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ABSTRACT

New analytical expressions for parallel transport coefficients in multicomponent collisional plasmas are presented in this paper. They are
improved versions of the expressions written in Zhdanov [Transport Processes in Multicomponent Plasma, English ed. (Taylor and Francis,
London, New York, 2002)], based on Grad’s 21N-moment method. Both explicit and approximate approaches for the calculation of transport
coefficients are considered. Accurate application of this closure for the Braginskii transport equations is discussed. Viscosity dependence on
the heat flux is taken into account. Improved expressions are implemented into the SOLPS-ITER code and tested for deuterium and neon
ITER cases. Some typos found in Zhdanov [Transport Processes in Multicomponent Plasma, English ed. (Taylor and Francis, London, New

York, 2002)] are corrected.

© 2021 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/10.1063/5.0047618

I. INTRODUCTION

Fusion toroidal devices with magnetic confinement (tokamaks
and stellarators) operate with multispecies plasma. Plasma composi-
tion can contain mixtures of main components: hydrogen, deuterium,
tritium,” and helium isotopes; and impurities: helium, lithium, beryl-
lium, carbon, nitrogen, neon, argon, etc.” (In some operational
regimes, helium might be the main component and then, in addition
to the usual impurities, isotopes of hydrogen would be impurities.)
Edge plasmas usually are in a collisional regime, by which we mean
that macroscopic parameters change slowly on parallel (perpendicu-
lar) length scales of the mean free path (gyroradius) and time scales
between collisions (gyromotion period). Under this assumption, a clo-
sure method such as the one proposed by Braginskii' can be applied to
the moments of the distribution function. However, this approach is
applicable to the single ion species case and assumes only trace levels
of impurities. For the multicomponent case, Grad’s moment method”
can be used. This method is based on the tensorial Hermite

polynomials finite expansion approximation of the distribution func-
tion with a local Maxwellian distribution function as the zeroth-order
approximation. It is developed in detail in Refs. 1 and 6. Transport
equations for multicomponent fully ionized plasmas consisting of elec-
trons and several species of ions each in a different charge state were
obtained in the 21N-moment approximation by Zhdanov and
Yushmanov (ZY).” The more complete set of moment equations,
including equations for the partial viscous-stress tensors, is presented
in Ref. 1. In this work, we study these equations to obtain improved
versions of the expressions written in Ref. 1, though only parallel
transport is considered in this paper. Equations for electrons can be
solved separately due to the large electron-ion mass difference, as it
was considered in Refs. 1 and 6. For ions, the situation is more
complicated, especially for mixtures with comparable masses. This is
analyzed in detail below.

Some previous work on implementing the moment approach
can be found in Ref. 7 (based on Refs. 8 and 9 and described in Ref.

Phys. Plasmas 28, 062308 (2021); doi: 10.1063/5.0047618
© Author(s) 2021

28, 062308-1


https://doi.org/10.1063/5.0047618
https://doi.org/10.1063/5.0047618
https://doi.org/10.1063/5.0047618
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0047618
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0047618&domain=pdf&date_stamp=2021-06-16
https://orcid.org/0000-0002-1799-7367
https://orcid.org/0000-0002-2470-9706
https://orcid.org/0000-0001-6100-3190
https://orcid.org/0000-0001-7817-8966
https://orcid.org/0000-0002-8283-9138
https://orcid.org/0000-0001-5458-4919
https://orcid.org/0000-0002-6743-1062
mailto:sergei.makarov@ipp.mpg.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0047618
https://scitation.org/journal/php

Physics of Plasmas

10) and Ref. 11 where an explicit implementation (based on matrix
inversions) was implemented in SOLPS and EDGE2D; (Ref. 12)
where the multispecies closure was implemented into 3D turbulence
and transport codes based on Ref. 1; and additional work in Ref. 13.
Some of this work assumed #1jg /ey < 1 and so could not be
applied to deuterium, tritium, and helium mixture cases, while in
others the closure for viscous-stress equations was not considered
(or only the velocity-dependent part of the viscous stress tensors
was taken into account). In addition, there is a difference between
definitions chosen by Braginskii* and in Ref. 1. Thus, for the appli-
cation of the closures discussed in Ref. 1 for the Braginskii equa-
tions, special corrections are developed in this paper (see Sec. II).
Some typos in Ref. 1 which directly affect the results are corrected
in Appendix C. In Refs. 7 and 11 a full closure (including equations
for the viscous stress tensors) was implemented into the transport
code, though the heat flux-dependent part of the viscous stress ten-
sors was not considered and this effect plays an important role in
toroidal systems.'”'” Such a contribution from the viscous terms
was added by Rozhansky et al'®'” for correct calculation of the
radial electric field in the H-mode pedestal in tokamaks, but only
in the single fluid case and can be extended to multispecies cases.

It is also valuable to mention the work Ref. 18, where Grad’s
moment method has been discussed and the temperatures of the
main component and the impurity have been considered separately
in the calculations of the Chapman-Cowling integrals, whereas in
Refs. 1 and 6 and therefore in the present paper, the different tem-
peratures have been kept only in the gradients in the collisional
term. The impact of the impurity temperature deviation from the
main component temperature in the Chapman-Cowling integrals
on the impurity transport in the tokamak would be interesting to
study.

In this paper, this generalization of the equation system is pre-
sented. Section 11 is dedicated to an accurate application of Grad’s clo-
sure discussed in Ref. 1 for the Braginskii system of equations used in
transport codes, for instance, SOLPS-ITER.'”?° In addition, the heat
flux-dependent part of the viscous stress tensors is considered in Sec.
II.

Since the calculation of transport coefficients is supposed to be
performed during the numerical solution of algebraic equations, this
might be a problem in a fluid code where this would be done at each
time step in each grid cell; therefore, new improved analytical expres-
sions are developed in Sec. I11. In the case where masses of species are
significantly different, such methods can be applied. This method is an
improvement over the method discussed in Refs. 1 and 6. Comparison
for the improved expressions, the original expressions (8.4.7) in Ref. 1,
and the solution of the explicit system of algebraic equations is pro-
vided. As it is shown there, even for the cases where masses of compo-
nents are not too different, analytical formulas provide surprisingly
good agreement with the explicit numerical approach. Moreover, for
some cases, the new formulas provide a much better match with the
numerical results than the original analytical expressions (8.4.7) in
Ref. 1. The results can be found in Appendix A.

Then, in Sec. IV, a comparison between transport coefficients cal-
culated using Grad’s 21N-moment closure and transport coefficients
used in the current SOLPS-ITER model is considered. Additionally,
new expressions for thermal and friction forces were implemented
into the SOLPS-ITER code and tested for neon transport in an ITER
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deuterium plasma and compared with the current SOLPS-ITER
model.”"*
Il. BASIC EQUATIONS FOR MULTISPECIES PLASMA
A. Equations
First of all, let us consider the system of fluid equations for spe-

cies type o and charge state Z, which can be applied for both ions and
electrons (for electrons Z = -1),

8t,‘naZ + V- (uocZnaZ) = S:z» (1)

maat(uaznaz) +V.-T o7
(Br)

= V(i TE) + Zeng (B + [ugB]) — V- ) + Ry + ST,
(2)
3 r s 3 r r
Eat("oszg N4v-@y + 5““Z"uZT$ N4 g TV -y,
- (Br) r
= (7 4, V)wsz) + Q) + 85, (3)

Details can be found in Ref. 4. In this equation system, tempera-
tures, heat fluxes, and viscosities are defined according to Braginskii,

Nz = JJJ]@ZIPV, NyzUyzk = JJJkaazdSW (4)

T(Br>:%&1”mf Py 5)
7 3 s ) oZ )

(Br) _ (V - uaZ)z 3

0 =m [ [ 2 vy, @
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where f, is the distribution function for ion or electron species «Z, k
and [ are component indices, and integrals of the collisional term C,z
due to Coulomb (elastic) collisions provide

Ryzk = my, J J J Vkadesv» (8)
(Br) __ (V - uocZ)z 3
Qaz = My fcaZd V. (9)

Terms S, ™., SE, describe, respectively, particle, momentum, and
energy sources due to inelastic collisions between charged species (ion-
ization, recombination, and excitation) and all interactions with neu-
trals, and they are considered as external parameters in this model. For
instance, in SOLPS-ITER these sources are calculated by the EIRENE
code.”” Moreover, since in the approach, discussed in the present
paper, the collision operator is considered in the Boltzmann form,
inelastic collisions can be computed internally by moment treatment
of the neutral particles, details can be found in Refs. 24 and 25.
The momentum flux due to the flow velocity is

U = Mattozkazifgz. (10)
In a multispecies plasma, the transport coefficients, which help to

— (B .. .-
express qg), bis izr), R,z;, and Qg) through densities, velocities, tem-

peratures, and their spatial derivatives, differ significantly for different
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plasma species, different species densities, and different mass ratios of
species. This means that no simplification may be made in the general
case, and general methods for the solution of kinetic equations should
be used.

Such a method is Grad’s 21N-moment method, described in
Ref. 1. Following Ref. 1, we define

- 2
T,z = 2 s J J Jgfazd%, (11)

31,z

2
— 5
hosz = my J“[‘[g (Vk - uk)fotZd3v - EWaanaZTozZa (12)

Tzl = My ”H(Vk — ) (v — up) — % (v— U)Z}fazd%, (13)

where

E MyMyzWsz
oz

E MyNyz

oz

One can note that temperature (11), heat flux (12), and the viscous
stress tensor (13) are defined in Ref. 1 with respect to the mass-
averaged flow velocity (14), while (5)-(7) are defined with respect to
the flow velocity of the corresponding species. Note that the tempera-
ture definition (5) is the standard fluid temperature definition, and it is
not specific only to the Braginskii method, the superscript (Br) is only
meant to distinguish between (5) and (11). Definitions (11)-(13) are
more suitable for this method; therefore, they were used in Ref. 1.
Thus, the result of the closure discussed in Ref. 1, that is expressed in
the heat flux, viscosity, friction term, and heat exchange term, can be
applied for the Braginskii system of equations (1)-(3) using correc-
tions due to difference in definitions.

Woz =Uyz —UW; U (14)

Indeed,
@) 1
T,,=T,, + 3 MaWaz, (15)
B
qizl) = oz + Moz Wozkm, Wiy — E WazsTazsk, (16)
N
B Kl
ﬂizl)l = Tyzki — MyNoyzWozkWozl + My Myyz ?Wiz- (17)

A similar correction should be applied to the heat exchange term,

QY = Quz — Wiz Ruz, (18)

where according to Ref. 1,

Quz = my JJJ(vfziu)z Cozd®v

.uozﬁ Nz

=-3)" (—) (Toz — Tge) (19)

(Zh) ¢/
pT \Ma T )l

where summation is performed over all species and the definition of the
collision time can be found in Appendix A. One can recognize a heat
source due to friction between different ions in the second term of (18).

The friction term R, 7 defined according to (8) does not need cor-
rection provided that Coulomb collisions do not lead to particle sour-
ces and sinks and three possible definitions are equivalent,
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m, JJJ(V —w,7)Cozd’v = m, JJJ(V —u)Cyzd’v =R,z. (20)

Therefore, the friction term R,z found using the approach dis-
cussed in Ref. 1 may be directly substituted into the system (1)-(3).

Note, according to Eq. (8.1.3) in Ref. 1, that momentum conser-
vation in collisions is maintained,

> Ry =0. 1)
o,Z
So is energy conservation according to (18),
Z Qi?) = - Z u,z - Ryz. (22)
o,z o,z

Details about the conservative property of collisions can be found, for
instance, in Ref. 4.

Consecutively, Eq. (18) is necessary to maintain energy conserva-
tion. Also, here we note that the corrections (15)-(17) can be the same
order as second order collisional terms, which are neglected in the
method.! Therefore, when the corrections contribute significantly, one
should carefully examine the method’s limitations. Let us discuss an
example, where the species “0Z” does not contribute significantly to
the mass-average velocity (14), while the species “B(” provide the
main contribution to the mass-average velocity (14). Then, the mass-
average velocity is close to the flow velocity of species (. Therefore,
w2, > |Wg| - [Wsz|. In this case, when the corrections by the order of
w2, and |w,z| - w2, become important for the moments of species 0.Z
(15)-(17), the second order term in the collisional term, which is by

W] [Waz |
the order of Ty
|W,z| become comparable to /Ty /mp - \/ Tyz /My, next order terms
in the collisional r.h.s. have to be considered.

Thus, assuming that the 21N-moment method is applied and
transport coefﬁcienti%r'jlre found, we need then to switch from h,, and
T 4z to qg) and 7w ,, " by using (16), (17) and taking into account the
connection between temperatures (15).

In the present paper, we consider only so-called parallel (with
regard to the B-field) transport coefficients. The classical transport across
the magnetic field is usually of little consequence for magnetic fusion
devices, since the anomalous transport is in most cases much larger.

Then, as it is shown in Ref. 1, the transport coefficients appearing
in the heat flux and friction force may be calculated independently of
the viscosity coefficients. Therefore, we may consider their corre-
sponding calculations separately.

Finally, this approach can be applied both for electrons and ions.
However, due to the small electron-ion mass ratio, transport for elec-
trons can be considered separately, which significantly simplifies the
approach. It is discussed in detail in Ref. 1. Also, we mention here that
the electron heat conductivity, the velocity-dependent electron heat
flux, and the thermal and friction forces have been implemented into
the SOLPS-ITER code earlier”**” using this approach Ref. 1.
Consequently, all the analysis in this paper will be devoted to ion
transport coefficients.

, remains small. In the case, where |wg;| -

B. Heat flux and friction term

Applying Grad’s 2IN-moment method (see Refs. | and 6, one
can express h,; through the velocities w, and temperature gradients
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VT,z with the help of kinetic coefficients that can be found solving,
e.g., the algebraic system of equations (8.4.2) in Ref. 1. For the parallel
(with regard to the B-field) component of h,7, one gets [see Eq. (8.4.6)
of Ref. 1]

Nz )T (zny ]
hyy) = — — cp —1, VT
«Z|| n5 [ b g b 45
By Ny T 72 ) _
—2c§< 1) Mz (zh) Z_;V”T“Z + ”aZTZ C;;;")(Wazu _ Wﬂ\\)7
B
(23)
where V| = (b - V), and summation is performed over all types of
ions and
VT =Y "2V T,y 24)
n
VA o
Collisional times r;ih) and average squared charge Z2 can be found in
Appendix A. Kinetic coefficients 'ng), cg;”) and c&hg) are the result of

solving the system of algebraic equations (8.4.2) in Ref. 1 and applica-
tion of corrections for each charge state (details can be found in
Appendix A).

Note that the first two terms on the r.h.s. of (23) represent the
thermal conductivity. The third term is the velocity difference depen-
dent part of the heat flux, which is an additional contribution besides
the thermal conductivity, and is not presented in the single ion species
approaches.

Then, following the method in Refs. 1 and 6, the friction term
can be written in the same form as Eq. (8.4.5) of Ref. 1,

Z2 ~(RA) =— RB
RocZH = ”aZ?Z C((yﬁT)vHTﬁ - nazZC:Ec T)VHTG/Z
7

2~ Mg (R .
—maz =53 s Wzl = W), (25)
o f Ta/f

(R7)  (Rw) (R})

where coefficients ?/m s Sy and ¢, " are the result of solving the

system of algebraic equations (8.4.2) in Ref. 1 and application of cor-
rections for each charge state as well. In (25), the first two terms repre-
sent the thermal force, and the third term is the interspecies friction
force.

C. Viscous stress tensor

Now let us consider the system of equations for viscous stress
tensors. Note that, to describe parallel transport correctly Ref. 14 and
references therein), it is required to take into account the heat flux
dependence for the viscous stress tensors. However, this effect was not
considered in the viscous stress tensor equations (8.1.6) and (8.1.6°) in
Ref. 1. The necessity to account for this heat viscosity requires a modi-
fication of the approach described in Ref. 1, namely, using the general
expression for the moment equation (A1.8) in Ref. 1 and adding the
heat flux-dependent terms to the left-hand side of (8.1.6) and (8.1.6)
in Ref. 1 (after summation over charge states),

PO‘WHH + W (26)

RY
I = Ry

scitation.org/journal/php

where Riﬂ” is the collisional right-hand side of Eq. (8.1.6) in Ref. 1
summed over charge states, that depends on 7 g (/8 represents each
ion in the mixture), and

7T ko pa
2 Wil = Ray (27)
where Ri‘lm is the collisional right-hand side of Eq. (8.1.6°) in Ref. 1
summed over charge states, which also depends on 7.

W-tensors and collisional right-hand sides can be found in
Appendix A. The solution of this system of equations (26) and (27)
can be expressed as

Moz =)
Tzl = =7~ Z[ T2 5“/3]1-/}@ P | W
*\'F
_ Naz ((ﬂh) (Zh) h/z) 2(n,,>7 (Zh) 7z 28
m% af Tpa W)~ 2" T Wi, (28)
() ()

where dimensionless transport coefficients ¢, ;" ¢, " are the result of

solving the system of algebraic equations (26) and (27), and the correc-

B B
tions for each charge state c&n“), cin” ) can be found analytically, as it is

done for the heat flux (see Appendix A). The first term in (28) is the
velocity-dependent part of the viscous stress tensor that is discussed in
Ref. 1. The last terms in (28) represent additional effects due to the
heat flux that is taken into account in this paper by adding heat flux-
dependent terms into the left-hand side both in (26) and (27).

Usually, it is not a trivial task in complex geometry to take a
divergence, such as V - @ ,z, intended to be included into (2), even in
case (28). One way to do it supposes to take into account only parallel
and drift components of the velocity and parallel and diamagnetic
components of the heat flux in the viscous stress tensor calculation.
Details can be found in Appendix B.

Finally, to apply the closure discussed in Ref. 1 and in this paper
for the Braginskii system of equations (1)-(3), corrections of tempera-
tures, heat fluxes, and viscosities should be done according to
(15)-(17).

Now, let us recall the results of transport in the Pfirsch-Schliiter
regime."‘i"‘3 I (ST important to mention that, in the
Pfirsch-Schliiter regime, where the collision frequency is larger than
the bounce frequency,'” the parallel transport coefficients can be calcu-
lated locally, as it is done in the present paper. Thus, it can be com-
pared with the results of flux-surface average approaches,'”*” where
the parameters are not changing significantly on the magnetic surface.
Local coefficients are supposed to be added into the 2D code, which
describe the transport close to the separatrix, where the flux-averaged
approach is not applicable. Moreover, in Refs. 15 and 27 the collision
operator was used in the Fokker-Planck form, while the current
approach’ is based on the Boltzmann form collision operator, which
can be more accurate in the high collisionality regime. It is necessary
to note that, using the moment approach following the Braginskii-like
method, one can also reproduce results in the Pfirsch-Schliiter
regime.'*”” In the single ion species case, one can calculate viscosity
transport coefficients using (28) as well. Thus, using the notation from
Ref. 14, they are

Zh) o 1.55. (29)

X 0.96,  f, = p2Ty

Zh
Hoyp = pizrz(i :
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That is close to what was obtained in Refs. 14 and 15 and applied in
Refs. 16 and 17 Therefore, in the collisional case, it is expected to
obtain a radial electric field close to the radial electric field in the
Pfirsch-Schliiter regime.”’ It is important to mention that to get 1, as
in (29), it is necessary to add the heat flux-dependent term both into
(26) and (27). Note that, using a moment approach for the single ion
plasma,” that result (29) can be also obtained, and now, using the
Grad’s 21N-moment method, it is extended to arbitrary plasma
mixtures.

D. Summary

In this section, we have considered an explicit method based on
solving an algebraic system of equations, which can be applied for vari-
ous plasma compositions, for example, deuterium, tritium, helium,
and other impurities. This case occurs in current devices™’ and will be
standard operating procedure in future reactors.”’ ** Thus, it should
be implemented into codes like SOLPS-ITER,'”*" which are used for
fusion reactor operation predictions. Section I'V is dedicated to this.

In Sec. I1I, an analytical approach is considered, which can be
applied for many cases and which is, however, less accurate for species
with close masses.

I1l. IMPROVED ANALYTICAL EXPRESSIONS
A. Heat flux

Let us consider the closure in the case with one light and several
heavy ion species. The resulting 2n; x 2n; matrix [where 7 is the
number of different types of species (which have different atomic
nuclei) in a mixture], which is intended to be inverted to solve the sys-
tem of equations (8.4.2) in Ref. 1, can be split into blocks,

Ay A _ A, A
R e e An An ’ (30)
AZl A22 Az] Azz
where each block can be written
ap ap ap ~qp  ~qp ~qp
oo A1 " Aoy, Ao 401 " Gop,
ap ap ap ~qap  =qp ~qp
L S VR VN ~ 4 4n 0 A
qu = , qu =
ap ap ap ~qp  ~qp ~qp
Ao 9pa 7 Gneng ayo 4pa " ansns
(31)

Here and further, index 0 represents the light species, while indices
1..n, correspond to heavy species. Indices g =1, 2 and p = 1, 2 refer to
the corresponding blocks. Note that in the codes, which are applied
for light main ion and heavy impurities,”” main and impurity species
are usually explicitly specified, and equations for them are written dif-
ferently. The approach discussed in this paper allows us to write equa-
tions uniformly for all species.

First of all, for the diagonal elements, estimations can be made

(i #0),

P Z2n
a m; B
§ 5 G @
o Mo g7, Zim;
al m
1 1 0i i
A, Ay af = af, Ay, An: —p X —. (33)
a Mo
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Taking into account that 3 75, % > 1, cross elements in the
first row and column are smaller than a%ﬁ by at least the mass ratio.
Thus, Egg elements of the inverted matrix can be obtained indepen-
dently from the contributions due to heavy species in the cross ele-
ments and agy > all.

Consider the solution for the temperature-dependent part of the
heat flux (heat conductivity),

h, 5 —
f =5 D gV Ty, (34)
o Ig

where E;}; is an element from the ZH part of the inverted matrix. In
the most common case, where the density of the light species is higher
than the density of the heavy species, the impact from cross elements
on the light species heat flux is even smaller due to the multiplication
with 3. On the other hand, for the heavy species heat flux, all terms
in the sum are comparable; however, it is easy to show that the heavy
species heat flux in such a case does not contribute significantly to the
global heat balance and therefore the temperature Ty for light species
averaged over all charge states. The temperature of the light species T
plays a major role in the thermal force between light and heavy species
(see Sec. 111 B) and thus determines heavy impurity transport.

Thus, in the case with one light and several heavy species, the
transport coefficients can be obtained by solving equations for each
type of species independently, ignoring cross elements. This allows us
to derive analytical expressions for the transport coefficients (see
Appendix A).

These expressions are an improved form of the
Zhdanov-Yushmanov (ZY) analytical expressions (8.4.7) in Ref. 1.
Zhdanov and Yushmanov suggest obtaining transport coefficients
keeping only terms with (m/m;)° order, which directly excludes cross
elements from consideration [due to (32)], while the approach dis-
cussed in this paper keeps higher order terms (mg/m;)", where
n = 1...00 in diagonal elements. The reason for this action follows
from the fact that the diagonal elements play a major role. Analysis of
the matrix in the test cases confirms this fact: even for the mixtures
where masses of species become close, cross elements were smaller
than diagonal elements. Therefore, higher order terms in diagonal ele-
ments affect the answer more than for the cross terms.

To prove this assumption, let us compare the heat conductivity
for deuterium in the presence of impurity ions found using this
approach with the result using explicit matrix inversion [for solving
the algebraic system of equations (8.4.2) in Ref. 1] and the ZY analyti-
cal expression (8.4.7) in Ref. 1. Consider the case (deuterium, carbon,
and another impurity) where the temperature gradient for both impu-
rities is the same as the temperature gradient for deuterium and the
case where the temperature gradient for both impurities is (for some
reason) two times higher than for deuterium, to explore what role the
difference in ion temperatures plays. In test cases considered in this
paper, the amount of carbon and another impurity is chosen according
to the rules Z&nc/np = 0.5, Zn;/np = 1.0, where “I” corresponds
to another impurity and Z? is the averaged square of the impurity
charge defined in (A2). The heat flux associated with the deuterium
heat conductivity is

)

T (hre) M TTh
hDH = —CDT TDDV”TD, (35)
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where the transport coefficient cgwff

sion time is defined in Appendix A.

In Fig. 1, different results are plotted: with similar masses and
densities for light impurities and small ratios #p /iy, and ny,/np
for heavy impurities.

It is clearly shown that (11/m;)" order accuracy is not sufficient
to get good agreement with the explicit matrix inversion result, while
the addition of higher order terms only in the diagonal elements pro-
vides solutions close to the numerical method except in the hydro-
gen-helium region, where cross elements in the matrix become
important. In this region, a different temperature gradient for the
impurity affects the result because both close masses and densities in
the impurity term in (34) play a role.

The same comparison can be made for the velocity-dependent
part of the heat flux,

W Wy, _ _
hy) = pa Z C;faW)(WaH —wg)), (36)
i

) is shown in Fig. 1 and the colli-

where the transport coefficient cgf) is shown in Fig. 2.

The velocity-dependent part of the deuterium heat flux in the
presence of high mass impurities predicted by both original (8.4.7) in
Ref. 1 and improved analytical expressions is close to the result
obtained from the matrix inversion approach. However, for impurities

lighter than beryllium, the improved formula gives a solution much
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FIG. 1. Temperature-dependent part of the heat flux transport coefficient for deute-
rium using the explicit solution of the system of equations (8.4.2) in Ref. 1, the origi-
nal ZY formula (8.4.7) in Ref. 1, and the improved formula (see Appendix A) for the
D+ C + another impurity case with equal distribution between charge states. The
additional impurity is varied along the horizontal axis. The dash-dotted line shows
the case where V| T; = 2 x V Tp. The number in parentheses at the top of the
figure gives normalized impurity density [= Z2n;/np where Z? is an averaged
square of the charge of impurity, defined in (A2)] and is kept constant.
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closer to the numerical one (Fig. 2) than the ZY formula. On the other
hand, for the high mass species, the calculated heat flux is less accurate
(Fig. 2). In the original monograph,’ it is suggested to set to zero the
transport coefficients that represent heavy-light species interactions in
the heat flux (velocity-dependent part) for heavy species. Although the
improved formula (A28) in Appendix A suppresses the coefficient by
a factor (i,5/ m“)s/ ? for the cases, where m, > mj, numerical calcula-
tion provides an even smaller velocity-dependent part of the heat flux
(Fig. 2). In the extreme case, where a difference between masses of spe-
cies is large, for instance, ion-electron mixture in the simple plasma,
the velocity-dependent part is set equal to zero for heavy species."*
Thus, the reduction of the velocity-dependent part for heavy species
can be implemented by setting (A28) equal to zero if m,/mp < 1. To
keep all expressions the same for both low and high mass species, a
smooth analytical approximation to the step function can be applied.

Finally, following Ref. 1, the heat flux for each charge state can be
found (see Appendix A).

B. Friction term

Now consider the friction term. According to (8.1.3) in Ref. 1,
_ N eWie —wy o Mm@ (B hy
R, = XZ:Ruz 72;;: G, (Wo —Wp) +%Gdﬂ <—a——

My Ny, mepgnp
wp\’ i) [ F rp
o —~ o
— | G — . 37
+( T) off (mdna m,;n,;)] (37)
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FIG. 2. Velocity-dependent part of the heat flux transport coefficient for the deute-
rium due to D/impurity velocity difference (solid) and for another impurity due to
impurity/D velocity difference (dashed) using explicit solution of the system of equa-
tions (8.4.2) in Ref. 1, the original ZY formula (8.4.7) in Ref. 1, and our improved
formula (see Appendix A) for D+ C + another impurity. (See the caption to Fig. 1
for additional information.)
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According to (37), one can conclude that } R, =0 for any
velocities, heat fluxes, and r-moments [additional vector moments see
Eq. (8.1.2) in Ref. 1] [Gmﬁ)7 Gmﬁ)7 Giﬂ) are symmetric regarding to the
replacement of off with fa].

Note that the impact on the friction term of species o from the
heat flux and r-moment of species « differs from the impact of the spe-
cies 8 terms by factors of m,/mg and (m,/mg)’ correspondingly.
Hence, leading terms in both Ry and R;, where i # 0, are dependent
on the heat flux and r-moment of the light species and, therefore, on
Tpy. Thus, where the heat flux/r-moment of heavy species is calculated
inaccurately, it does not affect the friction term for heavy species (and
light as well) summed over all charge states.

The friction term for each charge state can be found using

o hO’ 1_10(
R,; =L;R, ““ZZ[ (Waz — W) +MG< )(p_ip_)
o o

+ (M) Wereli (r”—z - r—)} : (38)
My, T Doz Pu

Substituting the results of the heat flux and r-moment into (37) and
(38), one can obtain analytical transport coefficients for the thermal
and friction forces (see Appendix A). o
First of all, note that, in the trace-impurity case (Z?n;/Z3no
< 1, my < m;), the kinetic numeric factor in Refs. 21 and 22 for the
friction force is &1 and, for the thermal force, is ~1.56. However,
according to (37), the thermal force depends on the masses of the par-
ticipants (besides the factor /g in the G-matrices). Indeed, formulas

(A53) and (A48) in Appendix A provide kinetic factor ~1 and
~1.56 52 [J — 344] for the friction force and the thermal force corre-

spondingly [ here the second term in (A48) for species 0 is absent,
which becomes important if my ~ m;]. Thus, the light trace-impurity
thermal force in Refs. 21 and 22 is larger than our improved
expressions.

Then, consider the thermal force for each type of species summed
over all charge states in the non-trace-impurity case for a case (deute-
rium, carbon, and another impurity) where the temperature gradient
for both impurities is the same as the temperature gradient for deute-
rium and the case where the temperature gradient for both impurities
is (for some reason) two times larger than for deuterium, to find where
differences in ions temperatures play a role. The transport coefficient
for the thermal force averaged over all charge states for carbon and
another impurity (Figs. 3 and 4) is described by

Rz; =n C&R?%)VHTD. (39)

Now, we compare these results with the explicit matrix inversion
method and the coefficients previously implemented into the SOLPS-
ITER code,””” which are based on the ZY analytical expressions
(8.4.7) in Ref. 1.

For a deuterium plasma with carbon, the original ZY analytical
formula results in a ~1% deviation from the numerically calculated
result. Therefore, for carbon and heavier impurities this formula can
be applied, although a slight increase in the deviation for the heavier
impurity, due to the presence of carbon, is seen (Fig. 3). Thus, the ther-
mal force averaged over all charge states for nitrogen and neon calcu-
lated using the 3.0.6 SOLPS-ITER version and higher (and as a result
in Refs. 34-37 and others) is the same as can be obtained by
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FIG. 3. Temperature-dependent part of the friction term transport coefficient for
another impurity (solid) and for carbon (dashed) using explicit solution of the system
of equations (8.4.2) in Ref. 1, the original formula from Refs. 21 and 22, and our
improved formula (see Appendix A) for D+ C + another impurity. Dash-dotted
(another impurity) and dotted (carbon) lines are plotted for the case where
V| Ti =2 x V| Tp. (See the caption to Fig. 1 for additional information.)

numerically solving the system of equations for heat flux and
r-moment (additional vector moment) (8.4.2) in Ref. 1.

Furthermore, in the region of heavy impurities, the impurity tem-
perature gradient does not play a role (Fig. 3). Indeed, the shape of the
impurity distribution function {represented by impurity heat flux and
r-moment [additional vector moment, see Eq. (8.1.2) in Ref. 1] in the
Hermite polynomial expansion} is not important in the case where
mp < m;, Tp ~ T; and thus vp > v;. Shaping of the deuterium dis-
tribution function driven by V| Tp is a major effect in such cases.

However, in the light impurity region the situation is different.
For cases where V| Tp = V| T;, the analytical ZY expression results in
an up to 15% deviation in a (D + C + Li) mixture and up to 90% devi-
ation in a (D + C + He) mixture (Fig. 4). If the temperature of the
impurity is different, the deviation is even larger. In contrast, the
improved analytical expression for the thermal force in (D + C + Li)
gives only a 1% deviation for lithium (Fig. 4) and a 6% deviation for
carbon (Fig. 3) from the numerically calculated result. For the (D + C
+ He) case, the improved formula provides up to 10% deviation for
helium (Fig. 4) and up to 16% for carbon (Fig. 3). Note that in this
region, the temperature gradient of impurities becomes important.

Notice that deviations for carbon are due to the presence of
significant amount of helium (ny./np = 0.4) and lithium (ny;/np
= 0.2), for smaller amounts of helium/lithium this case is closer to the
pure deuterium/carbon. In the (ny,/np = 0.04) case, the deviation
from the explicit matrix inversion result is up to 5% for carbon, how-
ever, becoming worse for helium: up to 30% (up to 50% for the case,
where VHTHE =2X VHTD)
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FIG. 4. Zoom of the dotted box in Fig. 3.

For the cases (deuterium, carbon, and hydrogen) and (deuterium,
carbon, and tritium), the original formula (8.4.7) in Ref. 1 provides
even the wrong sign (always positive). However, the new formula
(A48) in Appendix A works surprisingly well, which confirms the
observation made in the tests that even for comparable masses, cross
elements play a minor role. In mixtures (D + C+H/T), the thermal
force has a deviation for hydrogen/deuterium/tritium of up to 30%
(up to 50% for the case, where V| Tt = 2 x V| Tp) and for carbon a
15%-20% deviation from the numerically calculated results (Figs. 3
and 4). For more accurate calculations in the case of comparable
masses, the explicit solution of the system of equations (8.4.2) in Ref. 1
is required. Moreover, for such cases the temperature gradient of
impurities plays a role, and heat fluxes of impurities are important and
an accurate calculation of these fluxes is also necessary.

Now, consider the thermal force for each charge state species
obtained using (38), which affects space separation between different
charge states of the same type of species. Note that this procedure
does not require additional assumptions and thus can be made
straightforwardly even for mixtures of species with close masses (see
Appendix A). What was done for the thermal force in Refs. 21 and 22
represents what is done in the first term in (38); therefore, the depen-
dence on the difference between heat flux and r-moment [additional
vector moment, see Eq. (8.1.2) in Ref. 1] averaged over charge states
and for each charge state was not taken into account.

Here, again consider the case where the temperature gradient for
impurities is the same as the temperature gradient for deuterium, and
the case where temperature gradient for impurities (all charge states)
is two times larger than for deuterium, to find where the difference in
ion temperatures plays a role. In Fig. 5, the transport coefficient for the
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FIG. 5. Temperature-dependent part of the friction term transport coefficient for
another impurity Z = +1 charge state (solid) and for the carbon Z = +1 charge
state (dashed) using the explicit solution of the system of equations (8.4.2) in Ref.
1, the original formula from Refs. 21 and 22, and our improved formula (see
Appendix A) for D+ C + another impurity. Dash-dotted (another impurity Z = +1)
and dotted (carbon Z = +-1) lines show the case where V| T; = V| Ty =2
x V| Tp. (See the caption to Fig. 1 for additional information.)

thermal force for the first charge state for carbon and another impurity
described by

Rzl = nMCg‘IfTeﬁ)VH TD (40)

is plotted.

According to the thermal force for each charge state, expression
(A51) in Appendix A, that is written taking into account the correction
to the average thermal force, the first charge state is affected by the cor-
rection more than the others, because th_e impact from the average
thermal force is reduced by a factor 1/Z2. It is clearly seen (Fig. 5)
that, for the first charge state of the impurity, the correction, repre-
sented by the third and fourth terms in (38) (blue curves represent the
model from Refs. 21 and 22, plays a role. As a result, the temperature
gradient for impurities becomes important (Fig. 5). However, for car-
bon and higher mass impurities, the thermal force that leads to space
separation of each charge state is an order of magnitude smaller than
the thermal force that drives impurities, summed over all charge states
(Fig. 3). Therefore, it is expected that for the heavy impurities, their
temperature gradient affects slightly the charge states space distribu-
tion, but not the global impurity transport.

Then, consider the friction force for each type of species summed
over all charge states. Take a look at the case (deuterium, carbon and
another impurity). In Fig. 6 are plotted transport coefficients for the
friction force, averaged over all charge states, for carbon and another
impurity, described by
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FIG. 6. Velocity-dependent part of the friction term transport coefficient for another
impurity/deuterium (solid), for carbon/deuterium (dashed), and for another impurity/
carbon (dotted) using the explicit solution of the system of equations (8.4.2) in Ref.
1, the original formula from Refs. 21 and 22, and our improved formula (see
Appendix A) for the D+ C + another impurity case. (See the caption to Fig. 1 for
additional information.)

_ Hap  (RA) - _
R;v = —Ny Zi(zh) C[}oc (Wa” — W,;H), (41)
B Taup

where definitions can be found in Appendix A.

The transport coefficient for the friction force between deuterium
and impurity predicted by the original ZY analytical expression (8.4.2)
in Ref. 1, that is used in Refs. 21 and 22 is underestimated significantly
for all realistic cases compared to the direct numerical solution of the
system of equations (8.4.2) in Ref. 1 (Fig. 6): 37% for helium, 23% for
carbon, 17% for neon. This difference in the friction force can affect
impurity transport.”® On the other hand, our improved expression is
much closer to the numerical solution (for a discussion of the corre-
sponding deviations see below). This is the result of the inclusion of
next order terms in the mass ratio my/m;. Indeed, one can see (see
Appendix A) that, under the assumption mgy/m; = 0, our improved
expression turns into the original ZY formula (8.4.2) in Ref. 1.

Moreover, as it was discussed in the Sec. IIT A (Fig. 2), for the
heavy species, the velocity-dependent part of the heat flux is not calcu-
lated precisely by our improved expression. The same result can be
obtained for the velocity-dependent part of the r-moment [additional
vector moment, see Eq. (8.1.2) in Ref. 1]. This inaccuracy for the heat
flux and r-moment affects the friction force. Therefore, it is necessary
to suppress them to zero to get a better match with the numerical
result. One way to do this is by setting coefficients (A28) and (A39)
equal to zero, if m,/ mg < 1. The result, an even better match [indi-
cated as “Analytical MDF (this work)” in Figs. 6 and 7, while
“Analytical (this work)” corresponds to unmodified heat flux and
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FIG. 7. Zoom of the dotted box in Fig. 6.

r-moment] with the numerical result, with the deviation from the
matrix inversion solution: for tritium 5% vs 8%, for helium 2% vs 8%,
for carbon 0.03% vs 0.7%, and for neon 0.6% vs 2% (for carbon in the
presence of neon 1% vs 5%). However, the mismatch for another
impurity/carbon friction force becomes worse (Fig. 6). Note that the
transport coefficient, equal to unity for impurity/impurity interaction
(used in Refs. 21 and 22, is close to the explicit approach result for
most cases. Besides, a correction for the friction force between different
charge states can be applied (see Appendix A), though for heavy
species this transport coefficient is ~ 0.8-1.0 and significantly differs
from unity only for light species.

C. Viscous stress tensors

Finally, using a similar approach for the viscous stress tensors equa-
tions (26) and (27), one can obtain analytical expressions for both the
velocity and heat flux-dependent parts of the viscous stress tensors (see
Appendix A). Now again consider the deuterium, carbon, and another
impurity case. The viscous stress tensor for species o summed over all
charge states (for comparison with the analytical result from the matrix

inversion method, we assume Wm’f /ng = Wml’ /ny for arbitrary )

_ ) P
Ty = _pa»[gZh)Cgt"ﬁ‘eﬁ) Wy — T&Zh)cg eff) Wﬁlﬁ (42)
In Figs. 8 and 9, anﬁeﬁ), Cgfnﬁeﬁ) are plotted. Other definitions can be

found in Appendix A.

It is shown (Fig. 8) that, for light species, the original ZY expres-
sion overestimates the explicit method result significantly, while the
new formula provides a closer result. Close answers are obtained for
the heat flux-dependent part of the viscous stress tensor using both the
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FIG. 8. Velocity-dependent part of the viscosity transport coefficient for the deute-
rium (solid) and for another impurity (dashed) using the explicit solution of the sys-
tem of equations (26) and (27), the original ZY formula,” and our improved formula
(see Appendix A) for the D 4 C + another impurity case. (See the caption to Fig. 1
for additional information.)

improved formula and matrix inversion calculation (Fig. 9). For this
part, the analytical expression in Ref. | was not presented. For the case
mp/Mipp ~ 1 and #,,/np = 1, the analytical method works quite
well (Figs. 8 and 9). However, for the heavy impurities, the analytical
expression does not match the calculated answer, and this affects the
impurity momentum equation. On the other hand, the total momen-
tum equation (summed over all species) is mainly affected by the light
component viscous stress tensor (in case mp / Mimp < 1 and
Himp/p < 1), and p1,1, i, as discussed in Ref. 14 can be obtained in
the Pfirsch-Schliiter regime in the presence of impurities using expres-
sions from Appendix A.

D. Summary

New analytical expressions discussed in this section and pre-
sented in Appendix A can be applied for the cases with one light and
several heavy ions, when heat flux and viscous stress tensor of the
heavy species does not affect the solution (for example, 7,y /np < 1).
For plasmas where the mass of the main component is not signifi-
cantly different from the mass of the impurity, improved expansions
provide solutions closer to the numerical one than can be obtained by
the original expression in Ref. 1. Moreover, for impurities lighter than
the main ions, the sign of the new thermal force is inverted; therefore,
our new expressions provide a qualitatively correct result.
Furthermore, new expressions are written in general form without
specifying which species are main ions or impurities, and which spe-
cies are light or heavy, as it was for the original analytical expressions
in Refs. 1, 21, and 22 Besides, these formulas describe transport for
each charge state of all the ions. Therefore, it allows us to consider

ARTICLE scitation.org/journal/php

helium plasmas with impurities, which was not possible in the previ-
ous SOLPS-ITER model, where main ions were assumed to be singly
ionized. However, either of the purpose of accurate transport calcula-
tions for mixtures with close masses or where high order moments of
the heavy species distribution function heat flux, r-moment [additional
vector moment, see Eq. (8.1.2) in Ref. 1], viscous stress tensor, o-
moment [additional tensor moment see Eq. (8.1.2) in Ref. 1] are
important, the explicit approach discussed in Sec. IT should be applied.
Finally, it is important to mention that these results can be applied
only for collisional plasmas, since time derivatives and gradients
[which are of the order of (1/L)?, where / is a mean free path and L is
a space scale of the gradients] were neglected in high order moments
equations (heat flux, r-moment, viscous stress tensor, o-moment).’
Sometimes, the heat flux-dependent part of the stress-viscous tensor
can be of the same order as the velocity contribution. Therefore,
the heat flux contribution is added to the viscous stress tensor and
g-moment equations (26) and (27) for taking into account the
Pfirsch-Schliiter regime effects discussed in Refs. 14, 15, and 27 In the
case of less collisional plasmas, next order terms have to be considered
as well.

IV. APPLICATION OF GRAD’S CLOSURE TO SOLPS-ITER
A. Heat flux, friction, and heat exchange terms

First of all, it is important to mention that, in the current SOLPS-
ITER model, ion temperatures Ti(;rs) are considered to be equal for all
ions;'” therefore, (3) has to be summed over all ions. It should be
noted that even in this case, T, can be different due to (15). Second,
the part of the heat flux that depends on the velocity difference
between ions with different masses [last term in (23)] is not present in
models which are based on the Braginskii equations (where such a
term appears only in the electron heat flux) and has been neglected in
multicomponent cases;'*”** in future this contribution should be
added. Moreover, the effective ion conductivity also changes in plas-
mas with non-trace-impurities, even under the assumption of identical
temperature for all ions. In Fig. 10, it is shown how the ion heat con-
ductivity calculated using the explicit matrix inversion approach is dif-
ferent from what is predicted by the current SOLPS-ITER model (Sec.
B.4 in Ref. 26.

A comparison of the friction and thermal force between the cur-
rent SOLPS-ITER model Refs. 21 and 22, our improved expressions,
and the explicit approach is made in detail in Sec. ITI B. Therefore, it is
not repeated here. The improved formulas for the friction and thermal
forces have been implemented into the SOLPS-ITER code. Test results
can be found in Sec. IV C.

In the current SOLPS-ITER model (Secs. C.3.1 and C4.1 in
Ref. 26), the heat source, due to the friction between different ions and
with electrons, in heat exchange terms for ions Q,(f,;) and electrons
Q" is written so as to ensure the global conservative property in colli-
sions.” Using (18) for electrons and ions, the distribution between elec-
tron and ion channels can be found more accurately. One can use (18)
to find the correct heat distribution between different ions, as well.

B. Viscous stress tensor

Consider an orthogonal curvilinear coordinate system where x is
a poloidal coordinate and y is a radial coordinate (43), as it is done in
Ref. 16,
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FIG. 9. Heat flux-dependent part of the viscosity transport coefficient for the deute-
rium (solid) and for another impurity (dashed) using the explicit solution of the sys-
tem of equations (26) and (27) and our improved formula (see Appendix A) for the
D+C + another impurity case. (See the caption to Fig. 1 for additional
information.)
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In this coordinate system (43) and under the assumption that
nyz, Tyz, @ are flux surface functions inside the separatrix where
parallel viscosity plays its larger role''” in the parallel momentum
balance, Eq. (B7) in Appendix B turns into
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Note that expression (44) is a generalization of the corresponding
terms in the momentum equation in Refs. 16 and 17 for the multicom-
ponent case. The present SOLPS-ITER model for the stress-viscosity
tensor can be insufficiently accurate for the multiple ions case in the

scitation.org/journal/php

high collisionality limit. The new result is compared with that cur-
rently applied for SOLPS-ITER in the Pfirsch-Schliiter regime'” in
Fig. 10. Despite the fact that the effect on the viscous stress tensor
(Veloc1ty part) 7 summed over all ions is not more than 8% due to
the new approach, the effect on the impurity viscous stress tensor
(velocity part) is significant. For high mass high-Z impurity (carbon
and higher), the viscous stress tensor (velocity part) is &~ 1.5-2.5 times
higher than currently implemented in SOLPS-ITER. This is the result

of two effects: (1) the ratio | /2,5/m,, which differs from unity for

heavy impurities, should be added into the definition of the collision
time used by SOLPS-ITER and (2) transport coefficients should be cal-
culated accurately using this approach The heat flux-dependent part
of the viscous stress tensor 7 ~(whose importance was discussed
above) can be 20% higher for this closure (assuming for comparison

Wi / ng = Wm““” /n for either f§) than for the current SOLPS-ITER

approach (Fig. 10). The impurity viscous stress tensor (heat flux-
dependent part) is currently not included.

C. Test cases using improved expressions

In Fig. 6, one can see that, even for deuterium plasmas with neon
non-trace-impurity transport coefficient, the friction force calculated by
the original ZY formula Eq. (8.4.2) in Ref. 1 is different compared to our
improved treatment, while the thermal force remains the same (Fig. 3).
That should affect neon transport in the tokamak. For the range of
parameters applicable ITER baseline scenarios, the parallel neon trans-
port is determined by the balance of the thermal and friction forces due
to the interaction with deuterium.”* Thus, the new friction and thermal
force treatments were implemented into the SOLPS-ITER code and
tested for a deuterium and neon ITER case. However, the improved ion
thermal conductivity and stress-viscosity tensor formulations have not
been included yet. We present two cases, a reference case, run with the
original model for the friction and thermal force terms, and a simulation
where our new treatment is applied. These cases are catalogued in the
ITER integrated modeling analysis suite (IMAS) database as 123081 and
123082, respectively. For the test, an intermediate case between cases 1b
(123014) and 2b (123018) (with drifts) was chosen from those that are
discussed in Ref. 34, with parameters: divertor neutral pressure p, =
7.5 Pa and relative Ne concentration, separatrix-averaged, cy, = 1.0%.
To illustrate the changes in the impurity transport due to the new ther-
mal and friction force treatments, the neon density is plotted in Fig. 11.

One can see that, even for the deuterium and neon plasma, the
mass difference is not high enough to assume mp/my, =~ 0. The
application of the new formulas can observably affect the impurity
transport for such cases. Also, after implementation of the new expres-
sions, the relative separatrix-averaged Ne concentration dropped to
cne = 0.8%, while the neon seeding rate is kept constant
(6.0 x 10" particles/s). In these tests, neon throughput (in the
steady-state) and pumping speed below the divertor dome are kept
constant. However, actual extraction of neon from the divertor by the
pumping system, which depends on the distribution between neon
flows in the divertor (part goes into the pumping system and part goes
upstream), slightly increases, which was seen on the run diagnostics
during the simulation. This leads to 10% drop of the amount of neon
in the whole computational domain and in the core, in particular. It is
interesting to note that the amount of neon in the outer divertor
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FIG. 10. Ratio of the effective transport coefficient calculated using the explicit solu-
tion of the system of equations (8.4.2) in Ref. 1, (26), and (27) to the current

SOLPS-ITER model”® for the D+C + another impurity. Here hiTunsucmc/sows

_ (Br). _u _ . h

- 7CCalc/SOLPSVHTi0nS’ Tions|||Calc/SOLPS — *CCazc/sowsW\Hl' Tions|||Calc/SOLPS
_ Hions T/ 3 eff

= —Clur /SOLPSW”H [W-tensors see Eq. (A9) of Appendix A], where ¢, /soLps

coefficients are chosen using either current SOLPS-ITER expressions or explicit
approach of solving system algebraic equations of high order moments (8.4.2) in
Ref. 1, (26), and (27). (See the caption to Fig. 1 for additional information.)

nige’, m? 130"

R, m R, m

FIG. 11. 2D neon density distribution (summed over all ions) for the two identical
ITER modeling cases using the SOLPS-ITER code, in which the original expres-
sions from Refs. 21 and 22 are applied (123081) (a) and our improved expressions
are applied (123082) (b).
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region decreases by 20%, while the amount of neon in the inner diver-
tor region does not change significantly. As a result, the peak power
loading of the outer divertor target increases by ~1 MW /m? (Fig. 12).
This impact on the neon distribution should be investigated further.

It is also interesting to note that in the regions with low amounts
of neon, the thermal force coefficients are slightly smaller, while the
friction force remains the same according to the kinetic coefficients for
the trace-impurity regime, which is different to the non-trace-impurity
regions, where transport coefficients follow behaviors described in
Figs. 3 and 7. This example again shows that an accurate treatment of
the main component distribution function shape affects the impurity
transport both for the trace-impurity and non-trace-impurity cases.
We use these demonstration runs to illustrate that our improved
expressions for the transport coefficients affect impurity transport in
tokamaks like ITER. Further detailed analysis is required to under-
stand this impurity behavior and its consequences on machine opera-
tion more fully. Detailed analysis is now under way to understand this
impurity behavior.

It is necessary to mention that, for this test, the expressions for
thermal (A51) and friction forces (A60) in Appendix A were slightly
reduced. The thermal force for the impurity type I and charge state
“Z” is assumed to be

2
RT — R Zny
1Z — *0I

vr®) (45)

2 ions *
ZO

The friction force for the impurity type I and charge state Z is
assumed as

1 «10° Outer target
—-Original
—~Improved
10t
N 8-
£
= 6
4t
2_ J
okt A .
0 0.2 0.4 0.6

Distance from separatrix, m

FIG. 12. The outer target total power load, which includes ions/electrons energy
flux (major contribution), ion recombination loads, recycled neutrals energy flux
(returns part of the incoming energy back to the plasma volume), radiation loads,
and other neutral/surface interaction, for the two identical ITER modeling cases
using the SOLPS-ITER code, in which the original expressions from Refs. 21 and
22 are applied (123081) and our improved expressions are applied (123082).
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18 RA1
R}E = — n]IIZ%(l + C;OM >)(WIZ — Wo)
T10
—nilyz Z iy (Wiz = Wp), (46)

B0 T1/3

where “0” is connected to the main light single charge state ion, and
thermal and friction forces for the main ions are

ﬁ Br
ZnOCOﬁ ?I’I Tt(ons)v (47)
0 0 Mo

1 )
= —10 Y (14 i) (wo — ). (48)
B#0 Toﬂ

On the one hand, such an approach allows us to change only transport
coefficients for this first test without rewriting equations significantly.
On the other hand, for the deuterium and neon case these expressions
provide close results to (A51) and (A60) in Appendix A. However, full
(A51) and (A60) will be implemented into the SOLPS-ITER code later
without specifying main ions and impurities explicitly.

Finally, let us discuss the applicability of this method for ITER
modeling. Thus, we compare the effective free path of the deuterium

[)»D = /2Tjons/mp - TE)ZM] with the length scale of the ion temperature
gradient along the magnetic field (Tjcm™ — Toemin) /|\7) Ty

ions ons

Tloc mm)|
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FIG. 13. The Knudsen number according to the ion temperature gradient scale
Kn = 20 - |7 Tigns/(Tlocmax — Thocmin) [ where 2 is the deuterium effective

mean free path and Tlocrtex , Tloemin are the local extrema along the magnetic field.

ions

The color bar is on a Iogar|thm|c scale and the white region is below the scale.
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(Fig. 13), where Tlcmax locmin are the Jocal extrema along the magnetic
field, for example, on the closed magnetic surfaces the local maximum
is at the bottom and the local minimum is at the top of the tokamak
due to the ion gradient B drift, and in the near-SOL, the local maximum
is at the upstream point and the local minimum is at the targets. For
neon, the Knudsen number is of the same order or smaller. One can see
that, in the SOL, the Knudsen number is Kn ~ 10~2 — 10~'; therefore,
the calculation of the thermal force and ion heat conductivity using this
method can be applied. The friction force is usually balancing the ther-
mal force, and, as a result the flow velocity difference, which is driven
by the temperature gradient, is lower than the ion sound speed.
However, in the confinement region, the Knudsen number is Kn> 1,
and this method is not accurate enough. Thus, an extension into the
collisionless range using neoclassical results is required.

V. CONCLUSIONS

This paper tackles the closure in the parallel direction of the sys-
tem of fluid equations using Grad’s moment method’ for multicom-
ponent collisional plasmas and extends the study made in Refs. 1 and
6. The method allows one to obtain transport coefficients for the heat
flux, friction, and viscosity terms for each charge state of each species
for arbitrary plasma compositions, including deuterium + tritium +
helium + other impurities mixtures, where densities and masses of
species can be comparable. Therefore, this approach can be imple-
mented into SOLPS-ITER'” or other fluid codes to model this
mixture for future reactors (ITER,”" DEMO,”” CFETR™ and complex
compositions in existing machines.

In contrast to previous papers devoted to such an approach,
two major improvements are made: corrections for the direct imple-
mentation of the closure Ref. 1 into the Braginskii equations and the
heat flux-dependent part of viscous stress tensor. The importance of
this part was discussed in Refs. 14 and 15. In this paper, the result in
collisional regime is extended to arbitrary plasma mixtures.

New analytical expressions were developed (see Appendix A),
which provide a better match to the explicit matrix inversion method
for the heat flux, friction, and viscosity term and extend the applicabil-
ity of the analytical approach to lower mass impurities. Moreover, this
accurate treatment for multicharge state ions allows for the use of our
analytical approach for cases where all ions have multiple charge
states, for example, helium plasmas with impurities, which was not
possible with the original expressions.

These new friction and thermal force terms descriptions have
been implemented into the SOLPS-ITER code and tested for an ITER
deuterium plasma with non-trace-impurity neon and compared with
the current SOLPS-ITER model.”"** Even for such a mixture, the new
formulas show different impurity transport behavior confirming that
the mp/my, < 1 assumption is not accurate enough. Thus, further
studies of the impurity transport in ITER and other devices using this
improved approach are required.
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APPENDIX A: DETAILED FORMULAS FOR THE
IMPROVED ANALYTIC MODEL

In this appendix, we provide the improved analytical expres-
sions for the kinetic coefficients along the magnetic field in the colli-
sional multicomponent plasma.

1. Definitions

Here are defined the variables used in this paper:
Reduced mass

mymp

= Al
Hab =, + mp (&1)
Variables averaged over charge states
— Z27’l 7
Zin =Y P, =5 (A2)
h
Wy = ZIQ(ZWaZ7 o — Zpl Z OtZ’ (A3)
7 pAZ
T
£, = ZP« :;erocZ7 Rl = Zpoc aZ OCZ”H (A4)
Z Z

Definitions connected to the moments of the distribution function

§ MyNyzWyz
§ Mytyz

E Nyz, me = nacZTxZa (A6)

Wz =Uyz — 0, U= (AS)

n= Z Ny, Ny =
nT = anx o px - nxT - Z nozZTxZ7 (A7)
nNT, =Y 1,7V T, (A8)

VA

Higher order moments are defined in the main text (11)-(13). r,z
(additional vector moment) and & ., (additional tensor moment)
are defined in Ref. 1 Eq. (8.1.2).

W-tensors in arbitrary Cartesian coordinate system are

W = BB Wy /B?,

(A9)
Our  Ouy 1
Wy =2 au) _Lsv.
[ <6x1+8xk> 3 vV u},
Wi = BBiWjy /B,
(A10)

4|1 (0Ohg Ohy 1 _
wh =212 — ~6uV -h,
K~ 3 [2 <8x1 * axk> 3V ’

scitation.org/journal/php

where parallel velocity and drift contributions—diamagnetic and E
x B drift velocities—should be taken into account in (A9). Heat
flux in (A10) should contain the parallel contribution determined
in this paper and the diamagnetic contribution (see Appendix B).

Collisional right-hand sides of Eqgs. (8.1.6) and (8.1.6") in Ref. 1
are defined as

)
R, = m, J J J <Ckfl - %CZ) Cozd’v,
[ T, )
R?er = @JJJ <C2 -7 aZ) (CkCl - ic2> Cozdv, (A12)
2 my, 3

where ¢ = v — u. Therefore, after the distribution function substitu-
tion and linearization Ref. 1, parallel- parallel components of the
summed over charge states right-hand sides R HH are

cWx

Gop Tpll|

T
20
R =2 v | p B

~(13) —(14)
tap [ Gap Tl | Gop Tp))
+=2 + ,
T Px pp

(A11)

()=
Gim
ap "ol 4

(A13)
~(13) _ (14) _
R T 7 gy [ Gas T, G Tl
a| —Zim T mg |2 b 2 2
7 o B m; Py mﬂpﬁ
~(15) ~.(16) -
G .o G0
L Il it Bl | (A14)
Pa pp
For the G-matrices definitions, see in Ref. 1 and corrections in
Appendix C.
Collision times are defined by
2
1 32955 oo lnA 62
)"Dtﬁ = 5(27'[) / Zi ]’112211/}1 /‘U,O(ﬁm g 5 (A15)
n,
o) = j”;ﬁ : (A16)
v
[ _ Mz (ih) Bap \ 7
Moz T (2 — & (A17)
;T
S T Ll (; mﬂfjf‘))
Z-variables are defined by
7 Zﬁ"ﬁ [Hap /3”# (A18)
ﬁ#zgnu ﬁ# My Zzna
3272 py,
= My Zan
5/2 72
. Hap BB
2 =25, = (_) i (A20)
f o o ﬁ; m, éf’la

o\ "2y (A21)
o Zzl’la<7
( I (a2)
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Note: If m, /mp — 0, all Z-variables become equal to Z;.

2. Results

; (A23)

(A24)

(A25)

(A26)

The results in this section are presented for the parallel (with
regard to the B-field) component (the heat flux, r-moment, and fric-
tion term are written in a vector form to be applied in case B=0

for all components).

a. Heat flux

Averaged over all charge states,

pant _
o= ; a VT +Po<ZC,;1 Wy wﬂ)7

oL

7
() _ 25k 1 s R Zgnp (3 iy
pa 16 m, A, my, Z2n, \2 2 m,

433 23V2 Uyp .
4 \/_Z* \/_H“”ZI*ZJ

=

where

240 T 16

51251 4332
Cgch’) =— (1 + \/_Zzza)

3247, 360
~ 5629 . .. 529 ., 65V2 .
Aa:ﬁ 1o zza*@‘zlza +72111
433f . 23f N
288 ZZZx ZlZoc

Note, in the m,/mg — 0 limit, Z, = Z}, = Z},, = Z3,, = Z;,

and these expressions turn into (8.4.7) in Ref. 1.
For each charge state,

hOﬁZ - hacZ + hocZ’

T DPuzhe (h})
h,=—"—c
Ao, Ao,

(A27)

(A28)

(A29)

(A30)

o

(A31)

—— o, o ? —
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B

hyy _
=paz Y e (Waz — Wp), (A33)
B
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16041377 1 T 53471 (Z) (436)
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where 6, is the Kronecker delta.

b. R-moment

The r-moment is an additional vector moment, see Eq. (8.1.2)
in Ref. 1.
Averaged over all charge states,

__ Dany (r}) T T () = =
R e +pum—azﬁ:cﬁa (W, —wp), (A38)

ixu
where

35 1 52 (S, 3

dp =Bt Ly [z (_M 3

24 my A, Z2 2m, 2

65\f 2l 69vV2 .
16 n: le,{ _—Z121 (A39)
175 1 23v2 .
&= T (1 + V= zm) (A40)
For each charge state,

Tz =15, + 1, (A41)

AL T azhy () T
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7

where d, is the Kronecker delta.

c. Friction term

Friction terms can be split into thermal force and friction force

components
R,z =R, + R}, (A47)
Thermal force averaged over all charge states,
T (R’,‘->Z_/2f (R}) LM S
R! —fz macyy = pep = . (A48)
[ n 1B
where
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1 iy 23V2 .
7Em%< +—5 i (A49)
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Bt Zyny 16
which matches the corresponding (8.4.7) in Ref. 1.
For each charge state,
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Friction force averaged over all charge states,

Hy RA) , _ _
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B Tx/i
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=275, =7, and
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which matches with (8.4.7) in Ref. 1.
For each charge state,
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where 6, is the Kronecker delta.
d. Viscous stress tensor
Averaged over all charge states,
- Mo ( ) prha
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which matches the last expression on p. 181 of Ref. 1.
For each charge state,
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3. S-coefficients

This section gives coefficients used for results in Subsection 2
“Results”. They are used in Refs. 1, 6, and 12. These coefficients are
obtained without additional assumptions; therefore, they must
match exactly the corresponding in Refs. 1, 6, and 12.

For the heat flux,
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_ 59 13v2 .
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For viscous stress tensor,
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7 2
DF = sOsU9) — . (393)) , (A83)

APPENDIX B: VISCOUS STRESS TENSOR
DIVERGENCE IN THE MULTICOMPONENT PLASMA

- (par)

This appendix considers the study of the divergence V- & ,, ',
taking into account parallel and drift components of the velocity
and parallel and diamagnetic components of the heat flux.

The parallel component of the viscous stress tensor (28) in an
arbitrary coordinate system is

ar 1
= (bkbz - 5%)

Moz ~(m)
— 2
z[ L

B

Nyz (7[,) (Zh) 1, /hp (“,)Z Zh oz
+*;( o T Wml)“ Y VWH‘} (B1)

Zh
xﬁ] T P | Wi

where b = B/B and for u we substitute into W the sum of the
parallel velocity, E x B and diamagnetic velocities,

1 )
u=">b- ;Z mpngeup;)| + udie 8 (B2)
5T
. 1 mpnp: T
ut = {B x VZ( . ’3)} (B3)
u = ﬁ [B x Vo), (B4)

where summation is over all ions f with charge states { and
p= Z mpnge.
BL

For h,, we substltute into WIIH [using (A3)], and for h,; we substi-

tute into WH HZ

upr = (b-ug),
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b,z =b - hyy + b7, (B5)
where [see Eq. (8.3.1) in Ref. 1]

h(dia) _ _§P12[VT12 X B}
oL 2 ZeB? ’

Making use of

(B6)

(B-V)B = BZ—[ﬁx[Vxﬁﬂz%VBz

one finally gets

. (par)
(Vem,, )H = —*Bs/zv\

Nyz A
: [anﬁ T a "y

o 72
s B,

* {%Vu (2\@4”)

.y VB 1 Vp
ExB dia dla_ii
tu ) BS/Z+ B3/2 ) :|:|

< 32 (e (v

B
R VB H‘*’“.LM
Bs/z Bl pg3j2 g
ou ZZ

< v”(zf hazH)
VB

1 Vpdz
—hi7, B, )} ] . (B7)

—(u

3/2 Naz
—TB oy |-

2l (Zh)Z

dia
thJ_ B5/2

APPENDIX C: TYPOS CORRECTIONS IN THE
ZHDANOV MONOGRAPH

Here, we provide corrections to mistakes found in the eighth
chapter of the original monograph.'

Note, in this Appendix C, the temperature is given in Kelvin
following the system of units used in Ref. 1.

In the expressions (8.1.4), the numerator in the second term
has to be changed. The correct numerator is 136, not 139,

2 2
a1 433my  136my 459 32m, _ml) ,
G, o=—|-—>—4+——+—+——+5—7% Aoz -
azfl <280 m: 35 m, | 35 | 5my 2 |
(C1)
The coefficient c&s) in Eq. (8.4.4) is
(11) (11)
5 Sy 5 , S
) =ty Tl . (C2)
o 2 Ty S&S)S&“) _ 7(8&9))2 2 Da
The coefficient cgf) in Eq. (8.4.4) is
o S® SO _ g2 gl B S® SO _ g2 g1
S = G @ - ©
SIS —7(8)) D,

Add Boltzmann constant into (8.4.4),

ARTICLE scitation.org/journal/php

hatz B1 -
— = nﬂﬂm “ ( kVT,, — kVTa) + cgf) (Woz — Wy),
Doz P
(C4)
wheret,! = Z % rgﬁl (the power of 1, is corrected).  (C5)

[

Following the analysis given in Ref. 24 and using expressions for
the partial bracket integrals provided in Ref. 43, the r.h.s. of (8.1.6")
should be changed to

_a)ch{Gotereslmkm}
_ Z kT Z kTﬂ g;?gnazrs Gilzz)gnﬂﬁrs
7 M+ mp |2 P\ m2p, mgpp;
(15) (16)
" G Ooars n GO pirs (C6)
Pz Pse
In Eq. (8.1.7),

(14) 24 mg 3

ozl T gmia/hxzﬁu (C7)
24 mg
Gogpe = 7K1ﬂ7/11m. (C8)
O(
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