source S of
the system is not obvious since it requires inverting the operator X = O~1(S). The
MMS propose simply to choose an analytical solution X715 and compute to associated
source by a direct analytical computation Sy = O‘m“lyt'(f( mms)- One thus solves
numerically the system:

X + O(X) = Syrus = O (X y1us) (55)

which by construction admit X = X,/us as a steady-state solution. In practice, we
choose a circular cross-section toroidal domain. We impose a steady-state analytical
solution for density, temperature and velocity fields based on trigonometric fonctions.
One initiates the plasma to the analytical steady-state solution and perform one time
step 0t. The numerical departure from steady-state is measured and characterize the
error € = || X — X5l /0t. The numerical test is performed for different grid resolutions.
The error is expected to decrease accordingly to the order of the numerical scheme. The
MMS can be used with a regular grid (see Figure 1) or irregular grid to test the ability
of the code to deal with non-constant spatial discretization.

7

e
e

=
o
—»4'2‘5{' 7
=

=

Figure 1. Description of regular and irregular grid used for meshing the circular
cross-section of the domain used for the MMS

The different operators are tested:
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Figure 2. Relative error as a function of grid resolution for advection operators. Left:

regular grid, Right: irregular grid.

e Parallel advection (Figure 2):

One finds a spatial discretization order between 2 and 3.

e Parallel diffusion (Figure 3):

Parallel diffusion - Relative error / Grid1l
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- Ti

1076 4

Truncation error

Truncation error
5 5
5 5
3 L

‘ ‘

10-10

10! 10?
Grid resolution
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- Te 1070 4

1076 4

107 4

= Te
T

10! 102
Grid resolution

Figure 3. Relative error as a function of grid resolution for parallel diffusion operators.

Left: regular grid, Right: irregular grid.

One finds a spatial discretization order of 2.

e Perpendicular diffusion (Figure 4):
One finds a spatial discretization order of 2.

5.2. Verification of the closure

Veryfing Zhdanov closure is not as simple as the verification of the operators described

in the previous paragraph. Indeed, a method of manufactured solution appear

quite cumbersome since Zhdanov closure does not provide an explicit formulation

for collisional terms. We propose here a “weak verification” of Zhdanov closure

implementation (and behavior). In order to verify the multi-species collisional closure,

a simple numerical test case is proposed. The simulation set-up consists in simulating a

pure Deuterium plasma in a circular limited configuration following three approaches (in

the following, if not explicitly written, all quantities are given in the MKS convention):
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Figure 4. Relative error as a function of grid resolution for perpendicular diffusion
operators. Left: regular grid, Right: irregular grid.

(i) As a reference case, one simulates a two fluids plasma of deuterons and electrons
where standard Braginskii closure is used, that is:

e For the friction force:
R.=—R; = —mene (v)e — vyi) V3™ — 0.71n. V| T, (56)
where

v =145 x 1072 InAn 7% [s7Y] (57)

where n, is expressed in m™3 and 7, in eV.
e For the heat fluxes: ¢, = —/iSTeE’/QVHTe and ¢; = —/4;%+TI§’)/EV||TD+ where the
coefficient k! is given by

30692 IR
Fo= 7o ~22000  [Wm™leV 2] (58)
and A
1249
Khe = ——— 60 [Wm eV ="/?] (59)

m; Pl
where m; is expressed in amu and where the Coulomb logarithm is given by
the expression A.18 in the appendice. The expressions above are taken from
[17].
(ii) A two fluids plasma of deuterons and electrons is simulated with Zhdanov closure.
The purpose here is to see if the collisions between ions and electrons are well
treated by Zhdanov closure

(iii) A three fluids plasma of deuterons+deuterons+electrons where the deuterium ion
population is splitted into two different fluids. The purpose is to test Zhdanov
collisional closure between the two populations of deuterium.

The three cases are simulated on the same circular mesh plotted in Figure 5. The
simulation domain extends from the core flux surface located at r/a = 0.8 up to the
wall. On the core boundary, Dirichlet boundary conditions are used for temperature
(namely T, = Tp+ = 50 eV) as well as for density n. = np+ = 2 - 10" m=3.
For the third case where deuteron population is splitted into two fluids, one imposes
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np+ = 1.2-10Y m=3 for the first one, np+ = 0.8 - 10 m=3 for the second one in
order to have the same total deuterium density. Homogeneous anomalous diffusivities

! Land xe = xpr = 2 m?s7t. No

are considered: Dp+ = 1 m2?s7, vpr = 1 m?s~
parallel flux limiters are considered. EIRENE is not used in this set of simulations so
sources due to neutrals are set to zero (no recycling). Figure 5 shows radial profiles of
density and temperature for ions and electrons at the outboard midplane. A very good
agreement is found between the three simulations: a maximum relative error of 1.4% is
found comparing the different density and temperature profiles (the error being defined
as e = || Xlx;IXQHOO) An almost perfect match between electron density profiles show the
good overall agreement while ion density profiles show the fractionning of deuterium
density over the two fluids for the third case (iii). Concerning temperature, the four
deuterium temperature profiles collapses with each other. In particular, when deuterium
is splitted in two, the two fluids are found to have the same temperature (as could be
expected for any intensive physical quantity).

In the case where deuterium is splitted in two, it is interesting to notice that the
heat flux of a type of deuterium is given by a combination of the temperature gradients of
the two types of deuterium. In that sense, we notice that the matrix linking heat fluxes
and temperature gradient is not diagonal (see Equation B.4 in Appendix Appendix A).

Here is a example of decomposition:

aprm = = 3073, ViTor) (60)
— 434 V) T+ o)
4D+(2) = — 18-5T155/+2(2)V||TD+(2> (61)

5/2
— 4.34TD+(2)V”TD+(1)

0 = 57.2 for deuterium

Summing all contributions, one recovers the typical value &
when treated as a single species (see Equation B.2 in Appendix Appendix A). If this
decomposition seems quite artificial for this splitting of deuterium in two, it would be
of more interest when considering a mix of hydrogen isotopes, for instance a D-T mix.
In that case, Zhdanov closure gives the coefficients linking the deuterium and tritium
heat fluxes with deuterium temperature gradient and tritium temperature gradient
contributions. If the two species show different temperature profiles, the heat flux

computed by Zhdanov closure then differs from a simple Fourier law.

6. Example of applications: JET D-T plasma

6.1. Simulation setting

In this section, a typical application of multi-component plasma with hydrogen isotope
mixture is presented: a JET D-T plasma. Moreover, we include also Nitrogen which
is injected in the divertor to radiate in the edge and reduce the heat load at the strike
points.
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Figure 5. Inboard mid-plane profiles of electron and ion density and temperature.
The three simulation setups are plotted with different colors.

As a reference magnetic equilibrium, we used JET shot number 97395 which is a
high current (I, = 3 M A), high power (P = Pypr + Picry = 28+ 6 = 34 MW)
H-mode plasma scenario developped in 2017 in the framework of Eurofusion T17-07
experimental task “DT scenario extrapolation”, experiment M15-01 “Baseline scenario”.
The SOLEDGE3X-EIRENE mesh of the magnetic equilibrium is plotted on Figure 6
where both SOLEDGE (quadrangles) and EIRENE (triangles) grid are shown. The

radial extension in the core stops at r/a = 0.8.

The following settings are used for the simulation.

We prescribe midplane
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Figure 6. SOLEDGE3X-EIRENE mesh based on JET #97395 equilibrium at
t = 50 s. Left: SOLEDGE3X mesh based on quadrangles grid extended to the wall.
Right: EIRENE grid based on triangles. Wall types are indentified with different
colors (green for Be, pink for W and dark blue for pumping surfaces, light blue for
subdivertor wall).

profiles for Deuterium density, Deuterium temperature and electron temperature in
the midplane. The code automatically adjust cross-field transport coefficients to match
these input profiles which for our test case come from HRTS data from JET #97395
where half electron density profile has been taken as a proxy for deuterium density
profile, considering in our case a 50/50 D-T mix. Cross-field transport coefficients are
assumed to be homogeneous on the flux surface (no poloidal dependence). Dirichlet
boundary conditions are set at the core boundary to force “experimental” values for
Deuterium and Tritium density as well as for electron temperature. For nitrogen, one
imposes zero flux. Fueling in the edge is performed by Deuterium and Tritium gas puff
near the inner strike point on high field side (HFS) vertical target (GIM 12). The gas
puff rate is set to 10?2 ¢~ - s7! for Deuterium and Tritium. Finally, we inject Nitrogen
in the HFS private flux region (GIM 11) with a fixed puff rate py = 1.4 x 102 e~ - s71.
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The location of gas puffs is plotted on Figure 9. The chamber wall is described by two
different materials: a tungsten area in the divertor with a recycling coefficient set to
1 for Deuterium, Tritium, and Nitrogen, a Beryllium area on the main chamber wall
with a recycling coefficient set to 0.99 for Deuterium, Tritium and Nitrogen. Pumping
surfaces are located in the subdivertor at the location of cryo pumps; their recycling
coefficient is set to 0.5 for Deuterium, Tritium and Nitrogen. The wall configuration is
plotted on Figure 6.

Figure 7 shows the radial dependence of transport coefficients on the low field side.
The well in diffusivity profiles near the separatrix implements the transport barrier

Diffusivity obtained to match input profiles

/
il

AN
N A )
N v

Cross-field diffusivity (m 5'1)
5

<

10—2 L 1 1 I L I
-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04

R (m)

Figure 7. Transport coefficients used in JET D-T simulation. radial dependency at
the LFS midplane.

characteristic of H-mode plasmas. One assumes all ion species share the same value for
D and x. One also assumes v = D. Drifts are switch-off. Figure 8 shows a comparison
between simulation results and “experimental measurements” for main ions and electron
density and temperatures in the edge plasma for our reference JET shot #97395. The
experimental profile for electron density was assumed to be shared between Deuterium
and Tritium electrons (neglecting electrons from Nitrogen), hence the profile used as
input for Deuterium and Tritium density. The code properly matches the input profile
adjusting the profile for D that is why np-+ny profiles is in good agreeement with HRT'S
measurements. However, the n, profile computed by the code is higher to the HRTS
data due to the extra electrons from Nitrogen. The Z effective around the separatrix
is found to be between around 3, see figure 9. The temperature profiles match more or
less the input profiles and remain in the experimental range. Figure 10 shows electron
density and temperature in the divertor. The plasma is partially detached on the high
field side.

6.2. Multi-component plasma analysis

Despite identical fueling properties for Deuterium and Tritium (same rate at same
location), identical recycling coefficient and identical radial transport coefficients, a
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Figure 9. 7Z effective in the D+T+N H-mode simulation

significant discrepency can be found between the hydrogen isotopes radial profile in the
divertor, see Figure 11. More precisely, a lower abundance of Tritium with respect to
Deuterium is observed near the puff but a higher concentration of Tritium in the main
SOL. One can expect a higher Scrape-off layer width A, for tritium due to a lower sound
speed for this isotop. Hence, the behavior observed in the present simulation could be
very different if one uses a more complex boundary condition for the iosotop mixture (for
example a common sound speed for the mixture). The extra abundance of Deuterium
in the divertor is still under investigation. It must be noticed that the same albedo is
used on the pump for Deuterium and Tritium. A better model could be implemented
to match the different pumping efficiency between the two isotops.
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Figure 11. Relative difference between deuterium and tritium density

Radial profiles of the nitrogen ions density at the LFS midplane are plotted on
Figure 12. One observes the presence of fully ionized Nitrogen N7t quite far in the
scrape-off layer due to the slow recombination time compared with the radial transport
time.

The SOLEDGE3X-EIRENE code also returns radiation maps from the different
species. Several synthetic diagnostics are being implemented to help future comparison
with experiments such as bolometry or spectroscopy [20].

7. Conclusions

Zhdanov closure has been rewritten in a matrix form and implemented in the
SOLEDGES3X plasma code. It enables simulating complex multi-species plasma without
resorting to the trace impurity assumption. The closure has been tested on simple
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plasma geometries and proves to be able to properly split a deuterium population in
two. The collisional closure being constistent, the deuterium splitted plasma behaves
the same way as a single deuterium species. The test was performed in 0D and in a
circular 2D plasma. Finally, an example of application to a complex Deuterium+Tritium
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plasma on JET including Nitrogen seeding illustrates the typical application of such a
closure to simulate multi-component plasma.

Acknowledgements

This work was granted access to the HPC resources of CINES, under the allocation 2021-
A0100510482 made by GENCI. Centre de calcul intensif d’Aix-Marseille is acknowledged
for granting access to its high performance computing resources. This work was
supported by the EoCoE-II project, grant agreement 824158, funded within the
EUs H2020 program. This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the FEuratom research and
training programme 2014-2018 and 2019-2020 under grant agreement No 633053. The
views and opinions expressed herein do not necessarily reflect those of the European
Commission

8. Bibliography

[1] V. M. Zhdanov. Transport Processes in Multicomponent Plasma. Taylor & Francis, 2002.

[2] H. Bufferand et al. Numerical modelling for divertor design of west device with a focus on plasma-
wall interactions. Nucl. Fusion, 55, 2015.

[3] S. Wiesen et al. The new solps-iter code package. J. Nucl. Mat., 463, 2015.

[4] A.E. Jaervinen et al. Interpretation of radiative divertor studies with impurity seeding in type-i
elmy h-mode plasmas in jet-ilw using edge2d-eirene. J. Nucl. Mat., 463, 2015.

[5] P. Tamain et al. The tokam3x code for the edge turbulence fluid simularions of tokamak plasmas
in versatile magnetic geometries. J. Comp. Phys., 321, 2016.

[6] B.D. Dudson et al. Bout++: Recent and current developments. J. Plasma Phys., 81-1, 2014.

[7] A.Stegmeir et al. Grillix: a 3d turbulence code based on the flux-coordinate independent approach.
Plasma Phys. Control. Fusion, 60, 2018.

[8] S.I. Braginskii. Transport processes in a plasma. Rev. of Plasma Phys., 1, 1965.

[9] H. Bufferand et al. Three-dimensional modelling of edge multi-component plasma taking into
account realistic wall geometry. Nucl. Mat. Energy, 2019.

[10] E. Sytova et al. Impact of a new general form of friction and thermal forces on solps-iter modelling
results. Contrib. Plasma Phys., 2018.

[11] V. Rozhansky et al. Momentum balance for impurities in solps transport code. J. Nucl. Mat.,
463, 2015.

[12] A. Paredes et al. A penalization technique to model plasma facing components in a tokamak with
temperature variations. J. Comp. Phys., 274, 2014.

[13] H. Bufferand and et al. Near wall plasma simulation using penalization technique with the
transport code soledge2d-eirene. J. Nuclear Mat., 438, 2013.

[14] H. Bufferand et al. Implementation of drift velocities and currents in soledge2d-eirene. Nucl. Mat.
Energy, 12, 2016.

[15] S. Baschetti, H. Bufferand, G. Ciraolo, N. Fedorczak, Ph. Ghendrih, E. Serre, and P. Tamain.
Optimization of turbulence reduced model free parameters based on l-mode experiments and 2d
transport simulations. Contrib. Plasma Phys., 58, 2018.

[16] D. Tskhakaya. One-dimensional plasma sheath model in front of the divertor plates. Plasma
Phys. Control. Fusion, 59, 2017.

[17] Peter Stangeby. The Plasma Boundary of Magnetic Fusion Devices. IoP, 2000.



Implementation of multi-component Zhdanov closure in SOLEDGES3X 23

[18] H. Bufferand. Development of a fluid code for tokamak edge plasma simulation. Investigation on
non-local transport. PhD thesis, Aix-Marseille Université, 2012.

[19] B.D. Dudson et al. Verification of bout++ by the method of manufactured solutions. Phys.
Plasmas, 23, 2016.

[20] G. Ciraolo et al. First modeling of strongly radiating west plasmas with soledge-eirene. Nucl.
Mat. Energy, 20, 2019.

[21] M. Raghunathan, Y. Marandet, H. Bufferand, G. Ciraolo, Ph Ghendrih, P. Tamain, and E. Serre.
Generalized collisional fluid theory for multi-component, multi-temperature plasma using the
linearized Boltzmann collision operator for scrape-off layer/edge applications. Plasma Physics
and Controlled Fusion, 63(6):064005, May 2021. Publisher: IOP Publishing.

Appendix A. Collision coefficients

Appendiz A.1. G;’}; coefficients

The coefficients Gg’g used in Zhdanov system of Equations 22 and 23 are given by:

6l = Y Gl (a1
7¢
with
au oy (A.2)
aZB¢ aZp¢ .
_ 3
Girac = Aoz (4.3)
_ 3m
G = =2 (1 " Sm—ﬁ) Aoz .
) 4
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Implementation of multi-component Zhdanov closure in SOLEDGES3X 24
~(14) 24

Gaz,ag = = g)‘aZBC (A-14)
_ 51 (mg\> 3Tmsg 22  m
qgus (22 (8 Q00 22y gt i A.15
aZB( 35 \ my + 7 My + 5 + mg KapAazp¢ ( )
=(16 24 mp
Gizhe = 7 . Fasazsc (A.16)
where
_ 1 —3/2 42,2 1/2 lnAaB
Nazpc = 3 (2m) NazNpce Z°C g m (A.17)
the Coulomb coefficient being given by
127l ?kT kT 1/2
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Notice the differences in the coefficients for C:’S;)EC and C_JS%Q, also mentioned in Ref. [21].

Appendiz A.2. Collision times

The collision time between species («, Z) and (f3, () is given by:

1671/ (’y 3/2 ( Z(e? )2
-1 . aZ,B()
T = n —— | InA, A.21
aZpC 3 B 2 471—50,“04,8 B ( )
where
YazV8¢
Vazge = ————— (A.22)
o Yoz + VB¢
with
m
7 = o A.23
Yaz lenToy ( )
The collision time averaged over ionization states:
-1
_ NazTyzp
T =) J (A.24)
z¢ @

At last, the averaged collision time of species a:

=Y R (A.25)
™m,
ﬁ (6%
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Appendiz A.3. The S and coefficients

The coefficients denoted S\ by Zhdanov in [1] are given by
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D, = S®SI —7(59)? (A.33)

Appendix B. Comparison between Deuterium-electrons and
Deuterium+Deuterium-+telectrons plasma

We report here the numerical value found applying Zhdanov closure to either a simple
deuterons + electrons plasma or the same plasma where the deuteron population is
splitted into two “classes” to make a deuterons (type 1) +deuterons (type 2) + electrons
plasma. The properties of the populations are summarized in table B1.

case ‘ ne[m™3] npi[m™3] npe[m™3] T.[eV] TpileV] TpaleV]
1 2el9 2el9 50 20
2 2el9 1.2e19 0.8e19 50 50 50

Table B1. Properties of the two plasmas considered for comparison. The two plasmas
are virtually identical.

For the first case, the matrix linking heat fluxes, friction forces with temperature
gradients and velocities takes the numerical values given by Equations B.1 and B.2 .

qje VT,

wo | _ oy ViTp (B.1)
— De .

Rje Vll,e

Rp V|,p
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where
—2237T5/* 0 3.22en, T, —0.7len.T,
B 5/2
MDe _ 0 572TD 0 2.567’LDTD (B2)
—0.7T1len, 0 —0.51mn.v.  0.51m.n.v.
0.71en, 0 0.51menere —0.51mener,

One recovers the typical values of the Braginskii’s closure.
For the second case, the matrix linking heat fluxes, friction forces with temperature
gradients and velocities takes the numerical values given by Equation B.3 and B.4.

qll.e ViTe
q),D1 V||TD1
4|02 - M V| Tp2 (B.3)
— DDe * .
B e UlLe
Ry.p1 v|,p1
RH,D2 V||,D2
where
—2237T7/* 0 0 3.22en,T.  —043en.T.  —0.28en.T,
0 —30.0TY —4.34T) 0 2.72enp; Ty —0.22enp Ty
Moy, — 0 —A4.34TY7  —18.5T)) 0 —0.33enpe T 2.83enpaTpy
—0.71len, 0 0 —0.51menerv,.  0.31men,v, 0.2meneve
0.43en, —0.13en, 0.13en, 0.31men, v, —9.2m.n.v, 8.9Im.n e
0.28en, 0.13en. —0.13en., 0.21m.n.v, 8.9Imn v, —9.1m.n.v,

In order to compare the two cases, if the plasma where deuterons are splitted into
two populations behave the same as the single deuteron case, one has for all intensive
quantities:

Vip =V|p1 = V|2 (B.5)

V|,p = V|,p1 = V|,p2 (B.6)

and for all extensive quantities:

4,0 = q),p1t+ q||,p2 (B.7)
R.p = R|,p1 + B p2 (B.8)
The matrix P given by
10 00 0O
01 10060
P=10oo00100 (B.9)
0 00O0T1T1

(B.4)
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makes the link between the two cases following

e VT
ql.e q),p1 V11 VT
ao | _p| w0z | g | ViIez | Zpef ViTD g4
Rje Rje Ull,e Ull,e
Ryp Ry,p v||,D1 v||,0
RH,DQ V||,D2

If Zhdanov closure is consistent, a reduction of the “splitted deuterons” case into a
“single deuteron” case can be computed as

Mp. = P-Mpp. - P! (B.11)
The two approaches are compared computing the relative difference between the two
matrices:
— ij ..
Mp." — My
& = Imax u <B12)
& MZDJe

In our case, we found € ~ 107'! which indicates a almost perfect agreement between
the two cases.



