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Abstract

Fusion energy is a promising candidate for clean energy transition. Understanding
plasma parameters at the edge of magnetic fusion devices is crucial for optimizing re-
actor performance. Investigating the plasma edge is challenging due to numerous com-
plex phenomena, including impurity radiation, plasma-surface interactions, and plasma-
atom/molecule interactions. Nevertheless, the plasma in the edge region is typically
highly collisional, allowing for simplification of the problem by leveraging the close-to-
equilibrium distribution functions of electrons and ion species. This property enables
the application of moment methods to find small perturbations in the distribution func-
tions compared to the Maxwell-Boltzmann equilibrium. While the well-known Bragin-
skii closure method can be used for single-ion plasmas, fusion plasma mixtures consist
of multiple ion species in non-trace concentrations (e.g., deuterium, tritium, helium, and
impurities). For the multi-ion problem, a more general method of solving the kinetic
equation is required, such as the Zhdanov closure.

This thesis focuses on improving the Zhdanov closure and applying it to multi-ion
models in edge fluid codes like SOLPS-ITER and GRILLIX. The improvements include
deriving heat stresses that contribute to the radial electric field in the Pfirsch-Schliiter
regime and obtaining improved versions of the Zhdanov-Yushmanov expressions. The
improved analytical method accounts for the mass dependence of different ions, providing
superior solutions for kinetic coefficients of middle-mass impurities (up to helium) in
deuterium plasmas compared to the Zhdanov-Yushmanov formulae. Furthermore, the
thesis establishes the connection between the commonly used Braginskii equations and
the Zhdanov coefficients, ensuring momentum and energy conservation in collisions.

The Zhdanov-Grad module has been fully integrated into the SOLPS-ITER code,
and test simulations have been conducted to demonstrate the new capabilities of the
code. The main accomplishment of the thesis lies in the example simulations of the
deuterium-tritium mixture in a JET-like tokamak. The previous 3.0.7 SOLPS-ITER
code was only suitable for modeling a single hydrogen species with heavy impurities.
The thesis analyzes the effect of thermal force on isotope separation in the scrape-off
layer and investigates the improved contributions of thermal and friction forces to helium
transport in the ITER divertor. The applicability of collisional theory in the tokamak
edge is also discussed.

For the GRILLIX code, multi-ion equations with polarisation drift are formulated, and
the multi-species infrastructure of the code has been developed through integration tests
following a continuous integration continuous delivery approach in code development.
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Zusammenfassung

Kernfusion ist ein vielversprechender Kandidat fiir den Wechsel zu griiner Energie. Das
Verstandnis der Plasmaparameter am Rand magnetischer Fusionsreaktoren ist entschei-
dend fiir die Optimierung der Reaktorleistung. Die Untersuchung des Plasmarands ist
aufgrund zahlreicher komplexer Phénomene eine Herausforderung, darunter Strahlung
durch Verunreinigungen, Wechselwirkungen von Plasma mit Oberflichen und Wech-
selwirkungen von Plasma mit Atomen/Molekiilen. Dennoch ist das Plasma in der
Randregion in der Regel stark kollisionsbehaftet, was eine Vereinfachung des Problems
ermoglicht, indem die nahezu im Gleichgewicht befindlichen Verteilungsfunktionen von
Elektronen und Ionenarten genutzt werden. Diese Eigenschaft ermoglicht die Anwen-
dung von Momentmethoden zur Bestimmung kleiner Storungen in den Verteilungsfunk-
tionen im Vergleich zum Maxwell-Boltzmann-Gleichgewicht. Wahrend das bekannte
Braginski-Schliefungsverfahren fiir Einzelionenplasmen verwendet werden kann, beste-
hen Fusionsplasmamischungen aus mehreren Ionenarten in nicht-spurenhaften Konzen-
trationen (bspw. Deuterium, Tritium, Helium und Verunreinigungen). Fiir das Mehr-
Tonen-Problem ist eine allgemeinere Methode zur Losung der kinetischen Gleichung er-
forderlich, wie z. B. die Zhdanov-Schliefung.

Diese Arbeit konzentriert sich auf die Verbesserung der Zhdanov-SchlieBung und deren
Anwendung auf Mehr-Ionen-Modelle in Rand-Fluidcodes wie SOLPS-ITER und GRIL-
LIX. Die Verbesserungen umfassen die Ableitung von Warmespannungen, die zum radi-
alen elektrischen Feld im Pfirsch-Schliiter-Regime beitragen, sowie verbesserte Versionen
der Zhdanov-Yushmanov-Ausdriicke. Diese verbesserte analytische Methode beriicksichtigt
die Massenabhéangigkeit verschiedener Ionen und stellt eine bessere Losung fiir die kinetis-
chen Koeffizienten mittelschwerer Verunreinigungen (bis hin zu Helium) in Deuteri-
umplasmen im Vergleich zu den Zhdanov-Yushmanov-Formeln dar. Dariiber hinaus
stellt diese Arbeit eine Verbindung zwischen den haufig verwendeten Braginski-Gleichungen
und den Zhdanov-Koeffizienten her, um die Impuls- und Energieerhaltung bei Kollisio-
nen sicherzustellen.

Das Zhdanov-Grad-Modul wurde vollstindig in den SOLPS-ITER-Code integriert,
und Testsimulationen wurden durchgefithrt, um die neuen Féhigkeiten des Codes zu
demonstrieren. Die Hauptleistung der Arbeit liegt in den Beispiel-Simulationen der
Deuterium-Tritium-Mischung in einem JET-ahnlichen Tokamak. Der bisherige SOLPS-
ITER-Code 3.0.7 war nur fiir die Modellierung einer einzigen Wasserstoffart mit schweren
Verunreinigungen geeignet. Die Arbeit analysiert die Auswirkungen der thermischen
Kraft auf die Isotopentrennung in dem Scrape-Off Layer und untersucht die verbesserten
Beitrage der thermischen und Reibungskréfte zum Heliumtransport im I'TER-Divertor.
Die Anwendbarkeit der kollisionsbasierten Theorie im Tokamak-Randbereich wird eben-
falls diskutiert.
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Zusammenfassung

Fiir den GRILLIX-Code werden Mehr-Ionen-Gleichungen mit Polarisationsdrift for-
muliert, und die Mehrspezies-Infrastruktur des Codes wurde durch Integrationspriifungen
entwickelt, die einem kontinuierlichen Integrations-/Auslieferungsansatz im
Code-Entwicklungsprozess folgen.
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1 Introduction

1.1 Climate change and global de-carbonization strategy

Over the past 50 years Earth has experienced the climate change, which has happened
neither in the last 2000 years (figure 1.1a) nor in the last 800.000 years (figure 1.1b).
There is a consensus in the science community about the anthropogenic cause of this
change. The climate change is the result of the emission of greenhouse gases (COq,
CHy, etc) due to human activity. The largest, but not the only, contribution to green-
house gas production comes from the energy industry, which includes electrical power,
transportation, heating/cooling, industry. The greenhouse gases are the products of
the combustion of fossil (coal, oil, gas) and bio (wood, ethanol, etc) fuels, which are
used during the primary energy consumption. There is no fundamental barrier to re-
distribute most of the energy consumption in transportation, heating/cooling, industry
sectors from fuels towards usage of secondary energy carries, such as electricity. In some
areas it is even economically viable in case of modern technology application. A good
example is a transition from the gasoline to the electrical vehicles, which was acceler-
ated significantly in the last decade. Thus, the crucial challenge is the reduction of the
greenhouse gas production during the primary energy consumption, i.e. reduce a fossil
and bio fuel combustion.
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Figure 1.1: Climate change evidences. (a) Global surface temperature time evolution, which is
measured over the past 2000 years: reconstructed from tree rings, corals, and ice
cores in blue [1] and directly observed data is in black [2, 3, 4]. (b) CO3 atmospheric
concentration over 800 thousand years. Reconstruction from ice cores and current
direct measurements [5]. Adapted from [6].
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In 2021, 82% of world total primary energy consumption consisted of carbon-based
fossil fuels [22], which includes oil (31%), coal (27%) and gas (24%). Different scenarios
are under consideration to prevent global climate change [23]. All of them include
a rapid transition to low-/no-emission energy sources. Wind and solar energy, which
covers currently around 5% of the world primary energy, are considered as the main
candidates to replace current energy sources. However, it is an open question at what
extent this transition can be performed based on solar and wind energy, since such types
of energy have the following disadvantages and corresponding risks. 1) Weather, season
and daily energy production fluctuation, which requires energy storage or/and electricity
redistribution using long-range international grids of high capacity to compensate this
fluctuation. An organization of such systems is a significant and challenging part of
the clean energy transition via weather-dependent sources. Apart from the technical
difficulties, political aspects plays a big role. International electricity transmission of
such scale supposes mutual dependence of the participants, which in case of complicating
relations threatens national energetic stability. 2) Location dependence. There are
a lot of places on Earth, which are not well suited for either wind or solar efficient
energy production, where at the same time, high energy consumption needs take place,
i.e. highly populated areas with the poor average solar radiation and wind strength.
Potential solution as long-range electric power transmission has political and technical
constrains, similar to the previous point. 3) Low power density of the solar and wind
energy is also a significant drawback. Gigawatt-class solar and offshore wind power
plants spread over dozens and hundreds of km? correspondingly. 4) The solar- and wind-
based transition requires significant amount of cobalt mineral, which is mined mainly
in Democratic Republic of the Congo (D.R.C.) [22]. The solar/wind industry suffers
greatly from the cobalt supply crisis [24]. A strategy of the low-/no-emission transition
should include a diversification of these risks, i.e. development of the zero-emission
energy source, which avoids these limitations.

1.2 Fusion reactor as a clean and save energy source

Fusion energy is a perfect candidate of the future zero-emission energy source. It is based
on the nuclear fusion of light nuclei, which releases large amount of energy due to mass
difference between reactants and products according to the famous Einstein equation
E = mc?. Consequently, a fusion reactor does not produce COs or any other greenhouse
gas. The most promising reaction for the near-future reactors is a fusion of deuterium
(D) and tritium (T) nucleus (figure 1.2a) resulting in a neutron and an alpha-particle
together with 17.6MeV energy:

2D 43T — 3He (3.5 MeV) + n (14.1 MeV) (1.1)
Similar processes of hydrogen isotopes fusion occur in the center of a star. Planets,

like our Earth, receive energy, which originates from fusion reactions in the center of a
parent star and consequently transferred via photon radiation emitted from the star’s
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photosphere. Solar and wind energies are different ways to collect this energy, which
Earth surface receives from the Sun. Alternatively, fusion reactions can be carried out
in situ, which naturally leads to avoidance of the drawbacks of solar and wind energies,
which are described in section 1.1.

Fusion reactors are independent of weather fluctuations, as well as climatic conditions
of the specific location. A fusion reactor is a stable energy supplier, which does not
require additional energy storage or international electricity transfers. It can be inte-
grated in existing electricity grid infrastructure, where most of the produced energy is
simultaneously used by a local consumer. Density of the energy production with respect
to occupied area in fusion reactors is much larger than in solar and wind power plants.
A gigawatt-class EU-DEMO reactor [25] is planned to be located on an area of hundreds
m?. The fusion power plant site with all needed facilities will require area of several
km?. Additionally, several reactors can share common infrastructure, like present fission
reactors, increasing the produced power density.
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Figure 1.2: (a) Comparison of fusion reactions rates as a functions of the fuel (present in ion
state) temperature for different reactants [7]. For the near-future reactors (ion
temperatures: 10-20keV) D + T reaction has the largest fusion reaction rate. (b)
Abundance (atom fraction) of the chemical elements in Earth’s upper continental
crust as a function of atomic number [8]. Important for fusion Li, Be, Pb and W
are not rare elements. Pb and W are major industrial metals [8].

It is important to consider what resources are crucial to build and operate a fusion
reactor. First reactant - D is presented in the sea water in practically unlimited amounts
and can be extracted by many countries, which have an access to the shore. Second
reactant - T is not a stable isotope and occur in nature only in trace amounts. For
self-sufficient power plant operation, T is needed to be produced inside the reactor
”blanket”: thick tile, a part of the reactor wall, which surrounds a location of fusion
reactions and protects other reactor components from neutron radiation [26]. The T
production, so called ”breeding”, based on a nuclear reactions, which are initiated by
the neutron product in (1.1), which impacts into the reactor wall. This process requires
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two addititonal initial components: lithium (Li), specifically §Li isotope (5Li isotope in
some designs), as a breeding reactant and beryllium (Be) (lead (Pb) in some designs),
as a neutron multiplier [26](needed to produce more T per initial neutron appeared in

(1.1)):
SLi+n — §He (2.05 MeV) + 3T (2.75 MeV) (1.2)

1Be +in — 25He +2}n (—1.67 MeV) (1.3)

A consumption of D, Li and Be during breeding and fusion is relatively small. Simple
estimations from (1.2) and (1.3) shows that several thousands tons of Li and Be are
needed for one thousand tons of T production, which together with 700 tones of D release
in fusion around 560 Exajoules of energy (1.1). It is close to annual global primary energy
consumption [22], so a consumption of initial reactants is practically negligible. However,
during 40 years cycle a gigawatt-scale reactor will produce maximum 2 Exajoule of
energy and consume, as a result, only ~7 tons or ~14% of 50 tons of Li stored in
the blanket [27, 26]. Also, around 400 tons of Be will be initially placed into the EU-
DEMO reactor (this number can be changed during the design update) [27]. Thus, the
larger challenge is an initial usage of materials, which are required during the reactor
construction. Also, around 200 tons of tungsten (W) will be used as plasma-facing
material (PFM) in EU-DEMO reactor [27, 28].

ng‘ appears in nature as a small fraction of total Li, with natural abundance of 4.85
%. World Li reserves and resources are over 26,000,000 and 98,000,000 tons correspond-
ingly [29]. The world’s identified resources of Be have been estimated to be more than
100,000 tons [30]. As alternative, another possible neutron multiplier, Pb has world
reserves around 2 billion tons [31]. World W reserves are 3,400,000 tons [32]. In gen-
eral, no rare elements are necessary for fusion energy production (figure 1.2b). Thus,
the needed resources are available to cover significant part of the future world energy
supplies with fusion reactors. Estimations [33] show that reserves of enriched §Li will be
enough to cover ~3500 years of the future energy demand according to known resources
and 23 million years of the future energy demand, if Li extracted from sea water is taken
into account. Although, the considered resources are not evenly distributed among the
countries, due to the small consumption during the fusion power plant operation energy
supplies are protected from perturbation global political climate to the certain extant.
Unlike, the climate change problem (discussed in section 1.1), resources availability is a
mid-/long-term issue. Fusion reactors have a large advantage in this time-scale compare
to the fossil fuels, which resources are restricted by large dozens or small hundreds years.

Since a fusion reactor is a nuclear device, it is necessary to briefly discuss the nuclear
safety, nuclear waste production and connection to the military technology of the fusion
energy. Fusion reactors are intrinsically safe, i.e. fusion reactions require extreme condi-
tions of matter: high temperature plasma with low energy losses (more details in section
1.3), which is truly difficult to achieve and sustain. As a result, if any control system
fails, these specific conditions are not satisfied and fusion reactions stop immediately,
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as well as the associated breeding process. In contrast to fission reactions, which are
based on a chain-process and can be sustained and increased even without the will and
control of a human. It can lead to severe nuclear disaster, for example, the Chernobyl
disaster [34]. Moreover, a nuclear fission reactor shutdown does not guarantee nuclear
safety. In case of loss-of-coolant accident (LOCA) the decay heat and zirconium-water
reaction leads to dangerous temperature increases causing a rector core meltdown, which
can lead to accidents like the Fukushima nuclear disaster [35] and the Three Mile Is-
land accident [36]. The decay heat on a fission plant is 6-7% of a full power [37]. The
decay heat accompanied with zirconium-water reaction leads to increase up to the dan-
gerous melting temperatures (around 2800°C') within hours or even minutes in case of
LOCA [35, 36].
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Figure 1.3: (a) Reactor wall temperature evolution after shutdown of the fusion reactor due
to the decay heat in case of LOCA for the different reactor concepts described
in [9] (adapted from FusionEP talk of Andrey Litnovsky https://www.youtube.
com/watch?v=3D4YoHB6G38&ab_channel=FusionEPtalks). (b) Comparison of the
potential ingestion radiotoxicity of three power sources, a fission reactor (gray solid),
a fusion reactor (light green area) and a coal-fired power plant (black dashed), all
of the same electrical power output, plotted as a function of time after the end of
operation. Adapted from [10].

To some extent, similar issues can arise in a fusion reactor. Fusion neutrons activate
reactor materials, which leads to a decay heating after the reactor shutdown. For the
ITER reactor decay heating is not a safety issue [38]. The EU-DEMO blanket decay
heating is 10-20MW (or 1-2% of a total power) during the first hour after shutdown and
drops to several MW during the first day after shutdown [27]. Different fusion reactor
models investigating LOCA, show around 5-10 days before temperature reach 1000°C'
(figure 1.3a), when W, in case of contact with atmosphere due to a leak, can form volatile
oxides (to prevent this, special "SMART” W-alloys are under development) [39]. The
components of a fusion reactor wall: W, Be, lithium orthosilicate and stainless steel
melting temperatures will not be reached in fusion reactor after shutdown (figure 1.3a).
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As stated in [40], if required, additional efforts will be made to provide cooling by passive
means. Thus, a fusion power plant can and must be design passively resilient to any
type of accidents, to be a reliable future energy source.

A fusion reactor produces several times less radiotoxic waste than a typical fission
reactor for the same electrical output (figure 1.3b). However, it is even more important
to emphasize that a fusion reactor does not produce long-lived radioactive material. After
50-100 years the radiotoxicity of the fusion power plant operation products drops down
to the coal ash level. A long term radiotoxic storage is not required for the fusion reactor.
It is a big advantage with respect to fission nuclear energy. Another advantage is that
most of the perspective fusion reactor concepts, i.e. magnetically confinement fusion,
are not related to nuclear military technologies. Fusion energy does not conflict with
The Treaty on Non-Proliferation of Nuclear Weapons, so has no related obstacles which
are present with fission energy. Besides, scientific publications on fusion topics are open
and can be distributed widely. It is important for the efficient scientific communication.
Summarising the section, it can be stated that fusion energy has many advantages among
other energy sources and will have good chances in the upcoming decarbonization race.

1.3 Progress in fusion development

Fusion energy is challenging to achieve. Sixty years have passed since the first serious
attempts to make fusion reactions happen was made in the 1960-s. However, the energy,
which is delivered to the D-T fuel, have been smaller than the energy, which is gained
in the fusion reactions (1.1), in fusion machines, which have been developed during this
decades. Recently, a significant break-through in the fusion development was achieved.
First in a mankind history, scientific energy breakeven was accomplished, i.e. fusion
energy gain factor (Q) was achieved grater than unity. The Q = P,/ Peyt, where fusion
power (Pyys) is the power produced in a controlled fusion reactions, and external heating
power (Pez) is the external power delivered inside the reactor wall. On 5 December
2022, at National Ignition Facility (NIF) 3.15 MJ of fusion energy were produced after
delivering 2.05 MJ of laser energy to the fuel target [41], for an equivalent of steady-
state Q of 1.54. The NIF is based on the inertial confinement fusion (ICF) concept.
Unfortunately, petawatt-class laser drivers needed for the ICF are extremely inefficient.
The NIF lasers have around 1% wall-plug efficiency, which means around 322 MJ of
electrical power were consumed to conduct this historical experiment. Even if, 20%
wall-plug efficiency lasers, which are discussed in [42], for power plant are developed, Q
around 100 is needed. Thus, this fusion concept is still far from the practical application.

It is worth to consider different fusion concepts, which avoid ICF disadvantages. In [7]
overview, most of the fusion approaches (ICF, magnetic confinement fusion (MCF) or
those combinations), which were published in the peer-reviewed papers, are collected.
A triple product (n;T;7g), which is a product of the fusion reactants density, temper-
ature and the energy confinement time, i.e. the characteristic time of thermal energy
dissipation in a specific fusion machine, is chosen to compare different approaches. It is
related to the Q at the fusion temperatures (10-20 keV') and includes physically relevant
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Figure 1.4: (a) Progress over 60 years: the triple products for different fusion concepts (n;0Tio7g
for MCF and n(T;),7 for ICF). A horizontal lines represent @ for different
nioT07e for MCF. Adapted from [7] (b) A tokamak configuration. ”Twisted”
magneic lines are formed by magnetic field induced by currents in coils and plasma.
Adapeted from [11].

parameters. The exact relation to the Q depends on a particular approach. However, the
n;T;7p is an order of magnitude accuracy parameter to compare various fusion devises.
Figure 1.4a represents progress in a fusion machine’s ”zoo” in the last 60 years together
with planed machines. Despite the relatively high values of n;T;7r in MagLIF device, it
is not discussed herein, because of the similarity to ICF laser efficiency issue. Besides,
approaches, which have demonstrated low triple products, are not in a focus of present
research.

Comparable to laser ICF n;T;7g were achieved in tokamaks, which are MCF devices.
For the similar temperatures, MCF device trades the large density, which is presented
in ICF, (in tokamaks the density is 10 orders of magnitude smaler than in NIF) for the
larger energy confinement time (in tokamaks it is 10 orders of magnitude larger than in
ICF) [7], which is accomplished with a use of externally/internally generated magnetic
field (B). At the temperature of dozens of keV the mater is present in the plasma state,
i.e. consist of electrons and ions. B is used to confine charged particles, which reduces
the particle and energy loss in the device.

A tokamak is a toroidal MCF device, which was developed in the Kurchatov Institute
in the Soviet Union in the 1960s. It is based on a "twisted” B configuration, which is
a result of a combination of the toroidal magnetic field (B;) and poloidal magnetic field
(Bp) (figure 1.4b). In the tokamak, the B, is generated by the extarnal toroidal field
coil, and the B, is generated by the plasma current (I,), which is conducted in plasma
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in the toroidal direction (figure 1.4b). Additionally, a part of B, is formed by poloidal
coils to control the shape and position of the plasma.

The I, can be generated by a transformer, where the B is rising in time. A transformer
has fundamentally limited amount of volt-seconds, which are needed to drive current in
the tokamak plasma, because the B cannot be raised infinitely long and restricted by
~10-20 T [43]. Most of the tokamak-reactor concepts involve a steady-state (or long-
term) operation. Therefore, other methods of a current drive are developed for the long
(theoretically infinitely long) operation [44]. Organization of the special advanced sce-
nario, i.e. the optimization of the self-generated non-inductive current by the bootstrap
mechanism above 50% [45], is preferable. The rest fraction of the I, is planned to gen-
erate by various non-inductive current drive systems [45, 44]. Non-inductive tokamak
operation has been demonstrated in many machines [46]. However, the most impressive
results were achieved in EAST tokamak in China on 30 December 2021, where the D
plasma of high central temperature electron temperature (7.) 6 keV was successfully
confined for 1056s (figure 1.5a) [12]. However, important for n;T;7r quantities were
far from the breakeven parameters: central ion temperature (7;) ~ 0.7 keV', central n,
~ 2-10 m~=3 (close to ion density (n;)) and energy confinement time (7g) ~ 0.07 s [12]
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Figure 1.5: (a) Main plasma parameters time-traces in the non-inductive plasma discharge
in the EAST tokamak. I, is kept on the 330kA level, while the induced loop
voltage is close to zero. Adapted from [12, 13] (b) Fusion power generated in
D-T reactions in JET tokamak. DTE1 campaign (1997): Pj,s = 16MW in a
transient and Pr,s = 4MW in a flat-top regimes. DTE2 campaign (2021): a
flat-top Ppys = 10MW in 15/85 D-T mixture (red) and Pj,s = 7MW in 50/50
(reactor-like) D-T mixture (blue). Adapted from [14, 15].

Scientific energy breakeven was not achieved in tokamaks to date. Tokamaks have
demonstrated @ = 0.3 in a flat-top and @ = 0.7 in a transient regimes (figure 1.5b). On
21 December 2021 in Joint European Torus (JET) ~10 MW of fusion power were gener-
ated in 5s flat-top D-T plasma (figure 1.5b) with ~30 MW as an input by neutral beam
injection (NBI) and ion cyclotron resonance heating (ICRH) [47]. The JT-60U tokamak
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in Japan is the n;T;7g record holder among tokamaks with a value 1.53 - 102! m—3keV's
in the D plasma [48].

Two tokamak-reactors are currently under construction: ITER [49] and SPARC [50].
ITER and SPARC suppose to achieve high n;T;7r and demonstrate scientific breakeven
in the D-T mixture (figure 1.4a). ITER is an international state-funded project, which
is located in southern France. Conceptual and engineering designs were carried out in
the 1990s. On 24 October 2007 the ITER organization was officially established by
the seven members - China, the European Union, India, Japan, Korea, Russia and the
United States. ITER plans to demonstrate @ > 10 in 2035. Besides, ITER plans to
achived Q > 5 in a non-inductive steady-state regime [51]. The SPARC project was
announced in 2018 by the privately-funded company Commonwealth Fusion Systems
(CFS), Cambridge, Massachusetts, US. Q > 2 according to the conservative estima-
tions and Q > 11 according to the optimistic estimations is expected to be achieved in
SPARC [52]. SPARC construction is supposed to be finished by the end of 2025 [53].

Superconductors are essential for the tokamak-reactor design. The coil heating due
to the electrical resistivity leads to large wall-plug electricity demands and conductor
overheating in the non-superconducting tokamak, which makes copper based reactor
design not feasible. Therefore, all planned tokamak-reactors use superconductors. The
ITER design is based on conventional superconductors. A critical B, at which the
conductor loses the superconductivity, limits B; in the plasma around 67T. Tokamak
operational limits and the energy confinement [54] for the given B; suggest that n;T;7p
can be increased by increasing the 7. For the given B 75 can be increased by increasing
the size of the machine (together with the I, (1.5)). Using the multi-machine 7'%84/2
scaling for Hog 2 = 1.0 [55]:

2 2 | _
T = Hog yo - 728’9 ’ Tg&y — 0.05621 - 13.93 . B?'15 . ng.41 . P; 0.69 , p1.97 078 _0.58  ;,0.19
(1.4)

where Hyg 4o is a multiplicative pre-factor, which represents the specific regime 75 dif-
ference with respect to the predicted T%S’w for the high confinement mode (H-mode)
(section 1.5), 7 is the volume-averaged density, M is the averaged mass number, R is
the tokamak major radius, € is the inverse aspect ratio, k is an elongation. The units
are (s, MA, T, MW, 10' m=3 | AMU, m). It defines large scales of ITER [54].

High-temperature superconductor (HTS) coils, which have been recently developed,
have larger critical B (also critical temperature and critical current density) than con-
ventional superconductors. On 5 September 2021, using full-scale HT'S coil the B of 20T
was achieved [53]. HT'S magnets potentially can be game-changers in the fusion technol-
ogy, because plasma B; can be increased up to ~12 T' via HTS application. Larger B
extends tokamak operational limits, i.e. larger pressure n;o7;y can be reached, because
the beta limit is not violated in a high-field tokamak [50]. Also, larger B, allows to es-
tablish a larger I,. Consequently, an increased I, leads to the broadening of a n. limit.
According to the I, [56] and n. [57, 58] limits:
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where fUckan i a geometrical factor from [59], a is a minor tokamak radius, ¢}2" ~ 3 is
a minimal safety factor needed for stable tokamak operation (qggm > 2 is a hard limit:
an external kink mode is destabilized). Subsequently, larger I, B, ne lead to the 7g
increase (1.4) without changing the device size. Thus, the 75 can be increased up to the

JET values in AUG/DIII-D/EAST /KSTAR size machine in Hgg yo = 1.0 regime [52].

Table 1.1: Tokamak’s pressures and triple products. An illustration of those relations to con-
finement times and auxiliary heating power density.

JET 42976* | SPARC ITER
T8, 5 [60, 7] 0.9 0.77 3.7
Ty, keV [60, 7] 28 20 20
nio, 1019m =3 [60, 7] 3.3 40 10
P,, MW [60, 52, 51] 25.7 25 73
vV, m3 [52] 80 16 800
P,/V, MW/m? 0.32 1.6 0.09
Pye/V, M Pa 0.28 1.23 0.33
nioTho, keV1020m=3 9.2 80 20
, MPa 0.15 1.28 0.32
nioTioTe, keV1020m=3s 8.3 62 74

*one of the high fusion power discharges [60]. Other high fusion power discharges have
different parameters, but a similar n;0T;07g.

The steady-state 0-D energy balance suggests:

30TV

P 1.6
- h (1.6)

where plasma volume (V') and auxiliary heating power (P,). Here for simplicity, n.
~ n; and T, ~ T;, and the fusion and the bremsstrahlung power were neglected (the
net heating power at high-Q is found similar to the chosen P, [61, 52]). Therefore, for
the JET-like P}, and 7g, but smaller V in a compact device, the average ion pressure
n;T;, as well as a central ion pressure n;yT;p can be achieved larger than in JET (Table
1.1). High n;T; was demonstrated in small high-field high-current tomkamk Alcator
C-Mod [62]. Thus, in SPARC it is possible to achieve ITER-like n;T;7g [7] for a JET-
like 7 (Table 1.1). Note, the ITER and JET n;oT; are smaller than for SPARC due to
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1.4 Tokamak configurations: limiter and divertor

P, /V difference (together with operational limits, which does not allow high pressures
in ITER [54]).

Describing tokamaks, it is valuable to mention about one of the main threat of the
tokamak stable operation, i.e. plasma disruptions [63]. They lead to the high first-wall
loads, which can cause PFM melting, high currents and high mechanical stresses, which
can also lead to the severe damages. An intensive development of the disruption pre-
diction [64], mitigation [65] and resilience [66] for reactor-type tokamaks are underway.
However, it is not clear to date, if these technologies can be sufficiently reliable for a
stable reactor operation. If this issue is not solved, stellarators are the best next can-
didates as fusion reactor approach, since they have demonstrated decent n;T;7r (figure
1.4a) and does not significantly suffer from the plasma disruptions due to the absence
of the I, [67]. Also, current drive systems, which consume additional power for the I,
generation, are not needed in stellarators. Further discussion is devoted to the physics
in tokamaks, in spite of this, theoretical results, which are obtained in the thesis, can
be applied (with the required modifications) for stellartors or for any other fully-ionized
plasma applications within the theory applicability area.

1.4 Tokamak configurations: limiter and divertor

In a tokamak, a “twisted” magnetic lines form, so called, magnetic surfaces (figure 1.4b).
The magnetic surfaces form a set of nested toroids. We consider the toroidally-symmetric
case, where the toroidal angle (¢) is defined identically as an angular coordinate in a
cylindrical coordinate system. Each for the surface can be uniquely defined by the
set of points with the same poloidal magnetic flux (¥,), i.e the magnetic flux, which
passes through the surface, which is bounded by the ring, which is formed by the set
of points with different ¢. In the poloidal plane, i.e. plane, which is perpendicular to
the toroidal direction, we define a radial (r) and a poloidal (f) coordinates (figure 1.6).
The 6 coordinate is along the flux surfaces in the poloidal plane. The r coordinate is a
normal to the flux surfaces.

Due to the Lorenz force in B, charged particles move along Larmor orbits (figure 1.6)
instead of freely escaping the high pressure region, which is needed for fusion to occur.
It prevents the energy and particle transport across B. Due to B, all points of the
flux surface are connected along B. As a result, an electrostatic potential, caused by the
difference in the drift motion for electrons and ions [68], is equalised via parallel electrical
conductivity. A tokamak concept is built around this idea, since in case of small B,
the electrical charge accumulation at the different points of the flux surface leads to
the fast plasma loss [68]. Also, in a zero-order approximation, n. (n;), T, T; can be
assumed equal on the each flux surface, due to the efficient transport along B. However,
the plasma is not perfectly confined in the tokamak. Namely, there is a perpendicular,
with respect to B, energy and particles loss (perpendicular loss). This loss occur in the
radial direction, mainly due to the drift-driven microscopic turbulence [69]. Therefore,
the P, which is delivered to the center of the flux surfaces are transported outwards in
the radial direction with a characteristic time 75. Consequently, plasma extends into
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Limiter configuration Divertor configuration

Plasma core
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(LCFS)
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Figure 1.6: The limiter (left) and divertor (right) tokamak configurations in the poloidal plane.
In the limiter configuration, plasma is limited by the limiter surface. In the divertor
configuration, plasma is limited by the separatrix surface, which is created by the
B,, induced by both I, and I, (current in the poloidal field coil). The X-point is
formed at the location, where B, from I, is exactly compencated by B, from I..
Dotted arrows represent plasma flows in the SOL (an accrual flux structure is more
complex). The figure is inspired by [16].

the outer flux surfaces, until this propagation is not stopped by a some barrier. One of
the tokamak configurations uses a part of the wall to ”limit” the plasma. In this limiter
configuration, in the steady-state case (1.6), plasma fills all the flux surfaces from the
center to the limiter (figure 1.6). In this case, an additional type of loss, i.e. the parallel,
with respect to B, energy and particles loss (parallel loss), occur. After crossing the last
closed flux surface (LCFS), i.e. the next flux surface after this intersects with the limiter,
the plasma is efficiently transported in the parallel direction to the limiter surface, where
it is cooled down and recombined, i.e. become a neutral gas [70]. The region outside the
LCFS is called the scrape-off layer (SOL) (figure 1.6). The region inside the LCFS and
close to the LCFS, where the processes due to the vicinity of the LCFS plays important
role, is called plasma edge (figure 1.6). The region deep inside the LCFS, where the
prosseses independent from the edge and SOL processes, is called plasma core (figure
1.6). The exact border between the core and the edge depends on the definition for a
particular application.

It is required to separate the plasma inside the LCFS (confined region) from the
region, where the plasma particles impact the surface. Interaction with the surface leads
to the impurity (W, if it is used as a PFM) production due to the sputtering. The
impurity source should be located remotely from the confined region, to avoid fusion
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plasma dilution by impurities, which leads to the additional radiation energy and fusion
efficiency losses. Moreover, the increased area between the confined region and the
material surface can be used to dissipate energy into the wider area to prevent melting
of the PFM, which can occur at the plasma-surface interaction location. Driven by
these ideas the, so-called, divertor tokamak configuration (figure 1.6) was developed [70].
In this configuration the plasma is limited by the separatrix surface, which is formed
by using an additional poloidal field coil, in the bottom and/or top of the tokamak.
Thus, flux surfaces which are outside the separtrix go around this poloidal field coil and
eventually intersect with the surface. The region, where the plasma is transported in the
parallel direction through the SOL after crossing the separatrix, and where it interacts
with the surface (target), is called divertor (figure 1.6).

Instead of the coordinated system, which depends on the B configuration, it is some-
times convenient to define an ordinary polar coordinates (r*,6*) in each poloidal plane.
Only 0 point is defined by B in this case. Together with ¢ they form an orthogonal
curvilinear coordinate system (r*,0*,p). For example, one can define the surface for the
0* = 0, which is called outer mid-plane (OMP), and the surface for the 8" = 7, which is
called inner mid-plane (IMP). The OMP and IMP can be also described in (r,0,¢) using
corresponding coordinate transform (7*,0*,¢) — (r,0,p).

1.5 H-mode

Q H-mode

@ profile
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2| |-mode .. barrier

() . ~
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Figure 1.7: Schematic illustration of the difference between the plasma pressure radial OMP
profile in the L- and H-mode. The r coordinate is normalised (r/a) to the distance
between the magnetic axis and the LCFS in the OMP (here a is slightly different
from the typical minor radius definition).

At low values of the Py, the plasma remains in the low confinement mode (L-mode) with
Hyg o ~ 0.5. This regime exhibits high radial transport caused by turbulence (section
3.1) is observed. On 4th February 1982, the H-mode was experimentally achieved for
the first time in human history on the ASDEX tokamak in Garching, Germany [71]. The
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H-mode is characterized by a sudden improvement in confinement compared to the L-
mode with Hyg o ~ 1.0. This breakthrough was unexpected, and its underlying physical
mechanism was unclear at the time, remaining incomplete even today.

However, there are commonly accepted features of the H-mode. In the plasma edge,
a strong radial electric field (F,) peaking leads the zonal E x B flows that reduce
radial turbulent transport. This reduction in turbulence results in the formation of an
edge transport barrier (ETB) for the energy and particles. Consequently, the pressure
gradient drastically increases in the edge region, as depicted in figure 1.7. The H-
mode pressure profile is elevated compared to theL-mode pressure profile at the so-
called H-mode pedestal (figure 1.7).Furthermore, in addition to the improvement in 7z,
the increase in n;T; is also beneficial for the n;T;7g (section 1.3). It is not surprising
that practically all modern tokamak-reactor designs rely on establishing an H-mode.

However, there are special magnetohydrodynamics (MHD) instabilities that occur
at the edge in typical H-mode scenarios.These instabilities, known as edge localized
modes (ELM)s, cause periodic relaxation of pressure gradients in short time periods.They
release a large amount of energy into the SOL, which can damage PFM of the divertor
or the first wall. Consequently, ELMs should be avoided in reactor machines. Several
methods for active ELM suppression or mitigation exist, such as the resonant magnetic
perturbations (RMP) system [72, 63]. Moreover, intrinsically ELM-free regimes are
currently being actively developed [73].

1.6 Plasma edge in a tokamak

Recently it has been understood that the edge and SOL plasma behavior affects signifi-
cantly the total plasma performance, and the studies in this area has been accelerated.
However, edge and SOL physics is complicated (also in ELM-free regimes). First-of
all, in contrast to the core, plasma parameters changes significantly, while plasma is
transported from the core-edge boundary to the wall. For example, in the ITER base-
line partially detached scenario [74, 75] plasma parameters changes from T, = 2 keV,
ne = 9- 10 m=3 at the core-edge boundary, through T, = 200 eV, n, = 3 - 10 m=3
at the sepatratrix, towards T, = 2 eV, n. = 3 - 102! m~3, when plasma reaches the
divetror target. At the each location different processes play those major roles. Second,
the interaction with the surface includes a complex plasma-sheath and neutral-recycling
processes, i.e. atom/molecular multiple reflections from the surface after plasma recom-
bination on it and following ionisation in the plasma volume, accompanied with the
material surface sputtering [70]. Third, neutral and impurity radiation provides signif-
icant heat sinks, which significantly change plasma behaviour. Fourth, plasma-neutral
and neutral-neutral interactions, including molecular chemistry, play major roles in the
tokamak performance, acting in the SOL and especially divertor. Fifth, a divertor con-
figuration (figure 1.6) requires complex 3D-geometry treatment, which in some cases can
be reduced to a 2D-problem by exploiting toroidal symmetry. Sixth, in contrast to the
core physics in the edge and SOL turbulent transport is usually performed via large-
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1.7 Multi-ion collisonal plasma

scale non-local structures, i.e. filaments [76]. It is limiting the flux-tube local turbulence
simulations applicability.

Main ion collisionality Main ion collisionality
1.00e+03 1.00e+03
1 T 1r
1.00e+02 1.00e+02
0.5+ 0.5¢
E_ 0 11.00e+01 E 0 ' |411.00e+01
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Figure 1.8: Examples of the SOLPS-ITER code (discussed in details in section 3.3) simulation
results. High main ion collisionality is observed in the SOL of ASDEX Upgrade
plasmas: (a) D with impurities (b) He with impurities. He plasmas also exhibit
high collisionality in the plasma edge, because the ion collisionallity scales as Z3 (Z
- ion charge number) for the similar 7; and n. [17].

However, one of the properties can be exploited for the edge and SOL models rea-
sonable simplification. The SOL (and in some cases edge) plasmas are highly collisional
(figure 1.8a), by which it is meant that macroscopic parameters change slowly on parallel
(perpendicular) length scales of the mean free path (gyroradius) and time scales between
collisions (gyromotion period). For the highly collisional plasmas, so-called, a collisional
closure can be used. It allows to solve a set of 3-D fluid equations instead of 6-D kinetic
equitation in phase space. The analytical contraction of the velocity space leads to the
great economy of computational resources by avoiding numerical velocity space integra-
tion with a high resolution, in a wide range of the temperatures from 7, = 2 kel in the
edge to T, = 2 eV in the divertor.

1.7 Multi-ion collisonal plasma

For the highly collisional plasmas a closure method such as the one proposed by Bra-
ginskii [17] can be applied to the moments of the distribution function. The kinetic
effects are taken into account in the fluid equations by means of transport coefficients,
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such as the heat conductivity, the dynamic viscosity, the friction and the thermal force
kinetic coefficients, which are obtained by closure. However, the Braginskii approach
is applicable to the single-ion species case and assumes only trace levels of impurities.
There are many different ion species in non-trace amounts in fusion plasmas. First, the
fraction of the two fuel components D and T should be controlled at the level close to
50/50 in the plasma core, by the puffing, pellet injection and pumping, for the most
efficient fusion reactions. Second, helium (He) is a product of fusion reactions, which
should be efficiently removed from the reactor by the pumping system. Third, a radia-
tive impurity, for example neon (Ne), is seeded into the divertor region for the target
heat loads control. Radiative impurity transport studies are essential for reactor op-
eration. The machine should be designed, to compress impurities in the divetor, i.e.
increase the amount of impurity in the divertor for the sufficient impurity radiation at
this location and decrease the amount of impurity in the core to prevents its dilution.
Forth, the divertor plasma mixture and plasma parameters should be controlled to re-
duce W sputtering from the target. All of these challenges can be effectively addressed
through the utilization of multi-species edge and SOL models. For the multicompo-
nent case, Grad method [77, 78] can be applied. This method is based on the tensorial
Hermite polynomials finite expansion approximation of the distribution function with a
local Maxwellian distribution function as the zeroth-order approximation. Grad method
allows treatment of arbitrary plasma mixtures, i.e. species in the mixture can have both
close and very different masses and/or densities. The Zhdanov closure, which is based
on Grad method, is discussed in detail in [18, 79]. Transport equations for multicom-
ponent fully ionized plasmas consisting multiple charged species were obtained in the
21N-moment approximation by Zhdanov and Yushmanov [79]. The more complete set of
moment equations, including equations for the partial viscous-stress tensors, is presented
in [18]. The Grad-Zhdanov method includes numerical explicit matrix inversion method
(EMIM). Thus, the transport coefficients, which are calculated using closure, cannot be
written via some analytical expressions. However, under assumption of the large mass
difference between main ions and impurities the Zhdanov-Yushmanov (ZY) analytical
expressions were developed to close the system of the moment equations. Based on ZY
analytical expressions the Braginskii closure were extended for the light single main ion
species with multiple heavy impurity species case [80]. Also, the single-ion heat stress
tensor, which plays its major role in the F, formation [81], which defines the radial tur-
bulent transport [82](and references therein), is used for the Braginskii closure extension
for the fluid equations [83]. However, for the fusion reactor D + T + impurities mixture
simulations a complete Grad-Zhdanov closure including the heat-stress tensor should be
implemented together with self-consistent Braginskii equations multi-ion generalization.

1.8 Scope of the thesis

The first part of the thesis, which is presented in chapter 4, is devoted to the improvement
and extension of the 21N-moment Zhdanov closure [18]. Using the general expression
for the moment equation (A1.8) in [18], which were obtained by Zhdanov, the parallel-
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parallel component (along B) of the viscous-stress tensor, which is depend on the the
parallel and diamagnetic heat fluxes, is derived [84]. Besides, the improved versions of the
7Y analytical expressions are developed taking into account species masses dependence.
This allows to extend applicability of analytical transport coefficients for the middle mass
impurities [84], such as He and Ne, whereas the ZY analytical expressions show different
impurity transport behaviour [85]. For D-T mixtures the improved analytical method
(IAM) provides qualitatively correct results, but for the accurate transport coefficients
calculation the EMIM is required [84].

In the second part of the thesis (chapter 5), the fluid equations for the 2D transport and
3D turbulent models are discussed. Significant non-Maxwellian part of the distribution
function is present along B in collisional magnetized plasma [18, 17]. This affects the
parallel transport coefficients, which control the plasma dynamics along B. The parallel
transport in SOL and private flux region (PFR) plays an important role in transferring
energy, momentum and particles from the plasma towards targets, between targets and
from the targets towards plasma. Besides, the plasma dynamics along B affects plasma
transport across B. First of all, in the confinement region, the stationary B and electric
field (E) leads to the diamagnetic and F x B mean-field drifts, which are balanced by the
parallel flows. In the toroidal geometry, the result of the interplay between the cross-field
and parallel stationary transport is the perturbations of the plasma parameters (species
densities, temperatures and electrostatic potential) on the magnetic surface, which leads
to the neoclassical energy, momentum and ion (main and impurity) transport across
the flux surfaces [81, 86]. Thus, a correct implementation of the collisional parallel
transport into the fluid 2D transport SOLPS-ITER code [87], which is discussed in
details in section 3.3, allows to take these effects into account [88, 83]. Second of all, the
parallel plasma dynamics characterizes the microscopic turbulence behavior [69]. The
collisonal parallel dynamics based on Braginskii transport coefficients is the key part of
the fluid 3D turbulent GRILLIX code [89, 90], which is discussed in details in section
3.4. Multi-ion generalized fluid equations for the SOLPS-ITER and GRILLIX models
are obtained in the thesis.

The third part of the thesis is dedicated to the SOLPS-ITER modeling results. Those
are discussed in chapter 6. First, the difference in the middle mass impurity SOL trans-
port due to the mass contribution in the IAM friction and thermal force kinetic coef-
ficients in the ITER baseline scenario simulations is discussed [85]. Second, the first
SOLPS-ITER D + T + Ne simulations in JET-like configuration are carried out [91].
The difference in the hydrogen isotope behaviour in SOL due to the Zhdanov thermal
force and neutral physics is analyzed. However, before the new advances of this thesis
are outlined, it is worth to describe the basis and the current state of the multi-species
collisional theory (chapter 2). Also, a brief overview of the SOLPS-ITER and GRILLIX
models is performed in chapter 3.
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2 Multi-species collisional theory

In this chapter the connection between microcopic phenomenon, i.e. binary collisions
between particles, with the statistical behavior of plasma, i.e. plasma kinentics, and
consequently, with the macroscopic plasma dynamics, i.e. fluid equations is discussed.
This is performed via the multi-species collisional closure theory, which was developed
by Zhdanov and Yushmanov [18], which is based on Grad method [77, 78]. Also, the
inconsistency in the Zhdanov monograph [18], which is resolved in [92], is taken into
account.

2.1 Zhdanov and Braginskii approaches

The Zhdanov and Braginskii closures can be applied to collisional plasmas. The differ-
ences between these approaches should be emphasized.

The Zhdanov closure approach relies on the Grad moment method for solving the
kinetic equation. This method assumes that, for a given set of moment equations of the
k-th order, the distribution function of each species in the mixture can be approximated
using a series, where coefficients higher than the k-th order are set to zero. In the
Zhdanov method, the linearization procedure is applied to both the left hand side (1.h.s.)
and the collisional right hand side (r.h.s.) of the moment equations, while considering
the complete kinetic equation with the Boltzmann collisional operator.

In contrast, the Braginskii closure [17] is based on Chapman—Enskog method, where
the distribution function is expanded in a series using a small parameter €. The e ~ \/L,
where )\ is a mean-free path of the corresponding species, and L is a characteristic
length scale of the problem, represents the well-known Knudsen number. By employing
e-ordering, the linearization procedure is directly applied to the kinetic equation prior
to integration through the moment method.

The Braginskii closure specifically applies to single-ion plasma mixtures, utilizing the
ordering of the small electron-to-ion mass ratio (me/m;) to simplify the collisional op-
erator in the kinetic equations. This simplification allows for the separate solution of
electron and ion equations by neglecting terms on the order of m./m;. In contrast, the
Zhdanov closure can be applied to mixtures of species with arbitrary masses, including
multi-ion plasmas.

It is important to note that, as described in paragraphs 4.6 and 4.7 of the Zhdanov
monograph [18], the Grad method, when linearized with respect to e, is equivalent to
the linear Chapman-Enskog method. This equivalence justifies the truncation of the
expansion at a certain order k to approximate the distribution function. Additionally,
for single-ion plasmas, the m./m; ordering can be applied in the final step of the Zhdanov
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closure (paragraph 8.2 in [18]), reproducing the well-known Braginskii results for electron
and ion transport coefficients.

Lastly, it should be highlighted that the Braginskii closure employs the Landau colli-
sional operator, which limits its applicability to Coulomb collisions only. On the other
hand, the Zhdanov closure is based on the Boltzmann collisional operator, allowing for
the inclusion of various types of elastic collisions with known differential cross-sections,
such as those involving neutral atoms and charged particles (ions and electrons). The
subsequent sections of this thesis discuss the introduction of multi-species collisional
theory.

2.2 Microscopic level: collisional operator for the kinetic
equation

The behavior of particles during binary collisions can be effectively described by consid-
ering scattering in a central field. This approach allows us to understand the trajectories
and interactions of particles in collision processes, providing valuable insights into their
dynamics and behavior.

Figure 2.1: The elastic collision (g = ¢') of a particle type aZ with a particle type 8¢. The
reference point 707 is attached to the particle 5¢. The figure is adapted from [18].

Following Zhdanov notation from chapter 8th in [18], the subscripts aZ are used
in the thesis to define species-dependent variables where the first subscript defines a
species type a0 with mass m,, and the second subscript defines the a charge number Z.
In plasma the movement of the species aZ is described with the kintetic equation with
the collisional operator C,z:
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2.2 Microscopic level: collisional operator for the kinetic equation
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The distribution function f,z(r,v,t) defines the amount of particles in the 6-D phase-
space volume drdv, where the r is a radius-vector and the v is a velocity space. The
F.z is an extarnal force, i.e , which acts on the species aZ. The Boltzmann collisional
operator for the species aZ with species 5¢ describes the sources and sinks of the species
aZ in the drdv per dt:

= Chy (2.1)

Caz = Cazpc, Cazpc = / (fazfipe = fazfi80)99az5c(g9, X)dUv14¢,

(2.2)

where the f! , def faz(r, V. ,.t), the v/  is a velocity after collision, the subscript ”1”
is used to distinguish projectile and target particles, when aZ = S, the relative velocity
before the collision: g = v,z — vig¢ and the relative velocity after the collision: g =
Voz — Vige (figure 2.1). The x and ¢ are the polar and azimuthal angles, respectively.
The particle aZ has the b impact parameter. The df2 is the solid angle element, in which
the particle aZ, which come from the element bdbdp of surface perpendicular to g, is
scattered.

Here and further in the thesis the species summation convention is used:

© gmaw amaz
2= Ty 2= Z > =3 (2:3)
a=1 Z=0 J=Jj1..J2 J=i

where we define the total number of different species types in the mixture (™),
and the maximal charge number of the species type o (Z'**) The j; and js are natural
numbers, which can be different from 1 and o**. The separation of the summation
over the charge states and over the species types (2.3) is the key feature, which is used
in the subsections 4.3.1.2 and 4.3.4.2. This is the reason of the double subscript aZ
notation in the thesis, despite it makes all the equations lengthy. When Z7'** =0 : Va
(neutral gases), the second subscript is omitted.

The main parameter, which defines the particle behaviour in the collisions, is a dif-
ferential scattering cross-section oqzg¢(g,€?). For the particle flux J,z that scatters on
the center aZ, the amount of particles, which are scattered in the df) per second, is
Jaz0azsc(g,§2)dS). Based on our mechanical approach (figure 2.1) one can write:

Jazgazgc(g,Q)dQ = Jazbdbdep. (2.4)

The Boltzmann collisional operator (2.2) for the elastic collisions can be obtained based
on the following ideas. The particle aZ that moves with g covers with the area bdbdy
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2 Multi-species collisional theory

the volume of a cylinder gbdbdp dt during the time interval dt. Therefore, The aZ is
scattered in d) (figure 2.1) on the fzegbdbdpdvige dt amount of scattering centers 5¢
in phase-volume dv;g¢. Thus, the total negative source due to collisions for the species
aZ is:

Coz =— Z// faz fipcgbdbdedvige = — Z// fozf15c90028¢(9, X)dQ2dv 15,
B¢ B¢
(2.5)

where (2.4) is used. The corresponding positive source from the elastic collisions with
particles:

Ciy= Z/ fazfipcd' oazpc(g', x)dQdvpe. (2.6)
B¢

The (2.6) is directly used further in the thesis. However, using reciprocity relation for
direct and inverse elastic collisions and Jacobians equality [18]:

90028¢(9,X)dQAVazdv1pc = §'0azpc (9 X) AUV, 7V 5¢,  AVazdvige = dvi,zdV) g
(2.7)

one can finally obtain equation (2.2).

The 0azp¢(g,x) is different for the various types of collisions. This leads to the
difference in macroscopic plasma behaviours according to the type of collisions that
occur. The simplest model of the neutral-neutral collisions is as solid spheres collisions
with a constant diameters d, and dg. The azimuthal angles angles:

b def do +d
cos 5 = @7 b<dag, dap= QTE, (2.8)
as wall as, differential cross-sections:
Lo
O'a[-] = Zdaﬁ? (29)

which are independent of g. This is in contrast to the collisions of changed pariticles,
which are described by the Coulomb potential Uyzsc = Z(e?/(4meor), where electron
charge (e), vacuum permittivity (¢g) are defined, also r is radial coordinate in the spher-
ical coordinate system (figure 2.1). The azimuthal scattering angle y is smaller for the
given b and larger g (figure 2.2a):
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2.2 Microscopic level: collisional operator for the kinetic equation

Figure 2.2: (a) An example of the hyporbolic trajectories in the attractive potential (sign(Z) #
sign(C)) for the small g (blue) and the large g (red) and the same b (red and blue).
There is a larger x for a smaller g. (b) Hyperbolic trajectories of the two only
known interstellar objects passing though the Solar system 1I/’Oumuamua and
2I/Borisov. Adapted from [19]

b Z(le?
tan K = 70’ 0 d:ef | C|€ s Map d:ef Mol ) (210)
2 b Ameoapg? Ma +mg

where reduced mass (jt43) and mass of the species (m,) are defined. In this case the
differential cross-sections is described by the famous Rutherford formula:

_ (/2% ([ lz¢let ' 1
s = s = (Srog?) G @10

Thus, for the given flux J,z, the amount particles, which are scattered into the df2
per second, decreases with increasing g according to (2.11).

This formula is derived based on a classical mechanics particle motion (figure 2.1).
However, a similar formula can be obtained for quantum mechanical scattering (§20 in
[93]). Therefore, our classical description is valid for Coulomb collisions in plasmas,
which are considered in the thesis. In the frame of our model in a single collision the
movement of the charged particle aZ with respect to the charged particle 8¢ is per-
formed along the hyperbolic trajectories like interstellar objects with respect to the
Sun, for instance, an interstellar asteroid 1I/’0Oumuamua, which was discovered by as-
tronomer Robert Weryk in October 2017, and an interstellar comet 21/Borisov, which
was discovered by amateur astronomer Gennadiy Borisov in August 2019 (figure 2.2b).

The differential cross-sections contribute into the transport cross-sections of the form:
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2 Multi-species collisional theory

Qg)zﬁc(g) « /Q gazpc(g, x)(1 — cos' x)dQ2 (2.12)

which appear in the collisional r.h.s. of the moment equations [18], which are discussed
in the section 2.3.

For example, the corresponding transport cross-sections for [ = 1 for the solid spheres
(SolSph) and the Coulomb (Coul) collisions are [18]:

SolSph Coul

where In A is the Coulomb logarithm (InA). In the thesis the InA is assumed the
same for all collisions, however it is possible to include different Coulomb logarithms
for different combinations of colliding species following [18]. The QS% ﬂ(éom (g) is derived
by cutting integral (2.12) with by = rp, as a standard Debye radius (rp) shielding
[17, 18]. Similarly to the differential cross-sections, the solid spheres transport cross-
section is independent on the g, whereas the Coulomb transport cross-section decreases,
when the ¢ increases. The meaning of the latter can be understood in the way: for
the larger relative velocities the eccentricity of the hyperbolic trajectories in the binary
collisions — oo and the scattering angle y — 0 (figure 2.2a). As a result, the relative
velocities do not change significantly in the collisions g — g’ and cos y — 1 in (2.12).

Solid spheres collisions

(neutral gas) .
Coulomb collisions

(plasma)

(a) (b)

Figure 2.3: Schematic interpretation of the particle trajectories with (a) the solid sphere colli-
sions and (b) the Coulomb collisions.

It is important to note that by analyzing the integral (2.13) (paragraph 1.3 in [18]) one
can observe the distinction in particle trajectories between the neutral gas (figure 2.3a)
and the plasma (figure 2.3b). A neutral particle moves freely and undergoes infrequent
collision, resulting in large y as illustrated in figure 2.3a. On the other hand, a charged
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2.3 Macroscopic level: solid spheres vs Coulomb collisions effect on the gas behavior

particle experiences frequent collisions with small x, as schematically represented in
figure 2.3b. In section 2.3 the difference between neutral gas and plasma macroscopic
phenomenon is discussed.

2.3 Macroscopic level: solid spheres vs Coulomb collisions
effect on the gas behavior

Collisions play a crucial role in shaping the macroscopic dynamics of plasmas or gases.
They significantly influence various transport processes, energy exchange, and momen-
tum transfer within the system. Understanding collisional effects is essential for predict-
ing the behavior of the plasma or gas in different scenarios and applications.

2.3.1 Heat and momentum exchange in the quasihydrodynamic
approximation

Several important consequences for the macroscopic plasma and neutral gas behaviours
due to the difference between solid spheres and Coulomb cross-sections (2.13) for the
same kinetic equation (2.1) and Boltzmann collisional operator (2.2) are introduced
to the reader. First, the momentum and the heat exchange between different species
has different dependence on the temperature in case of the solid spheres and Coulomb
collisions.

The distribution functions of each species are considered close to the local Maxwell
distribution functions, with small perturbations introduced by a polynomial expansion
(section 2.4). For example, in the Quasihydrodynamic approach, where the linear poly-
nomials are taken into account, (based on the Eq. (3.1.10) and (3.1.11) from [18]) the
corresponding r.h.s. terms can be written:

Rz df My ///(V - u)CaZd3V7 RaZBC df M ///(V - u)CaZﬂCd3V7 (214)

Qaz d:ef me /// (V2U)CaZd3V7 QaZBC d:ef Mq /// (VQu)CaZ,BCdSV7 (215)

RocZ = ZRaZ,BQ QaZ = Z QaZﬁCa (216)
B¢ B¢

Naz Jz Naz
Raz= - "2 u). Quz= 3% (20 ) 1 (1 )
T Ma +Mmg ) r
8¢ Tazpe B¢ aZB¢
(2.17)

25



2 Multi-species collisional theory

where we define moments of the distribution function: the density of the species aZ
(naz), the flow velocity of the species aZ (uyz), the temperature of the species aZ
(Twz) and additionally the mass-average flow velocity (u), the average temperature of
the mixture (T,y,), n; and T;:

def def def 2 M v —u)?
Naz = // faZd3Va NazUaZk = ///’kaangva Toz =-—= ///( ) faZd3V>
3 Naz 2

def Zaz MeNazWaz def Zaz nazloz def def ZaZeions Nazlaz
= y i = § naz, Ti =

u = s Tow = 7 5
ZO(Z MaNaz Zaz Naz n;

aZ€Eions

(2.18)
ne and T, are defined as for o and Z, which corresponds to the electrons. Using Eq.

(3.1.15), (4.2.20) and (5.1.9) from [18] we define the collisional frequency:

Zh) def 16
177 = gnﬁcﬂilzmv (2.19)

Ir def or \/? [ 7 ~2r43 ~2 ! ~ . ~
Qazpe = A exp (—g°)(1 — cos' x)oazpc(, X) sin xdxdg =

YaZB¢
1 1/2 /Oo 243 2y (1) ( 2 >1/2
P op— g exp(—g7)Q g|dg, (2.20
(27WaZﬂ<> 0 (28")Razsc Yazpe (2:20)
_ def (’7@2[3()1/ 2 def  YaZVBC def Ma
le s S 2.21
g 5 g YazZB¢ Yoz + V5 Yo Toy ( )

Certain simplification can be made, if the T}, is used instead the T,z in: vyazgc =
tap/Tay (different temperatures have to be kept in T,z — Ts¢, when the heat exchange
source (2.17) is derived). In this case, the QZZ,B{ are well-known Chapman-Cowling
integrals [94]. Thus:

oy _ 16 T \"? [ 2 2T\ 2\
l/Ttizg)C:?ngg <27Waﬁ> /0 g5exp(*92)Qg%ﬂ< o g|dg, (2.22)

Here the contribution from the two distribution functions close to Maxwell ones is
taken into account [18]. Thus, the transport cross-section is contracted with the §°-
weighted exp (—g?). Qualitatively, our collisional frequency definition (2.19), (2.22) can
be understood, if the motion of the mono-energetic beam with the velocity vb¢*™ =
(Tow/ uaﬂ)l/ 2 of particles aZ through the scattering centers 8¢ is considered. Particle

«Z covers with the area QS%BC (vbeam) the volume vbe“mQS%BC (vbeam) dt. The amount
of scattering centers 3¢, which are covered per unit of time, is
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2.3 Macroscopic level: solid spheres vs Coulomb collisions effect on the gas behavior

(1)
OGZBC

. /
coBL T Y B PS Bz BT

! B g P

Vbeamdt

Figure 2.4: Particle «Z from the mono-energetic beam propagates through the scattering cen-

ters B¢ with the effective cross-section QS;BC'

na¢ vbeamQazﬁc (vbeam) = A/T ZBC (figure 2.4). Therefore, the Tc(é%)C (up to a constant
coefficient A) is characteristic time, when the particles «Z from the beam change those
momentum along the beam direction due to the scattering, since
QS%ﬁC (vPrm) = [ oazpac (VP X)(1 — cosx)dS) is an effective cross-section of ve-
locity changing along a specific direction, whereas in each collision it is changed as
vP@M (1 —cos x). Thus, the Té?;;)c is a characteristic time of the momentum exchange be-
tween two fluids along the given direction, where the constant coefficient A comes from
the distribution functions contribution in the integral (2.22) instead of simple beam
treatment.

For arbitrary [ and r the Chapman-Cowling QZZﬁg integrals for solid spheres and

Coulomb collisions can be found using Eq. (5.1.9) and (8.1.5) in [18] correspondingly:

T \'/*1 11+ (-1)"
Qlr SolSph _ av “r+ ) 1— L | nd? 2.2
aZC 2T a7 ) 2 141 |es (223)
Z¢le2\®  InA
ZC’oul fl( ) <| > , (2.24)
ZB¢ 4reg M;{BQ (2Tav)3/2

The collsional time (I = 1 and r = 1) for solid sphers and Coulumb models can be
obtained using (2.23) or (2.24) and (2.19):

1/2
(Zh) SolSph 16 Tov
1/7 2 , 2.25
2 -3/2
) Coul 8 |m |Z<|62 iy
1 =1/ = —— | InA|— 2.26
/ O‘ZBC 3\/;7154 (471'50,ua5 " Kag ’ (226)
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2 Multi-species collisional theory

The solid spheres collisional frequency (2.25) is increasing with temperature. This is
the result of the coverage volume increases due to the constant transport cross-section
Q(l) SolSp h(g) and increasing aZ/B( relative velocities (figure 2.4). For the Coulomb
colhslons, one can observe an opposite behaviour. The Coulomb collisional frequency
decreases for the increasing temperature, because of the decrease of the coverage volume
due to the faster shrinking of QQZBCCOM( ) (2.13) than the rise of the particle trajectory
length with the aZ/3( relative velocities (figure 2.4), according to hyperbolic scattering
mechanism (figure 2.2a). Thus, we have obtained quite important result: the micro-
scopic momentum and heat exchange between species aZ and B¢ increase in the solid
spheres collisions and decrease in the Coulomb collisions for Ty, 1. At first glance it
seems counter-intuitive, however it become clear after studying Rutherford scattering
in Coulomb collisions, as it is performed above. The consequence of the momentum
e-1 exchange temperature dependence is a famous Spitzer resistivity o 7 6_3/ 2. Due to
the inefficient e-i heat transfer in the high temperature plasmas in the magnetic fusion
devices, the significant difference between T, and T; is usually observed in the plasma
core (as example in stellarators [95]).

Using the higher order 13N-moment and 21N-moment Zhdanov approximations [18],
the heat conductivity and dynamic viscosity can be obtained. For example, along B

(or for B = 0) both of them are o nyzT, aUTO(é%)C. Therefore, for the solid spheres and

Coulomb models they are < T, ,1111/2 and o< T, 552 correspondingly. The latter reproduces
then well-known Braginskii results for the fully ionized simple plasma [17]. As a diffusive

processes, the heat conductivity and the dynamic viscosity oc (A747)2/ 7'08 B B)C AT IPyth
where we introduce the mean free-path of the species aZ ()\ng ) and the thermal velocity

of the species aZ (v QZ)

def def | d f
ol N Toz/ma, AP ol 700 17 S pas/(matly)  (2.27)
B¢

Also, )\;”pr x 1 /QS%BC (here (¢ represents the species, which contributes the most

into the sum in (2.27)). Therefore, the )\ng 50lSph g independent of Ty, and the
Amf p Ooul o T2 which also leads to the corresponding heat conductivity and viscosity
T ww-dependencies.

In the mixture of electrons and several ions the e-i mass difference can be exploited.
In e-e and e-i collisions, relative velocities depends only on the electron distribution
function. The calculation can be made more accurate, if T, is replaced with T, in
(2.26) for e-e and e-i collisions. Correspondingly, Ty, can be replaced with 7T; in (2.26)

for i-i collisions.

2.3.2 Thermal force

The second important consequence from the different particle behaviour in binary colli-
sions is an opposite thermal force (TF) action in the neutral gas and the plasma.
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2.3 Macroscopic level: solid spheres vs Coulomb collisions effect on the gas behavior

Distribution function in the velocity Space along axis 71”7

T SolSph 1T SolSph — “Z L [ [ fozdvadus
08rR,_, R
; ' ni | fozdvado
0.6
RT Coul RT Coul nﬁc f f fﬁgdvgdvg
04 B > ..«
\ n—ﬁffffﬁcdvgdvg
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02L ¢ Viazi6¢/en
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Figure 2.5: The distribution functions along the axis 71”7, which are contracted over axis ”2”
and ”3” and normalized to the va Y., for the light species «Z and the heavy species
B¢ are plotted in the case of the temperature gradients occur along the the axis
”1”. Solid lines represent 13N-moment approximation of the distribution functions
faz/p¢, whereas dashed lines represent local Maxwell distribution functions fa Z/8¢"
Zero net particle fluxes in the positive or negative dirrections u,z = uge = 0. Also,
for illustrative purposes: h’, /naz = h[jc/ngc.

The TF is a part of the momentum r.h.s. (2.14), which is proportional to the temper-
ature gradient and appears in higher order approximations starting from 13N-moment,
together with the heat conductivity, the viscosity and corrections to the flow velocity
difference dependent part of the momentum r.h.s. (2.14), which is called friction force
(FR) in the present work. The TF is a result of the hot-tail formation along the specific
directions, i.e. an overpopulation of the phase-space at the large velocities > C’vaz in
the one direction and at the small velocities < C’va ', in the opposite direction (constant
C ~ 1) with respect to the Maxwell distribution function, due to the presence of the
temperature gradient. To illustrate this, the example of 13N-moment approximation of
the distribution functions of species aZ and S( for the case, where the temperature gra-
dients are along the given ”1” axis and mg = 5mq, Tz = T¢ and uaz = uge = 0 (also
no spatial derivatives of the uq 71, and uger), is shown in figure 2.5. Another example for
21N-moment approximation in the tokamak plasma simulations can be seen in figure 6.3
in the case, which is analyzed the subsection 6.1.3. In the 13N-moment approximation
the hot-tail is introduced via 3-order vector moment - the heat flux of the species aZ

(hoz):
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2 Multi-species collisional theory

hoi & 22 /// ( v —u)’ 5Taz> (Ve — k) fazd®v (2.28)

Then the hot-tail in the form of temperature gradient-dependent part of the heat flux
hZ, contributes into the momentum r.h.s., and the TF can be obtained in this case [18]:

T hZ?
Maﬁ 2) haZ B¢
= E G = 2.29
Rz = 5 e (m NaZ m5n5<> ’ (2.29)

where Gg%fiﬁ is a kinetic coefficient, which depends on the collisions. In the Zhdanov
moment approach the linearized Boltzmann collisonal operator is used, i.e. in (2.2) in the
distribution functions multiplications f,z fig¢ the second order terms of the perturba-
tions with respect to the Maxwell distribution functions, like o hZ:Zkh%(lv are neglected.
In other words, the collisions between hot-tails of distribution functions (solid blue with
solid red in figure 2.5) are not taken into account, whereas the hot-tail interactions with
the non-modified Maxwell distribution functions fY (solid blue with dashed red and solid
red with dashed blue in figure 2.5) are included.

Note that for the equal masses m, = mg in case of equal normalized fluxes bl /nez =
h%:c /np¢ the hot-tails contributions from the species aZ and 3¢ compensate each other.
This happens, for example, if the one species is artificially split into two fluids. However,
for the heavier species the contribution from its hot-tail become small. For the example
in figure 2.5, solid-blue/dashed-red collisions contribute more into the TF than solid-
red /dashed-blue collisions. This is because the light species distribution function affects
relative velocities in the collisions more than the heavy distribution function. Thus, the
TF appears due to the light species hot-tail with the reduction due to the residual heavy
species hot-tail contribution. The connection between the heat fluxes and the tempera-
ture gradients is described by the heat conductivity tensor. In cases where non-diagonal
components of heat conductivity tensor do not contribute, for example, the temperature
gradient VT, is along B (for this subsection for simplicity: VaZ : T,z = T,y ), the th
is directed against the VT,,. It is worth to mention that hgz [Naz ~ h%} /npg¢ in the

light main species and heavy trace-impurity species case (naz > ng¢), if T/é?(g)z (i?;)z’

because it can be shown that haz ox naZTavT(Za)ZvTav and hBC o n,BCTavTéCa)ZVTav

For Tﬂ(?h)z < (?;)Z case (for example, high-Z impurity in H-plasma) the heavy species

hot-tail is even smaller: hZ, /n,z > h%} /npgc. Thus, figure 2.5 describes relatively real-
istic case.

The hZ:Z /8¢ and VT,, are opposite, which is true for both solid spheres and Coulomb
collisions (figure 2.5). However, the ”size” of the hot-tail against the VT,, depends on
the collisions type for the given mixture parameters, by means of the heat conductivity,
which is mentioned in subsection 2.3.1. Also, in the higher order approximations, such
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2.3 Macroscopic level: solid spheres vs Coulomb collisions effect on the gas behavior

as 21N-moment approach, the ”shape” of the hot-tail is different for the solid spheres
and Coulomb collisions, which is represented by different responses of additional vector
moments on the VTy,. Thus, the direction of the RZZ with respect to the VT, is

controlled by the sign of G(Q%ﬁc. Using Eq. (4.2.18) in [18] or (C15) in [92] it is derived:

[e7

a2 _ 16 2otz g\ __Mazfagp (2 Qozac 1 5
azp¢ = T g MaBMazlBC \ gRazpc T Mazpc ) = T _zmy \5qQiL . |- (2.30)
TaZBe aZB¢
Using (2.23) and (2.24), one can get:
() Solsph 1 Mazpag
Gozsc =5 _@n (2.31)
Tazp(
(2) Coul 3 Nazlap
Tazp¢

The difference in the response of the r.h.s. integrals (2.30) with the Q(alg S0P and

Qgél%ﬁccoul(g) on the hot-tail formation is expressed as a function from r in (2.23) and

(2.24), correspondingly. Thus, we have captured a very interesting physical phenomenon:
in the neutral gas the light species transfers momentum to the heavy species towards
the direction of the hot-tail and against the direction of the VT, whereas in the fully-
ionized plasma the light species transfers momentum to the heavy species against the
direction of the hot-tail and towards the direction of the VT, (figure 2.5). Why such
difference occurs for the same models, where only differential cross-sections are chosen
differently? Similar to the subsection 2.3.1 reasoning should be done to reveal this.
The transport cross-section QS} SolSph i independent of the velocity. However, the
overpopulated phase-space in the large velocity range towards the hot-tail leads to the
efficient average momentum loss, because this population has large velocities (figure 2.5).
In contrast, the QS% BCCO“l(g) shrinks in the large velocity range because of the Rutherford
mechanism of the scattering (figure 2.2a). Therefore, the efficient average momentum
loss happens in the low velocity range in the direction against the hot-tail, resulting a
momentum gain for the heavy particles towards the VT, (figure 2.5).

This explanation is similar to the one done by Braginskii in the ”§ 3. Kinetics of a
Simple Plasma (Qualitative Description)” in [17]. This phenomenon is well-known. For
example, the electron TF contributes into the thermal current [96], which is routinely
measured between the cold inner and hot outer targets in the ASDEX Upgrade tokamak
by shunts [97] and used to estimate the plasma temperatures in the outer divertor.
Besides, the TF between the light main ions and heavy impurities plays its major role in
the impurity leakage from the divertor towards upstream due to the parallel component
of the ion temperature gradient [98].
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2 Multi-species collisional theory

2.4 Zhdanov closure

We introduce the essential steps of the Zhdanov closure using the Grad method in this
section. The Grad method is a powerful technique that is based on the distribution
function approximation for each species in the mixture through a irreducible tensorial
Hermite series expansion.

2.4.1 General form of the moment equations

To begin the process, we construct a general equation for the moments of the distribution
function. This equation serves as a foundation for our analysis and allows us to explore
the behavior and characteristics of the system. By carefully examining the moments of
the distribution function, we can gain valuable insights into the macroscopic properties
and dynamics of the plasma.

The moment method is based on the integration of the kinetic equation (2.1) over
velocity space with the weight functions ©¥z(vaz,r,t):

/waZ (afaZ . 8fozZ + FaZ . afozZ

z
Va or Mo  OVez

)dvaz - / VazCozdvas  (233)

Additionally we define the averaging of the function ¢,z and the relative velocity with
respect to the u:

def def
Naz d)aZ /¢aZfaZdvaZ = /¢aZfachaZa Caz = Vaz — U (234)

In is convenient to substitute v,z by coz (second =" in (2.34)). As a result (see
Eq.( 2.1.1-2.1.9) in [18]), (2.33) turns into a general form of moments equations:

dng o dtpa,
nZ(wZ)+naZ<waZ>v'u+v'(naZ<¢aanZ>)_naZ[< i Z>
dt dt
1 N 0oz \ Ou,
+ <CaZ . V¢az> + 7ma <FaZ . Vc¢az> — <CaZs 3Cazr> 9z, = sz (2.35)

Here and further in the thesis the Einstein summation notation is applied, and we

define:

v&oa0r, V.¥0/0cny, d/dt oot +u-V, (2.36)

def

def
naZF aZ _6 naZFaZ PaZ 7 Paz = MaNaz, (237)

dt

and the collsional r.h.s. of the moment equations is defined as:
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2.4 Zhdanov closure

zZ (1—ef/1/}azc ZdCaZ (2.38)

Thus using (2.6) we can derive a contribution from positive collisional source:

RyS = /wazcadeaZ = Z// Yoz fozfiscd 0azpc(g', X)dQdeqzderge.  (2.39)

Using the Jacobians equality (2.7) the integration variables are substituted:

R} = Z ][ tazsintiscdvazscl x)a0c, e (2.40)

We can use the elastic collisions properties: for the particles from the primed phase-
space the velocities after collisions are unprimed c1g¢ and c,z. Thus, 1,7 is the function
of velocities after collisions ¢,z for the particles from the primed phase-space. Now the
primed and unprimed values can be replaced: ¢, — caz, Cj5c — Ci5c, 8 — 8,
oz — Y., ,. In other words, the integration over the primed phase-space is equivalent
to the integration over unprimed phase-space:

RS = Z / / / Yoz faz fiscaoazsc(g, X)dQdeqzderg¢ (2.41)

As a result, the collisional r.h.s. of the moment equations is significantly simplified by
exploiting the elastic properties. The difference between positive C;FZ and negative C_,
collision sources is represented only by the difference in the weight function before 1,z
and after ¢/ , collisions:

Riz=3_ ///(@ZJ;Z — Yaz) faz f18c90az8¢(9, X)dQdcazder e (2.42)
B¢

Now it can be seen that the difference (¢!, — 1az) includes combinations in the
form of (1 — cos! x), because the cosy defines the angular relation between velocities
before and after collisions needed for integration over 2. Therefore, the transport cross-
sections Qazﬁc(g) (2.12) and the Chapman-Cowling QaZ@( integrals (2.20) appear in
the collisional r.h.s. of the moment equations.

The general equation (2.35) for the moments of the distribution function leads to an
infinite system of differential equations when the weight functions v,z are chosen to be
equal to 1, ¢z, ci 4, and so on. This occurs because in equation (2.35), moments higher
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2 Multi-species collisional theory

polynomial degrees than v,z are included. Specifically, if the polynomial degree of ¥z
is k, equation (2.35) includes moments with polynomial degree k + 1. In other words,
the lower order moment equations includes higher order moments. The infinite system
of equations has to be truncated for the specific k. In this case the closure of the system
of moment equation has to be applied to relate the lower order moments to the higher
order moments by means of transport coefficients. The essence of the Zhdanov closure,
which is based on Grad method, is discussed in the subsection 2.4.2.

2.4.2 Distribution function approximation with irreducible tensorial Hermite
H mn 1/2
polynomials H"" (v, C.z)

T1..Tn

The Zhdanov closure involves approximating the distribution function using reducible
tensorial Hermite polynomials. In this subsection, we recapitulate the key steps from
chapter 4, section 4.1, and Appendix Al in [18], as well as insights from [92, 99]. By
reproducing these crucial steps, we establish a solid foundation for our analysis and
subsequent developments in the Zhdanov closure using the Hermite polynomials.

The type of the polynomials, which are taken for the distribution function approxi-
mation, are defined by the orthogonality properties with respect to the function f(©,
which is chosen as a zero-order approximation of the distribution function for species
aZ (f2,). In Grad method, the local Maxwellian is considered as f2,:

2

def 3/2 def
19 Sz (32)" e (<52). €™ 2l (2.43)

If the orthoganallisation procedure with weight function (27r)_3/ 2 exp (—§2 / 2) is per-
formed in the spherical coordinates, the irreducible tensorial Hermite polynomials are
obtained [18, 78]:

H™ () Y

T1..Tm

(=2)"nlSp 1 2(62/2) PU(E), (2.44)

where S, , are the Sonine polynomials (associated Laguerre polynomials) used in
Chapman-Enskog-Burnett theory:

. fem (—u?)? (m+n+1/2)!
Shaja(0?) = 2 pfm —)p)!(m EPESYOE (2.45)

Spi12(W?) =1, Sp oy p(u?) = —u? +m+3/2,

—_

Sai1a(w?) = 3 (u' —2(m +5/2)u* + (m + 3/2)(m +5/2)), (2.46)
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2.4 Zhdanov closure

the P are the irreducible harmonic polynomials, which are defined in [78] (also
written in Appendix Al in [18]). Here we introduce a few first irreducible harmonic
polynomials:

POE =1, POE) =&, PRE) =68 — 50,48 (2.47)

where 6,5 is a Kronecker delta. The tensorial Hermite polynomials H; ,. (&) are
orthogonal with weight function (2%)73/2 exp (—¢%/2) in the Cartesian system [77] and
are the linear combination of H,"'", (&). Thus, for H"", (&) the orthogonality properties
are kept also for the Cartesian system, as it should be. To relate Hermite polynomials

to the moments it is convenient to use following combination:

def . _ —(n+m/2
M (€ Yez) E 2 ma ST HT (€ ,) =

(—)"marny P nlSE (€22 P (E), (2.48)

Further in the thesis, the subscripts r1..r,, are omitted. As a result, the distribution
function is approximated in the following way:

Faz(t Eaz,t) = f ) €0z ) ST S U2 (0, )GTE €z, Yoz (x, 1) (2.49)

m=0n=0

where coefficients of the expansion Bglg are obtained from the orthogonality condition
for the Hermite polynomials:

rmn _o2n,, —2 2n+m mn def (2m + 1)' (m + n)'
T2 (e, t) = 22" 2 Y0z (1, 1) 2 T 0 bR (0, 1), Omn = S g TR

(2.50)

def

oz (r,1) =/ a7 (&az Yaz(r;1)) faz(r, €0z, t)dCaz, (2.51)

if (2.49) is substituted into (2.51), only b2 coefficient survived due to Hermite poly-
nomials orthogonality property and the relation (2.50) is, indeed, obtained [18]. The
choice of combination (2.48) make b]"/(r,t) equal to the corresponding moment of the
distribution function f,z(r,€&,z,t). Thus, the orthogonality property is essential to find
a relation between the moments of the distribution function for ¥,z = G7'7, for which
the system of differential equations (2.35) is constructed, with the coefficients of the
approximation (2.49).

In the collisional regime, i.e. macroscopic parameters change slowly on length scales
along B (across B) of the mean free path (gyroradius) and time scales between collisions
(gyromotion period), it can be shown (4th chapter in [18]) that the distribution function
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2 Multi-species collisional theory

can be approximated by the finite amount of the polynomials in the expansion (2.49).
The fast convergence of the expansion is explicitly shown, for example, in [99]. Therefore,
we cut our series (2.49) for the specific m™** and n]'** (e.g. 21N-moment approximation
in subsection 2.4.3):

faZ(ra EaZv t) =

max
mmaz nyy

FO0 ) 3 202 (v, 2 0y IS (1, )G (€ 12 (1)),

m=0 n=0

(2.52)

whereas the series is formed following the polynomial hierarchy. In this case, the
coefficients l;g"”g(r,t) = 0 for m > m™** and n > n"**. Subsequently, all the moments
b2 (r,t) = 0 for m > m™* and n > n;'**, and the finite closed system of moment
equations (2.35) is formed and ready for practical applications, if the collisional r.h.s.
are calculated. The distribution function (2.42) is substituted into the collisional sources
(2.42) (R} = Rzz for Yoz = G'7). In fact, in appendix Al [18] another method of
collsional r.h.s. integration is performed with respect to the one suggested the section
4.2 in [18]. Therefore, to avoid inconstancy we follow [92] further. After linearization
we get :

oZ = Z/// Gz’ = Gup FD L)1+ oy + Byc)

X 90azp¢(9, X)dQdcazdeige  (2.53)

where the expansions without the first term are:

max
mmar ny

Doz = ) Z 2%l 25 onbly's Giz (1 — Srodio) (2.54)
k=0 1=0

It can be shown that k # m elements are zero (see appendix Al in [18]), i.e. rank of
the moments in the collisional r.h.s. blgfz is the same in Lh.s. b'2. This is a result of the
orthogonality properties for polynomials of different ranks.

Finally we get:
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2.4 Zhdanov closure

=Y [y - cupsa?

x (1 + Z 922 (1 — 5,”0510)( 2., 2Lfm Gmi pml +mﬁ2’y/232+mGgZ~lbﬁc>)
=0

X goazpc(9, x)dQdcqzdeige,  (2.55)

which, after accurate integration, provides the combinations of the Chapman-Cowling
integrals (2.20) with the corresponding moments b*, and bﬁ(’ as it is discussed in end
of the subsection 2.4.1. Following Zhdanov, to achieve this the same temperature in the
coefficients VaZ : T,y = Ty, are assumed, whereas different temperatures are kept in
the differences T,z — T3¢, which is necessary, for instance, for heat exchange source RS}Z
This assumption is valid, if |T,,z — Tjg¢| < T,y. Nonetheless, so far, we keep temperatures
different: according to [92]:

def
Riz =) Rigs = Z Z RyZhe (2.56)
5

Rghe = (1= Smodio) (AZgheb + Bghcbil) + dmoduCighe, (2.57)

where the Aglgég, ;”Z"éc, CZLZ%C are obtained according Eq. (16) in [92], and the
relation to the Chapman-Cowling integrals are taken according appendix A2 in [18].

Finally, we discuss different approximations by choice of the cut m™%* and n]»
n (2.52) [99, 18]. For m™* = 1, n{*** = 1 and n"*® = 0 the 5N-moment system
(Quasihydrodynamic approach) is obtamed. The phenomenon, which are discussed in
subsection 2.3.1, can be studied. To obtain the TF (subsection 2.3.2), the heat flux
and the viscous-stress tensor the 13N-moment approach is used: m™%* = 2, n*** =1,
n'® = 1 and ny"** = 0. However, for the Coulomb collisions the 13N-moment is
not converged. The accurate calculation for the transport coefficients for the FR, TF,
the heat conductivity and the viscosity requires inclusion additional vector and tensor
moments: m™ = 2, ng*® =1, n"** = 2 and ny'* = 1. In this case the 21N-moment
system of moment equations is derived. The complete system of the Zhdanov equations

for the fully-ionized plasma is shown in subsection 2.4.3.

max

2.4.3 21N-moment closure for the fully-ionized plasma

The 21N-moment system of moment equations is essential for describing the dynamics
of fully-ionized collisional plasmas. This system was derived by Zhdanov in chapter
4 and chapter 8 of his work [18]. The 21N-moment equations provide a comprehen-
sive framework to capture the complex interactions and transport phenomena in the
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2 Multi-species collisional theory

multi-companent plasma, allowing for a more accurate and detailed representation of its
behavior.

The coefficient of approximation are truncated according to the rule: m™** = 2

ng'® =1, n"% = 2 and n5'** = 1. The corresponding moments in this case are:

00 10 11
naZbaZ = PaZ, naZbaZ = 0, nochaZr = PaZWaZr, naZbaZ = haZra
20 21
naZbaZ =TaZr, naZbaZ = TaZrs naZbaZ = OaZrs; (258)

and the distribution function is:

_ Yaz \3/2 'YaZCQ
faZ(c) = Naz <?) €Xp < 2 .

1 h 5 1 r 14 35
1+’7aZWaZ'C+5/7c2xZ oz :C (62 - ) == 3 aZ'YaZ <C4 - 702 i > +

~
Doz Yoz ) 70'% pay Yoz 72,
1 1 1 1 7
5VaZ Tazrs <Crcs - 5rsc2) 72 etind el (Crcs - 6rsc2> <C2 - >
2 Paz 3 14 PaZ 3 Yoz
(2.59)
where the first there moments are:
3 def 3
PaZ = ma///fazd C, pPazZWaz = ma///cfaZd C,
1m
Toz = = = /// 2faZd C, pPazUaz = Mg ///VfaZd C,
3 naZ
Z Z
UZZ%UQZ7 P : Zpaz cC=V—u, Waz = Uz — U, Naz = me, (260)

«

and the higher order moments are:

My @ 14
o ///< >Cfach I'ode—ean ///( 2+ 35>CfaZd3
Yoz ’YaZ
TaZrs d:ef Me /// (Crcs — S 0psC > faZd C, Paz d:ef nazTaz,

def T 7 def
OaZrs —e @ /// <CT‘CS — 7’862) <62 — ’yz> faZdBC, 7TT‘S = Zﬂ-aZr& < Zpaz
«

(2.61)
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2.4 Zhdanov closure

where we define the diffusive velocity of the species «Z (w, ), the viscous-stress tensor
of the species aZ (mozrs), the partial pressure of the species aZ (paz), the total viscous-
stress tensor (7,5) and the total pressure (p). Also, the additional vector moment of the
species aZ (roz) and the additional tensor moment of the species aZ (04zrs) with
respect to the 13N-moment approximation are defined. The Zhdanov system of the
moment equation is:

dpaZ

dt +paZV u+ V- (pazwaz) = 0, (2.62)
M iy, T n ) =0, (2.63)
pdt b ™ s aZ F.z)= .
3dpaZ D 5 8’UJT
a oo ’ : ha Slra o aZrs g
5 dt +2pZV u+V ( Z+2pzwz>+7rz 0z,

— NaZWaZ < > RaZ? (2.64)

—PazWazWaz X b+ Vpaz +V - T oz — paz (Fhy) = RLY, (2.65)
—pazazhaz X b+ §%VTQZ = R!L, (2.66)
—PazWazTaz X b =R, (2.67)
—waz{Taziresimbm} + PazWrs = Raer7 (2.68)
~waz{Oaziresimbm} = R2Y,.., (2.69)

where the cyclotron frequency of the species aZ (w,z) and the total strain tensor
(Wys):

Ze|lB B
chd—ef e‘ ‘? bd_efg’ Wrsdﬁf2{

My

ou,
0xs

o 1
}, {KL}“ (K,Ls + L, K,) — gKlLlam
(2.70)
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2 Multi-species collisional theory

are defined. Also, the Levi-Civita symbol (eg,,) is used.

Note, the time derivatives (2.65), (2.66), (2.67), (2.68) and (2.69) are neglected as
small with respect to the collsional r.h.s. and the magnetised term o w,z. This is valid
when the time scales of the problem 7 along B is large than the time between collisions
7, and time scales of the problem 7, across B is larger than the cyclotron frequency
w: 7/7) < 1 and 1/(wry) < 1. Besides the spatial derivatives of the order (A/Lj)?
along B and (p®/L)? across B are neglected, where ) is a mean-free path, p® is a sound
Larmour radius (sound Larmor radius of the species aZ (p3,;)), L and L, are spacial
scales of the problem along B and across B correspondingly. This is applicable, when
A/Lj < 1 and p*/(L1) < 1. For example, in (2.68) and (2.69) the terms {dh,/dz},
which represent the heat stresses, are assumed small with respect to the strain tensor
pWys (in estimations here we omit species subscripts). Along B one can estimate:

Oh TAV,
{|}NnTTAT n<)\> T AT I (2.71)

~ —_— —_—— W ~
BxH m Lﬁ L” mL”’ b Iy " LH

If AT ~ T and AV| ~ /T/m the heat stresses are smaller than the strain stress

by factor of A\/L. However, in some cases (A/L|)AT/m ~ /T/mAV|, and the heat
stresses become of the same order of the strain stresses. This happens in confined region
of the tokamak, as it discussed in many works, for instance, in section 12.3 in [100].
The parallel heat stresses [86] contribute significantly into the neoclassical radial electric
field, which in the large aspect ratio circular tokamak can be described by the well-
known Hinton formula [81]. In the 8th chapter [18], the heat-stresses were neglected
by Zhdanov, as well as, by Braginskii [17] for the single-ion case. The parallel heat
stresses were included into the (2.68) and (2.69) as a part of this thesis in the chapter 4
(section 4.2). It changes the plasma dynamics, and the neoclassical-like E, in the highly
collisional multi-ion plasmas (Pfirsch-Schliiter regime), is formed as a result.

The collsional r.h.s. for the Coulumb collsions is written according to Eq. (8.1.3),
(8.1.6) and (4.2.16) in [18], taking into account typo corrections (Appendix C [84]),
which were found by the author of the thesis together with the authors of the paper [84]:

3

(1) _
e Glysc (Toz — Tpe) (2.72)

Ry, =Qaz =) Qazpc: Qazpc =
B¢

R\, =Raz =) Razs, Razsc = GS%gC(WaZ - Wp()

B¢
h.z hﬁ() <:“aﬁ>2 (8) <raz rﬁc>
-]+ G — -, (2.73
Tow azpe (paZ Pp¢ Tow azpe PaZ PB¢ ( )
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2.4 Zhdanov closure

T 54 h h
11 _ da aB ~(2) (6) Haz (6) 8¢
RaZ T m Z [2 M GozZﬁC(WaZ - WﬁC) + GaZB( + GaZﬁCﬁ

¢ B¢
Map (9) Taz (10) Yp¢ ]
G — —_— 2.74

T < 2B Pz +G“25<p5<> (21

RI2 (Tav>22 [35 (Mow) G (waz—wa) 4722 <G<) hoz 010 hﬁé)
e M, - 2 Me aZ B¢ Me aZB¢ Pz aZB¢ De

(11) Taz (12) 54]
Ta 28 poz Ta LB pac (2.75)

3) (4)
GaZﬁg%er " GaZﬁgWBCrs

T.
R20 _ av
aZrs Z Pz Dc

3¢ Mq + Mg

(13)

(14)
4 Yo [ GazipcOotrs | Cazacosers ] (2.76)

Tow Paz Pp¢

(13) (14)
21 Tow 7 GQZBCWaer Gazgcﬂ'ﬂo’s
Raer - Z 7Tavﬂaﬁ ) + )
5 mq +mg | 2 MiDaZ mapsc
(15) (16)
GQZBCUaer n Gazﬁcaﬁqrs ’ (2.77)
Paz ba¢

where the collisonal frequency for the Coulomb collisions and the corresponding G-
objects are:

2
Zh) _ Aazpe def 1 InA
1/ (EzZ[)’)C Naziias’ Aazpe = 3(2m)” 2700z nacah T 5 , o (2.78)

1) def 2)  def 3
q®)  def o (1 3ma G defdy
azpe — 2\ 1T g~ | Aazec Gazpe = pAazec (2.80)
(5)  def 13mg 8 m 6) def 27
Gozpe = — (10ma + 5 +3F; Kaprazpe,  Gpge & Toashazsc,  (281)
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2 Multi-species collisional theory

a® det 3

9) def 3 (23mp 8
azZpe — _ﬁ)‘aZBCv GaZB( 5 <

Meq
= 43— ) KapAazac, 2.82
28ma+7+3m5>'€ﬂ Zp¢ (2.82)

10) def 45
GEXZ,)BC = —%Haﬁ/\aZﬁQ
2 2
433 m 136 m 459  32m m
G def A A L T ) 2.83
ok 20m2 T B me 3 T 5my w2 | Faprezs: (2.83)

(12) def 75 5 (13) def (18 mg 6
GaZ,B( - gliaﬁ’)\aZBQ GGZBC = (35% + 5 )\azgc, (284)
(14) def _241ng (15 def [(BIMz  3Tmg 22 mg
Cazoe = ~35m, 0700 Gozsc = 7 <35m T me TS iy | Fesazec
(2.85)
GUY AT Nazps g L —HB (2.86)
L B :

For practical applications, in the magnetized plasma (w7 > 1) the perpendicular
components (across B) for the h,z and the 7,7, are obtained by expanding over (w) ™!
(2.66), (2.67), (2.68) and (2.69), as it is suggested in section 8.3 in [18]. For example, the
diamagnetic heat flux in b x V1,7 direction and classical cross-field heat flux in V| T,z
direction can be explicitly obtained by Eq. (8.3.1) and (8.3.3) in [18] correspondingly.
Thouse are the multi-species generalisation of the single-species ones, which were derived
by Braginskii [17]. Similarly, the cross-field viscosity is found Eq. (8.3.8) in [18].

For the parallel components (along B) of the h,z and the 7, z,s and R}J{OZ the algebraic
system of the (2.66), (2.67), (2.68) and (2.69) equations should be solved numerically,
using, for example, the EMIM. The matrix size can be significantly reduced, if the equa-
tions (2.66), (2.67), (2.68) and (2.69) are averaged over the charge states as suggested
in section 8.4 in [18]. The relation to the specific charge states of the species can be
found analytically in this case. If one of the species a«Z has much smaller mass than
the masses of other species in the mixture, for example, electrons with respect to the
ions or the light main ion species with respect to the heavy impurity species, the RiOZ”,
haz| and T,z can be found analytically using expressions, which were developed by
Zhdanov and Yushmanov [18, 79].

2.4.4 Zhdanov-Yushmanov analytical expressions

For mixtures containing species with significantly different masses, it is possible to obtain
the parallel kinetic coefficients analytically.

Instead of using EMIM for the case, where V3 # k : m, < mg and species x has
only one charge state Zy, the expansion over small parameter m,,/mg can be performed
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2.4 Zhdanov closure

and the equations for kZ, become separated from equations for other species. The
explicit ZY expressions [18, 79] for the R hiz, and 7.z | transport coefficients

kZ||?
forb-V = V” can be obtained:

RY, | = by w ©) —0.5¢2) " T,
HZ}@H = TNkZy Z (Zh) (w’iZnH - U}ﬁ”) — Nkz, Cr” — U.0Cy T(Zh) || Ky

B Tmﬂ KK
(2.87)
1) —(2h)
ncC? 1BrCay npcS? @75 Mew
RBCK',Znn Z2 © (zh) ( WrZ|| — wﬁ(”) + ? C (Zh) m, VHTRZH7 (288)
B B "B
(Zh) (2) =(Zh)
PrZ.Tk lu"‘fﬁc,@n _ 3N Tk
ez =— - >~y (Wez) — W) ( O + 0,560 s —zmy ) Vitez. |
K 6 THB K]:‘i
(2.89)
=(Zh)
Zh K 10 10
WnZnH” == —pl{Zang ) (CK + 0'5CI€I€ (Zh)) VVH”, RHZ;@H = — Z Rﬁ(:‘izn”’ (290)
Tkk B¢
where the averaged over charge states quantities are:
(Zh) def Nallap A def 1 9 _3/2ﬁ InA 2 291
Tag = = )\7,83 af = g( ) anaZ nﬁ\/,uoz 3/2 ; ) (2.91)
\ (zh) -
Ny DaB _(Zh) _ Maz Top (zh) def _Hab 2.92
IR Tazls P g Laglye ) o 2

B maTaﬁ

2
def Z°Nz =53 def def — def
IaZ = == 5 Zgna = § Z Naz, Nag = E Naz, Wao = E IaZWaZ7 (293)
Z

The transport coefficients (which are taken from section 8.4 in [18]) for the light species
KZ, are:
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140932 1+ 0.522%
B =cl)=(1+o0. 2477) 1T 093Zk) +A ), %) =1.56(1+ 1477+ 052Z;) +A ),
(2.94)
,(Zh) %
@ =0, o -052 (Zh) S (2.95)
77 1+1.72*
c® +0.5¢8 )W ~3.9(1+ 1.427;)(AH“), (2.96)
—(Zh) *\2
7 (141.427)
K KK ~ L 9 2.
e 05 zmy = 00 T 820 (1 + 0.627) (2:97)
Zgny
Ap=(1+2652)(1+0292Z7), Zi= Y. - (2.98)
B: mg>my * ®

It is stated in [18] the equations for heavy species can now be solved without the
light species. For example, when the electron equations are separated from the ion ones,
the equations for ions can be solved without taking into account presence of electrons.
A consequent separation for the light main ions and heavy impurity should be done
more carefully. For instance, according to proposed scheme, the heavy impurity heat

Zh)

Timyp imp’ because the interaction with the main ions with

flux will depend only on 1 /

a frequency 1 / will be neglected as mmam /mzmp. However, for the trace-
(Zh)

mzmp imp main

zmp mazn

impurity case it can be: mmam / (

because 1/ zm;}:)mam >1 / Zmp zmp As aresult, the heavy impurity heat flux is calculated
incorrectly. The heavy impurity hot-tail contribution is already neglected in (2.87) and
(2.88) and the heavy impurity heat flux does not contribute significantly into the total ion
heat transport. Thus, in the approaches, where only total ion transport is considered and
heat equations for heavy impurities are not solved (such approach is used, for example,
in the SOLPS-ITER code [87]), ZY expressions can be applied for the TF and the FR
calculations for mpqin/Mimp < 1, as it was done in [80]. Also, it is important to mention
that the mass difference ordering does not affect the contribution of the difference in the
heat fluxes of different charge states of the same type of ions in (2.73). Usually, for
the different charge states of the heavy impurity, the charge state correction does not

contribute significantly into the TF. However, to be consistent, this correction should

) > 1/ Timip zmp even for Myqin/Mimp < 1,
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2.4 Zhdanov closure

be calculated according the procedure from section 8.4 in [18] taking into account the
typos correction in [84].

However, the mpqin/mimp < 1 assumption is not fulfilled up to the required level
even for the D + N and D + Ne mixtures: mp/my = 1/7 and mp/mye = 1/10. As
it will be shown in sub-subsection 4.4.3.2, the difference in the FR calculations for in
the N — Ne range between the ZY expression and the EMIM results is ~ 20%. To
resolve this issue the improved version of ZY expression were developed in section 4.4,
i.e. IAM. In the IAM the m,/mg dependence is included, where it was possible avoiding
cross-terms in the system of equations, similarly to ZY method. For example, the heavy
species hot-tail contribution into the TF is taken into account, which was not included
into the ZY expressions. The improved expressions have the following advantages:

e Coverage He — Ne impurity region by IAM with a several percent difference with
respect to the EMIM is achieved.

e Correct qualitative behaviour, when approaching the light masses region is per-
formed, i.e. the TF changes sign, when passing m,/mg = 1 region.

e An explicit light species declaration is not required: the expressions are written
uniformely for all species.

e The one-charge state restriction for the light species is removed (IAM is applicable
for the He + imp plasmas).

(Zh)

e The trace-impurity heat flux Timp main> d0d 10t o Ti(jz)imp as in the ZY proce-
dure, which is a result of the steps on page 181 from [18]. However, for mq, ~ mg
case, the trace-impurity heat flux is not calculated accurately, because the ne-
glected cross-terms become important. In this case the qualitative behaviour is

followed correctly. This is discussed in details in subsection 4.4.1.
e The heat-stresses analytical expressions are also written (subsection 4.4.4).

e The accurate treatment of the each charge state of each type of ion is performed,
using charge states corrections (4.99), (4.109), (4.117) and (4.125).

The Zhdanov closure can be applied for the various modern transport and turbulent
edge and scrape-off layer codes. It is worth to make a brief overview about this kind of
models. It is performed with a focus on the 2D transport SOLPS-ITER code [87, 83]
and 3D turbulent GRILLIX code [89, 90].
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3 Transport and turbulent edge and
scrape-off layer codes

The plasma transport is studied numerically using various transport and turbulent edge
and SOL codes. These codes are essential tools for investigating and analyzing the com-
plex plasma dynamics in fusion devices, enabling researchers to model and simulate the
behavior of plasmas under different conditions and configurations. Through numerical
simulations, important insights can be gained into the transport mechanisms, turbulence
characteristics, and overall plasma behavior, contributing to the advancement of fusion
research and reactor design.

3.1 Classical, neoclassical and turbulent cross-field transport

Cross-field transport in the magnetic fusion device is a complex phenomenon. In cer-
tain cases where the transport is determined by local parameters or can be effectively
characterized using local parameters, the heat transport across B can be approximately
described by the effective thermal diffusivity Xif 7. The classical ion thermal diffusiv-
ity, which can be obtained by the Zhdanov closure, by simply calculating the h,z |
as discussed in subsection 2.4.3, is Xiff ~ 0.01 m?/s for B=1T, T, = 300 eV and
n; = 5-10 m™3 (typical parameters of the edge plasma in present tokamaks). The
classical transport always appears in the magnetic confinement devices, even in the
cylindrical approximation of the toroidal or linear machines.

However, if the diamagnetic heat fluxes, which also appears in the Zhdanov closure
(subsection 2.4.3) (valid in the Pfirsch-Schliiter regime), are calculated taken into ac-
count the toroidal geometry of the tokamak, the large, with respect to the classical,
ion heat flux is found. The ion diamagnetic heat flux averaged over the flux surface,
due to the temperature variations on the flux surface, which are the result of the in-
terplay between the parallel and diamagnetic heat fluxes, provides the neoclassical heat
flux in the Pfirsch-Schliiter regime. The neoclassical heat transport is approximately
by an order of magnitude larger than the classical one: Xif F 0.1 m? /s. This kind of
heat transport can be included, by accurate treatment of the contribution from the heat
transport along B and the mean cross-field drifts. This is can be done in the edge and
SOL transport models with drifts: SOLPS-ITER (B2.5) [88, 101], EDGE2D-EIRENE
[102, 103], SOLEDGE2D-EIRENE [104], UEDGE [105] and others. Edge plasmas occur
sometimes in the collisionless regimes. The collisional closure should not be applied in
this case. However, the transport coefficients can be corrected, mimicking the contribu-
tion from the passing and banana particles [81, 86| into the cross-field heat transport,
as it was performed for the SOLPS-ITER code [83].
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3 Transport and turbulent edge and scrape-off layer codes

The neoclassical transport appears to be too small to explain the heat transport across
B in the tokamak. Experimental cross-field heat transport is observed ij_f Flm? /s.
This is the consequence of the micro-scale turbulence phenomenon [69]. This mechanism
is not a part of the transport codes. It is added into the transport models ad-hoc by
using, so-called, anomalous fluxes, which are usually introduced by means of the effective
diffusion coefficients, similar to x5/ ~ 1 m?2/s.

Seeking for the solution for the microturbulence transport behaviour, the dedicated
high-fidelity models, which are based on the gyrokinetic theory [106], were developed.
Most of the high-fidelity codes are focused on the core turbulent behaviour, such as
GENE [107, 108], GYRO [109], ORB5 [110], etc. Besides, the reduced core turbulence
models are developed to speed-up dramatically the simulations, such as TGLF [111] and
QuaLiKiz [112], which for some cases capture the essential part of the plasma turbulent
phenomenon.

One of the challenges of reactor-like turbulence simulations is a wide range of the times
scales, which have to be resolved, i.e. the time-step should be sufficiently small to resolve
the turbulence time-scales, the time of the simulation should be sufficiently large to cover
the transport time scales. The difference between the turbulent and transport scales

increases as (1/p*)%, where p* e pi/a. For the ITER-like device 1/p* ~ 1000, which
provides six orders of magnitude gap between the transport and turbulent scales, i.e.
the transport time scales ~ 1 s, whereas the electron turbulent time scales ~ 1u s. The
dedicated techniques are developed to separated these time scales, namely the turbulent
codes are coupled with transport codes. In this ansatz, the turbulent code resolves only
turbulent time-scales, whereas the transport code resolves only transport time-scales,
which provides a great computational efficiency and make the reactor-like simulations
feasible. It is worth to mention some examples of this kind: GENE-Tango [113], TGLF-
ASTRA [114, 115], TGLF-T-GYRO [116], QualiKiz—JINTRAC [117].

In recent times, the turbulent models have begun to be applied for the edge and the
SOL regions, such as XGC [118], GENE-X [119, 120, 121], GENE [122, 123], GKEYLL
[124], PICLS [125], etc., which increases the complexity of the problem significantly due
to the various additional edge and SOL effects, which we briefly touched in section 1.6.
Reduced turbulent models can help to simplify this problem to a certain extent. For
instance, fluid turbulence codes are developed, such as: GRILLIX [21, 89], BOUT++
[126], GBS [127], TOKAM3X [128], using the well-known Braginskii collisional closure
[17]. These models are applicable to the highly collisional edge and SOL plasmas. How-
ever, the collisonless extensions of the fluid turbulent codes are also developed approach-
ing the lower collisonallity area, such as Landau-fluid approach [129]. In the fluid models
the turbulent cross-field transport depends significantly on the plasma dynamics along
B [69]. In fact, the fluid closure in the parallel direction plays its crucial role in the
turbulent plasma dynamics.

The particle and momentum transport across B is also usually dominated by tur-
bulence in the tokamak devices [69]. However, it is not always the case. For heavy
impurities, neoclassical particle transport can be larger than the turbulent contribution
in the edge of the tokamak, for example, in the H-mode ETB [130].
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3.2 Transport along magnetic field

Also, the E, plays its significant role in the turbulence control [82] (and references
therein) and the neoclassical impurity transport. The E, in the H-mode was experi-
mentally observed close to the neoclassical predictions [131]. This is the result of the
interplay between the parallel ion viscosity and cross-field drifts [81, 86]. Thus, it is
important to include neoclassical effects into the edge and SOL transport models, to
study F, formation in the tokamak edge.

3.2 Transport along magnetic field

Transport along B contributes to the global particle, momentum and energy transport in
the two following ways. First, it affects cross-field neoclassical and turbulent transport,
as it is mentioned in section 3.1. Second, in the SOL and the PFR the parallel direction
particle, momentum and energy transport towards and from the divertor targets.

Energy crosses the separatrix and then is transferred towards the target and absorbed
there. The parallel energy transport is very efficient, however it is not infinitely fast.
The heat conductivity contributes significantly into the energy transfer towards the
target along B and defines the energy parallel transport properties. The energy is
also transferred by means of turbulent transport across B from the serparatrix further
into the SOL (figure 1.6). If this cross-field transport is not sufficiently efficient, the
energy is deposited in a very localized area at the target. These local heat loads are
a big challenge for future reactors, because they can cause material melting and severe
structural damage [75]. The scale of energy propagation in the SOL is usually defined by
the scrape-off layer power fall-off length ()\;) parameter. The physical meaning of this
parameter is the characteristic scale of the power deposition at the outer target, if the
distances along the target are projected along B back to the OMP (figure 1.6). There is
a famous A4-scaling, which was developed by Eich, using a regression procedure, based
on the data collected from existing tokamaks [132]. The predictions for ITER using Eich
scaling is rather unpromising: A\, ~ 1 mm. The predictions by the most advanced XGC
model are more optimistic: A\; &~ 6 mm [133]. Nonetheless, the additional radiation
impurity seeding, such as Ne, will be required for the power dissipation in the divertor
volume to protect the target plates from the high heat loads [75]. Impurity transport
studies in the SOL and plasma edge are crucial for the tokamak-reactor operation. It
is important to prevent impurity leakege from the divertor to the main plasma volume,
to avoid the fuel dilution and core impurity radiation. The A, sensitivity studies were
performed by the SOLPS-ITER transport simulations in order to obtain the operational
window of the target heat load handling [134, 135]. Theses findings suggest that the
operational window become narrower for smaller \,. However, the acceptable target
heat loads together with the acceptable Ne plasma core concentration will be achievable
in ITER.

The impurity leakage from the divertor region towards the main plasmas is greatly af-
fected by the parallel transport. The main plasma flows are responsible for transporting
particles, momentum, and energy that originate from or disappear into various volumet-
ric sources. These sources are influenced by both the behavior of the main plasma and
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3 Transport and turbulent edge and scrape-off layer codes

neutral gas, as well as the presence of impurities. Notably, radiative impurities play a
significant role in contributing to the heat sources. The main plasma flows defines the
impurity transport by the efficient FR between the impurity and the main ion making
the impurity parallel flow velocity close the main ion one. However, in the presence of
the large V|| T;, which is usually the case in the highly radiative divertor, there is a large
TF between the impurity and the main ion species, the physics of which is discussed in
subsection 2.3.2. In the case of the presence of the TF it is mostly balanced by the FR
[98]. In fact, these are the two main terms in parallel momentum balance. The impurity
leakage flows are formed by this mechanism. As it is described in [98], the crucial part
of the impurity transport phenomenon is a relative position of the impurity poloidal
stagnation surface, i.e. the set of points where the ion poloidal flow velocity, which is
directed towards the target in the vicinity of the material surface, changes direction
away from the target, and the ionization source profile, which is formed by the recom-
bined on the targets neutrals, which are transported, consequently, towards the plasma
and re-ionized there. Previously in the SOLPS-ITER code, the TF and the FR were
based on the ZY expressions [80], which are discussed in subsection 2.4.4. Apart from
many limitation, which are mentioned in subsection 2.4.4, the infinite impurity mass
assumption is the strongest one. In fact, the medium-mass impurity, such as carbon
(C), nitrogen (N), Ne, is only several times larger than mass of D and T. To be able to
model properly the mixture of the ions with close masses, such as D, T, He, and in the
case of the non-trace concentrations of the species, a complete Zhdanov closure should
be used. The complete Zhdanov closure is implemented into the 3.0.8 version of the
SOLPS-ITER code as a part of the present thesis by the means of the Grad-Zhdanov
module. It is explicitly shown that the infinite mass difference assumption should not
be used for the D-T simulations (section 6.2.3).

3.3 SOLPS-ITER 2D transport code

3.3.1 General information

The SOLPS-ITER code is a finite volume 2D fluid transport code for the edge and
SOL plasma tokamak simulations [87]. It solves the drift-reduced Braginskii equations
[88, 83], such as the continuity equations for the each of ion species, the parallel mo-
mentum equation on a poloidal grid for the each of ion species, the electron and ion
heat equations, the electrical charge conservation. Additionally to the drifts, the cross-
field transport is introduced via the, so called, the anomalous transport, i.e. anomalous
diffusion coefficients and anomalous flow velocity, which are set ad-hoc. The neutrals
are implemented as either a simple fluid model or by the kinetic 3D Monte-Carlo code
EIRENE [136], which solves the Boltzmann equation for the atoms and molecules in-
cluding neutral-plasma and neutral-neutral (the molecular atoms and photons can be
potentially included). The plasma code (B2.5) interfaces with the EIRENE code by
means of background fields and fluxes crossing the plasma-wall boundary (to be precise:
the sheath entrance). The EIRENE code has a feedback loop to the B2.5 using the
additional r.h.s. sources in the moments equations. We note here that the neutrals do
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Figure 3.1: The SOLPS-ITER computational mesh for the ASDEX Upgrade tokamak, as ex-
ample, in physical space (left) and the so-called rectangular representation of the
B2.5 domain (right). Directions of curvilinear coordinates x, y and z are shown.
The location of divertor targets, location of gas puff and pumps are plotted. The
locations of different zones (core, SOL, PFR) and boundaries are shown on both
the physical and rectangular meshes with color coding. Letters '"W’, "N’ "E’) ’S’
stand for 'western’, 'northern’, ’eastern’ and ’southern’ sides of the rectangular
mesh correspondingly. Adapted from [20].

not contribute into the plasma distribution functions modification or the corresponding
transport coefficients.

In this section we briefly describe the B2.5 plasma equations, which are implemented
into the SOLPS-ITER model. In the thesis the collisional closure is discussed. Thus, the
collisionless corrections [83] are omitted in this description in order to keep equations
resonably short. Also boundary conditions are not discussed, because they are not
important for in the scope of the thesis. The code solves the fluid equations on an
orthogonal curvilinear grid (figure 3.1) where x is a poloidal coordinate, y is a radial
coordinate and z is a toroidal coordinate (3.1), as it is done in [88].

def By def 1 def 1 def 1 def
of Do g &~ o~y orR g S hohhe (3.0)
B M wal T e M e VO = Dahyh

In the SOLPS-ITER code the latin letters correspond to the indexing of the ion charge
states:

ba
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3 Transport and turbulent edge and scrape-off layer codes

In the Zhdanov closure, the greek letters correspond to the indexing of the isonuclear
sequences:

D, T 6 He..
S~
a=0 a=1 a=2
It is essential to separate the summation over the charge states Z and the summation
over the isonuclear sequence «, which is widely exploited in the Zhdanov closure [18].
For isonuclear sequence « and charge state Z, there is a one-to-one match with the Latin
notation: a(«, Z). The relation a(a, Z) is a 2D array, which is used for the transition
a > al.
The equations are written using International System of Units (SI), and temperatures
are measured in J. The same choice is done for this thesis.

3.3.2 Continuity equations

For each ion species z, # 0, the following continuity equation is solved:

one 1 0 (i~ 10 (i~
L OVIF NV L9 (VIF Y Zsr =01, ns—1 2
ot +\/§8x<hm ) \/§8y<hy y) S, a=0 " 3.2)

ns—1 ns—1

Ne = Z ZaNa, N = Z Na, (3.3)
a=0 a=0

with the divergent part of the particle fluxes:

_ 1 . . . .
Tar = (baVja + VAP + VN ) g+ — (GG 4450 + G5 4 jlaie) 4 G

1 Ong 1 1 B, 1 on,T;
—Dno—F——| 55—+ ) —— , (34
“hy Ox <32 (BQ)) zqe hy Oy (3:4)
- 1 o . .
_ E AN (AN -(in S(vis -(visL (vis
Tay = (V&P + VE™) na + P (5 ) 4 Tl o jlis) . Glwisa))
1 Ong 1 1 B. 1 0n,T;
- Dn a7 A 9 T T o e 5 35
“hy Oy <B2 <B2>) zge hy Oz (8:5)

where the E x B velocities are:
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3.3 SOLPS-ITER 2D transport code

B, 1 09 B, 1 0%
(B) - 2z 2 Y% (B _ 2z 2 Y% 3.6
ax B2h, 0y’ W B2 h, 0x (36)
To exclude the divergence-free part of the diamagnetic flux the averaged square of the
B is used in the form of:

) [ B%\/gdzdy
I Vel @7

core

The ad-hoc anomalous transport is introduced by using the prescribed Va(é ZJ,V ) velocity

and the prescribed D, , diffusion coefficient. The ion cross-field currents jé?g), jé;”;,

55’32”), jc(LngL), ;{%Zq) are defined in subsection 3.3.6.

The r.h.s. SI is the sources due to the ionization/recombination including external
sources from the EIRENE. The elastic collisions do not contribute into the S;. The
parallel flow velocity V), is found from the parallel momentum conservation equation in

section 3.3.2.

3.3.3 Parallel momentum conservation equations

For each ion species z, # 0, the following parallel momentum equation is solved:

aava hz hz x ali T
Na V|| n 1 6< \/gFZ;>+ 1 8< \/§Fm>+b6nT+Zaenb8<I>:

Tt T ho/gox \ e ho/Goy \ hy )" hy oz “he Oz
= Sqj +5CF, + Str. T STherm, + 54N, + ST, + Sk, + S¢'x, + Sin, + SEirENE,
(3.8)

with the divergent part of the momentum fluxes:

CL) 91nh. avi,
rm — maVHanzgr + %77((11‘ )8;119602 ‘/Ha — Nax hxg;w G = Qmain (3 9)
“r maV”aFaCxO’" — naxhz%v otherwise
- a a .
ay a”- ay Y hyay

where the corresponding particle fluxes together with the Coriolis force contribution
[88] are:

T,B, 0 1
PCor — b:c 9 1Dz L (E) (AN) .
ar < Vv||a + Za€ hyay <B2> + Vax + Vax Ng+

1 /. (i ~(vi (vi ~(vi
— (3 40 D D) G ) - Dy
a

53
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- (e (3) o

1 m V1S VLS V1S 1 ana
ze(j‘(lI;N)—i_J( )4 sl 4 jlvisd) oo q))_

Dypo——2 (3.12

additionally to the viscosity contribution into the divergence, there is a source part of
the viscosity:

Vi res
. (V | %}a> - (V : ?au)” _ <V : ?Zn)” a = Amain 519

0, otherwise

1
1 g hz\/gé (OL)aln (hZB2> B%VH

<_>V'” TEeS — a=a .
(V ST, >H = ho/g0x \ he 37 Bip o e
0, otherwise
(3.14)
where the viscosity transport coefficients are
4
Mo = 15 + 20T ey = 0, (3.15)

where the anomalous transport coefficients represents the turbulent momentum trans-
port and the classical transport coefficient is defined according to Braginskii:

nCL) = 0.96Tyn,mBIB2, ] (3.16)
3
VT,
B 3 Vimedi (dmeo (3.17)
4T 222¢5pne In A e
12
max{5;23.4 — 1.15 - logy, (&) + 3.45 - logyo (£2)}, L= <50 o
F g B kii formul
A = { max{5;25.3 — 115 - logyo (1) + 2.30 - logyq (L)}, Lo > 50 ~ rOSHSEL omIEA
. _ . T Wesson formula
max{5;17.3 = 0.5 In ( ) +15-1n <e 103)} for ion-ion collisions
(3.18)

The heat stresses are:
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<4 —B2b, zTa y = Omain
(V T )H = hy0x \ B2 he0x (3.19)
0, otherwise
. 0 outside the separatrix
0 0 d
qg ) = q¢(1||) + BA;Qc(wm) = ngfL) oT; 5 B.B naT; 9T, .. .
T hedr T 2BLBE e hydy inside the separatrix
(3.20)
(crL)

where the ion heat conductivity ,, "~ is defined in subsection 3.3.6.
The thermal and friction forces, which are written using ZY expressions (section 2.4.4),
are:

Simherm,a = S’?}herm,ea + STTCLherm,ia (321)

Sﬁa = S?;L’,ea + S}'}:ia (3.22)
The electron contributions are:

1) nazgm6 1 oT,

T = T Cex 59 ~a 2
STherm,ea CezCe bxege hx ox K2 7& 0 (3 3)
m bie2zg
Sfr,ea = (cr)_ Tella (Veu - Va||) y 2a # 0 (3.24)
G Fett

and the ion contributions are:

ns—1

my NgMNp 1 0T;
S%nherm,ia = bz; zgzgazna:‘ n aabhixaixl, Za ?é 0 (325)
b#a

ns—1 ns—1
(Vy) 1 /mymgemy V)
Sihia = 2 B = 2 CmZZZg"a”bKab (Vi = Vay) (3.26)
0 P a

b= b=0
b#a b#a

where
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~(2) 2
€ Ce (CL) _ ;2 € TNeTe
p—~ —Cgl) NeTeZeff, O = bxme 0 (3.27)

K(Therm) K(Therm)
gy = (pe (na +mp) [ mamy ( ab _ lba by, 2z # 0 (3.28)
my Mg + My Kb Kaq
ns—1 om
_ 2 2 alllr
Kq = ; ALY (3.29)

2
CEn‘Bp’ S 7é T, § = Smain, Ar 7& 07 Zs 7& 0

CL) __ 2
ag: )__w

Kﬁzherm) — 0, r 75 Tmains S 7& Smainy Ar 7& 0, =z ?’é 0 (330)
07 T = Tmain, Vs
Cgrl,zw T = Tmain, S 7é T, Zr 7é 0, zs 7é 0
Kﬁ}:ﬂ) _ Cgizpy S = Smain, r ?é S, Zr 7& 0, zs 7& 0 (3.31)
1, r ?é T"main, S 7£ Smain, Ar 75 0, =zs 7é 0
0, r=Ss, or zr =0, 2,=0

Njw

3
2

4meq 2 ¢, = 3 vmele
e? ’ e_4\/271' InA

3 vyl

G = 4427 InA

2
(471'2(50) T = Ce (332)

(& Zeff’l’Le

(1) _ (1 + 0.24Zeff) (1 + 0.93Zeff) 0(2) — 156 (1 + 1.4Zeff) (1 + 0'5226ff)

T (14 256205) (1+0.292057) € (1+2.562077) (1 + 0.292057)

(3.33)

(1) (1+0.242cr s imp) (1 +0.932¢ 17 imp) ~ (2)

(1 + 1-4Zeff,imp> (1 + 0-52Zeff,imp)

c. o= , ¢ =1.56
mee (14 2-5626ff,imp) (1+ 0.2926ffjmp) tmp (1+ 2.56Z6ffjmp) (1+ 0.29Zeffjmp)
(3.34)
nsz—:l 9
N,z ns—1
i, B % ot @ )
Zeffiimp = e Zepp = = , W= : : 3.35
of f-ime Namain ngain e Tt ) (Zeff + @) ( )
The centrifugal force and anomalous source are:
1 0h BB
m. = 2_ - Tz m - _ _(AN) 27w
SCFa - mabxna‘/“ahzhx or SANa = —Jay B. (336)

The rest part of the r.h.s. S, SE ., Sfx , SEigpeng, 18 the sources due to the
ionization /recombination/charge-exchange including external sources from the EIRENE.
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3.3.4 Electron heat equation

For the electron species, the following heat equation is solved:

.Z‘

P (00 () 55 (o)

(ST)
= Qe—l—neTB 1 <8(D8 <1> — 87(1)2 <B12>>_ 8”8 e_'_QFEi_'_Qf]RENE

hahy \ Oy Oz \ B? Ox Oy ene  hyOy
(3.37)
with the divergent part of the electron heat fluxes:
(I 2
~ 3 Ja 10T, 5/ 1 1 B, 1 on.T,
ex — *Fe:cTe - 7Te — Rex7 7 5| 50 — -7 s 3.38
e 2 onTy " hy Ox (32 (BQ)> e hy Oy (3-38)
.(ST) 9
~ 3 5 Jy 10T, 5/ 1 1 B, 1 0n.1;
e:*FeTe_*iTe_ ey7 o Al 59 T T .
oy = 57 ev 2 e " Yhy 0y 2 <32 <BQ>> e hy Ox (3:39)
where the corresponding particle fluxes are:
ns—1 ] ns—1
PEZ‘ = Z Za]._‘g;}e) — 7, Pey = Z Zar((l};e) (340)
a=0 a=0
5 5 1 on
rte) — (p v, +VIE L ZyA@N )y D, — =2 3.41
ar < aH+ ax +3 a n 3 “hy Ox ( )
) 5 1 On
plhe) — () L Zy AN )y 2D, ——2 3.42
ay < ay + 3 a n 3 ) hy 8y ( )
where the currents gi”), ]y are defined in subsection 3.3.6.
The electron transport coefficients are
Kew = KN £ 2500 g = AN 4 (5T (3.43)
RN = XAV, (3.44)
sty [1.6a5DeGNIT, [e2 4 e [—A(ST),O] ;o) ~ 2
Re — { 0’ y ¢ [—A(ST), 0] (345)
3.9423/z
K{OH) = 7fke (Zepf) neTe, [ro (Zefs) = /2t (3.46)

0.31+1.2/zc57 +0.41/22;,
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co71 — (347)
(Zeff T ?)
The electron heat sources are:
Qe =—-Qa —Qr (3.48)
nsz—l szp
?na NgTle
Qa = CegpinAe? 2= (T, —T}), Cegp=48-10715, (3.49)
T2
ns—1
QFei = ‘/e|| Z (S?}”,ea + S%nherm,ea) (350)
5

The rest part of the r.h.s.: the B2.5 ionisation, recombination, bremsstrahlung and
line radiation Qr and the EIRENE heat source QFTRENE " The electron parallel flow
velocity V| is found from the Ohm’s law in subsection 3.3.6.

3.3.5 lon heat equation

For the ion species, the following total ion heat equation (summed over all ion species)
is solved:

BOmTy | 10 (v \ 10 (Vi N~nTid (Vg
i () i () 2 () -

1
QA—FQFab_‘_T‘iBZ h$hy jax ey %873/ < >> Z na+szs+Q[ +QR QE[RENE
z[ﬁéO
(3.51)
with the divergent part of the ion heat fluxes:
N 3 3 ja(:AN) n jg(cm) n fx(visH) n ](vzsj_) " ]x(vzsq)
Qiz = §szTz + 5 o Ti—

] ns—1 2
10T, 52(1 1 >Bz18nﬂ; (3.52)

iy 0r 2 2 \ B2 (BY) saehy Oy

Za 750
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- 5 5 (]g(/AN) +:7V$(,MSH) + jl(JvisJ_) _,_j]fz(lvisq) +]3(/Zn)>
Qiy = §Fzyﬂ + 5 o T;—
10T, 5" /1 1\ 1 On,T2
iy —— + = — — — 3.53
oy T2 az_% B ) oe 8%
za;éO
where the corresponding particle fluxes are:
ns—1 ns—1
Tiw=» THI Ty=> TH (3.54)
a=0 a=0
The ion transport coefficients are:
Kig = /ing) + Hl(fL), Kiy = HEjN) (3.55)
A ns—1 AN ns—1
N
™ =3 XA na, k5N = 37 XV, (3.56)
a=0 a=0
cr) ns—1 T
L 2 ) B
Kig =02 ) 3.98m—;na7(§ ", (3.57)
a=0
2a 70
The ion heat sources are:
ns—1
QFab = - Z VCLH (S]T”?“,a + S??herm,a) (358)
220
ns—1 2 2
IVa| (AN) Va|
= 3.59
Qo= <nax (ak) -+ (o) (3.59)
2art0

The rest part of the r.h.s.: the B2.5 ionisation, recombination (Qr and Qgi), Q%) the
EIRENE heat source QZE] RENE

3.3.6 Charge conservation equation

10 (V3 > 19 <\/§. >
— () +—= (¥, ) =0 3.60
jo = jAN) 4 jldia) 4 jlin) 4 Glvisl) y jluisl) 4 gvise) 4 5 4 50D (3.61)
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gy = 3§

The Ohm’s law is:

~(dia)

(1) 1 8neTe 1 8@ 1 8Te
Jz= =9 ench B Or

or hy Ox Qe ha

+Jy +jz(/zn) +;ngzs||) _|_]?(JvzsL) +}(msq) +}(s) +](ST)

Y Y Y

bnsl

ox Zeff ‘=

ns—1 ];”)
Vel = Z ZaehaVal = 5

Divergent parts of the diamagnetic current

ns—1 ns—1
Z Ng (ZaTe + T‘z) Z Ng (ZaTe + T:L)
=0 =0
Stdio) _ . 20 o (1 Slio) _ _p 20?0
z Iy oy \B2) T >

Inertial currents are:

S are:

ns—1 ns—1
B = DA = D g
za;éO za;zéO
B, 1 B,
(in) _ ) "2 h, <B2> manaVal 2 £0 iy )= g0
Jaz’ = ’ jay -
0,2,=0
Viscosity currents are:
ns—1 ns—1
'jg(cviSH) - Z }(%SH), 'jz(JviSH) - Z }(SZZ'SH)
a=0 a=0
2a7#0 2a7#0
Sis]) _ g B.VB 0 (1 @
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(AN)
1 0 <\/§na W“L),za;éo

]L(l;sz_) 0, ELSZiSL) — —B\/‘a@ 4 hy8y (372)
0, 2,=0
1 0® 1 ongT;
Var = " Bhy 9y zeeBhyn, Oy (3.73)
ns—1 ns—1
msq Z Gl msq vlsq Z ] (visq) (3.74)
za;ﬁ() Zn.?éo
0) 51
o (19(d"B?)
T(visq) _ -5 20.24 (BT)b _ — 7 3.75
jax Amain,@ T B% hyay B2 hzax ( )
0) 1
B, o (1)9(a"B?)
Glisq) _ 5 oy (BT)b -z S [ S 3.76
Jay @main,a"+4*Ta “ B3 h0z \ B2 hyOx (3.76)
Anomalous currents are:
ns—1 ns—1
AN _ Z A Z JAm) (3.77)
ZQ#O Za?éo
Z n 0P Z n 0P
-(AN) _ _ a’®a (AN) (AN) _ — a (AN)
Jaz T (o hxaxa jay Ne h ay (378)
Ton-neutral currents are:
ns—1 ns—1
- 0P 1 on,T;
“(s) _ o VP pr—— et B.V,
Jz azo Z;) < Taa * hyOx Taao ? 2q€ng hyOx  Caag Bz Vaoy
Zag=0 Ez Zn,ag=12a=1 & zp,a=1
(3.79)
ns—1 ns—1
(s) — (_ 0e 1 onldi B.V )
7 = Oaa Oqa OaagDzVagzx
Y QOZO Zo ° hy Oy ? zaeng hydy 0 0
2a9g=0 & zn,ap=1 za=1 & zn,a=1
(3.80)
- .aaaompna<BV2aaOO'ex>na07 Zao = 0 & Zn,ao — ]-aZa 7£ 0 & Zng = 1 (381)
0 0, otherwise
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T; 1
v, =3.2-107" . 3.82
(VaagOez) 0.026€ \/ Jigay (3.82)

Mg Mag T
flaay = g Ty Vaoy = — (3.83)
my Ty o
The stochastic current with a constant prefactor c_(sr) is:
ST) (1 8% _ T 1 9ne _ 0.5 1 IT. ST
i = {_U( )(’1787 Tenchy 0y e hy 0y ) v [-A%D,0] (3.84)
07 Yy ¢ [_A(ST)70}
5T _ C (sT)ENe, Y € [_A(ST),O] y  Cy(sT) > CJéAN) (3.85)
07 Yy ¢ [_A(ST)7O]

3.3.7 Focus of the thesis for the model improvement

Previously, the SOLPS-ITER code was only applicable to the mixture with a single
hydrogen main ion species and several heavy impurity species. The parallel strain stress-
viscosity (in the complete form) (3.9), (3.14) and the heat stress-viscosity (3.19) were
written only for the single hydrogen species, based on the single species model [88, 83]
(and references therein). The corresponding terms for impurities were neglected. This
was also true for the corresponding viscosity drift currents (3.69), (3.70), (3.75), (3.76).

The TF (3.25) and the FR (3.26) were written, based on the ZY expressions (subsection
2.4.4), which are applicable only for the heavy impurity mimp > Mmaein (this condition
is not well satisfied even for medium-mass impurities: C, N, Ne [84]) and for only single
main species.

The parallel ion heat conductivity (3.57) was not derived consistently. It was written
with the Braginskii transport coefficient and with the multi-ion extension of the Bragin-
skii collsional frequency (3.17), which is correct for the main ion species, but incorrect for
the impurity species. For example, the collisional frequency must include the reduced
mass, which turns into the mass of the light species when the heavy species mass is
much larger the light species mass. Instead, the heavy impurity mass contributes into
the heavy impurity collsional frequency (3.17). It is especially sensitive when the heavy
impurity viscosity is calculated (3.16). For the viscosity, the single ion Braginskii coeffi-
cient was chosen for all species. In spite of incorrect treatement of the impurity viscosity,
the total plasma viscosity was not significantly different from the one which is calculated
using Zhdanov closure [84]. The same is also correct for the total ion conductivity [84].
It is a consequence of the minor contributions from impurity species to the total plasma
momentum and heat transport. Also, the main ion heat and viscosity coefficients are
not significantly different from the the Braginskii ones [84].

There is an effect, which was completely absent previously in the SOLPS-ITER. code:
the ion heat flux, which appears due to the modification of the light species distribution
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function as a result of the flow velocity difference between ions. This heat flux is well-
known for electrons [17] and was included into the SOLPS-ITER code (3.38). This flux
naturally appears due to the flow velocity difference in the Zhdanov closure.

We note that previously there was an explicit separation between the main species
and impurity species. In fact, the conditions (3.9), (3.14), (3.69), (3.70), (3.75), (3.76),
(3.25) and (3.26) imply that different sets of equations were solved for the main and
impurity ion species. This can be avoided if the Zhdanov closure is used.

Now, it should be clear to the reader that the previous version of SOLPS-ITER code
was very restrictive in the way of plasma mixture choice, i.e. only hydrogen plasma with
heavy impurity could be simulated. In this thesis the Zhdanov closure was implemented
into the SOLPS-ITER code. The complete multi-ion generalization of the SOLPS-ITER
code is performed. More accurate treatment of the TF, of the FR, as well as of the heat
flux and of the heat and strain viscosity tensor, are applied for the multi-ion plasma. An
additional ion velocity difference dependent heat flux is implemented. Now the fusion
reactor mixtures can be simulated with the SOLPS-ITER code: D + T in comparable
amouts with He and radiative impurities. Besides, He plasmas with impurities can be
modeled, which are widely used in the present days experiments [137] and will be used
in the ITER machine [51].

3.4 GRILLIX 3D turbulent code

3.4.1 General information

The GRILLIX code is a global 3D fluid code for the edge and SOL plasma tokamak
simulations [89]. A single ion species and electron species are considered in the model.
The drift-reduced Braginskii equations [138, 139], such as the continuity equations for
electron species, the total parallel momentum equation, the electron and ion heat equa-
tions, the vorticity (electrical charge conservation) equation, Faraday’s and Ohm’s laws
are solved in the GRILLIX code. In contrast to the transport codes (for example, the
SOLPS-ITER code, which is disscused in section 3.3), anomalous transport coefficients
and velocities are not used. The turbulent transport is simulated self-consistently with
the help of the polarisation drift [69]. The neutrals are implemented as a simple fluid
model [140].

In this section we briefly describe the GRILLIX plasma equations. Similarly to the
SOLPS-ITER (section 3.3), the collisonless corrections are not described, because the
thesis is focused on the improvement of the collional transport coefficients. The code
solves the fluid equations using the flux-coordinate independent (FCI) approach [21].
The GRILLIX code was one of the first codes that successfully implemented the FCI
method for turbulence simulation. In the FCI approach the parallel derivatives at every
point in a poloidal plane k (figure 3.2) are computed via finite differences by tracing along
B to the corresponding points in the k+1 and k-1 poloidal planes. The perpendicular
derivatives are solved within each poloidal plane on the Cartesian grid (figure 3.2). It
allows the message passing interface (MPI) parallelisation for the parallel operations, i.e.
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3 Transport and turbulent edge and scrape-off layer codes

Figure 3.2: The GRILLIX computational mesh using FCI approach in tokamak geometry.
Adapted from [21].

the perpendicular derivatives at each poloidal plane are solved on the separated MPI
rank.

The equations are written using Centimetre—gram—second system of units (CGS).
In the code the normalised unit less equations are implemented. We do not discuss
normalisation in this thesis. In contrast to the rest part of the thesis, in the section 5.2
the CGS is used to be consistent with GRILLIX equations.

3.4.2 Electron continuity equation

The electron continuity equation is:

%n-l—V-n(vE—Fviva”b) =0, (3.86)
where the electron density n and the electron parallel flow velocity v are defined in
the GRILLIX code. Besides, the ' x B drift vg = ¢/B?B x V¢ and the diamagnetic
drift v = Fc/(enB?)B x Vp,; for the electrons (e, —) and ions (i,+), respectively.
Here ¢ is the electrostatic potential. The electron and ion pressures are correspondingly
pe = nT, and p; = nT;. Aslo, b =B/B.
The (3.86) can be written as:
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%n +vE - Vn+ V- (nub) =nC(¢p) — gC(Te) - %C(n) + EV - (4yb) - (3.87)

where the ion parallel flow velocity u related to the v through the parallel current
Jj/(en) = u — v). The curvature operator is defined as:

C(f)_—v-(B‘;vaf)_—<v CBP;> 23 (3.88)

3.4.3 Vorticity equation (charge conservation equation)
The charge conservation equation V - j =0 is:
V- (enuyy — envs + envl + jyb) = 0, (3.89)

where the polarisation ion current enu,, is a result of the 1-order inertia and viscosity
drifts:

o 0 .
cmin (% + (Ve + Vi 4 upy 4 ub) ~Vu(i> xB  v.%, xB

enB? enB?

Uy = — (3.90)

Here 7, is a viscous-stress tensor according to Braginskii, and the uOl =vg+ Vvl are
0O-order drifts. The vorticity equation (3.89) is written as:

v. [mlc2 d; VﬂoZ

W (Tio V)| =€) - C) V- (D) - OGO, (91

where the C(f) are defined according to (3.88) and:

di 0 B xV

% 8t (VE + u”b) V, V.=-Bx 52 (3.92)
_ ) 2 3/2 Clg) Cp)
G=—n [33 V- (wB¥p) - =2 - TR (3.93)
where the Braginskii parallel viscosity coefficient is:
3VILT?

i = 0.96nT;7;, = = 3.94
[ g T ] i 4 /T e*n (3:94)

where m; is an ion mass, and A is the Coulomb logarithm.
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3.4.4 Parallel momentum equation

The total parallel momentum equation is:

d; m;ip; G
mzndtu” =V |(pe + pi) + . Cluy) — fB 3/2 VHB3/2 (3.95)
3.4.5 Ohm’s law
The electron parallel momentum equation is:
mede Jy 10 , 1 1
—— = ———A = Vi¢g — —Vpe — 0.71-V T, 3.96
C dien oo =ma Ve — ——Vpe Vi Te (3.96)
where m, is the electron mass, and the Braginskii parallel resistivity is defined as:
3/2
0.51m, 3v/meTe
_ 3.97
M= | ™ tomnetn’ (3.97)
For the electron inertia —jj/(en) ~ v|| is assumed, and :
de 0
dt 875 (VE + 1)||b) V. (3.98)
The induced vector potential A is found from the Faraday’s law.
3.4.6 Faraday’s law
Faraday’s law is:
4 |
Vidp=-—j (3.99)
3.4.7 Electron temperature equation
The electron temperature equation is:
de 2 [T, 5T, 2 2 T )
—Te=—-|—C —T.C -=C — =T,V - (yb) +-0.71—V - (j,b
TTe == 5 | 20~ TC(0) + 5 T | - STV (ub) + 30712V (i)
2
21 2m, 277
ffV-(eVTb)— (T, —T, , 3.100
+3n XH lI+e miTe( )+3 n ( )
where the parallel electron heat conductivity is defined as:
T
X;=3. 16” e (3.101)
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3.4.8 lon temperature equation

The ion temperature equation is:

d; 2 T; 5T; 2 2T .
%E -3 [enc(pe) —T;C(¢) — QeC(TZ)] - gTzV' (U||b) + ggv ) (]Hb)
21 i ' 2me ' 2 9
F3a Y (Vi) + (T - T 4 g, (3.102)

where the parallel ion heat conductivity is defined as:

i ;T

3.103
o (3103)

3.4.9 Focus of the thesis for the model improvement

In the GRILLIX code the drift-reduced form of the Braginskii equations [17] are solved
for the single ion species and electron species. In the thesis, the multi-ion equations
for GRILLIX code are derived. that unlike the SOLPS-ITER code (section 3.3), the
equations have polarization drift (3.90). The multi-ion forms of polarisation drift and
the corresponding current are discussed in detail. Also, there are the magnetic induction
and the electron inertia, which are included in the Ohm’s (3.96) and Faraday’s laws
(3.99) in the GRILLIX code, but are not included in the SOLPS-ITER code (section
3.3). Those are needed for the electromagnetic turbulence studies (the importance of
the electromagnetic phenomenon in the GRILLIX code is discussed in [138] and the
references therein). However, no significant changes with respect to the single ion case
should be performed for the magnetic induction and the electron inertia. The Zhdanov
closure (chapter 2) is used for the multi-ion fluid equations.

While the implementation of the multi-ion equations into the GRILLIX code were not
performed within this thesis, the multi-species infrastructure for the GRILLIX code was
prepared anticipating further development of the multi-ion GRILILLX model. Namely,
additionally to the MPI parallelisation over poloidal plane ranks, the MPI parallelisation
over different ions is done in the GRILLIX code, i.e. equations for each ion species in
each poloidal plane is solved on a separate MPI rank. Besides, the continuous integra-
tion/continuous delivery (CI/CD) infrastructure, which is based on the MMS tests [21],
is successfully tested for the simple density multi-ion equations.
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4 New steps in the Zhdanov closure

This chapter is dedicated to the advancements made in the Zhdanov closure. We explore
the relations between Zhdanov coefficients and Braginskii equations, which ensure the
moment and energy conservation in collisions. Additionally, we focus on the derivation
of heat stresses, which can be comparable to the strain stresses. Furthermore, we discuss
an improved analytical method, which allows for more accurate and reliable calculations
of kinetic coefficient. The content of this chapter was also published in [84].

4.1 Multi-species fluid equations

The Braginskii equations are widely employed in edge codes. Understanding the connec-
tion between Zhdanov coefficients and Braginskii equations is of paramount importance
as it ensures moment and energy conservation.

First we note that Braginskii equations [17], which are used in the SOLPS-ITER
code (section 3.3) and in the GRILLIX code (section 3.4) and in many other codes
(section 3.1), are different from the Zhdanov equations (2.62)-(2.69). Thus, we proceed
as following: 1) the equations for the first three moments of the distribution function
are derived similar to Braginskii [17] without closure method; 2) the relations between
variables, which are normally derived from Braginskii closure, and the Zhdanov variables,
which can be obtained from the equations (2.66), (2.67), (2.68) and (2.69), are obtained;
3) the system of equations (2.66), (2.67), (2.68) and (2.69) is solved.

The kinetic equation (2.1) for species type « and charge state Z, which can be applied
for both ions and electrons (for electrons Z = —1), for the Lorentz force as the external
force Foz = Ze(E + [v x B]) becomes:

Ofaz Ofaz  Ze(E+[vxB]) 0faz lasti inelasti
. . — eiLastic metastic 4'1
5 TV ot e G5y = Caz™ "+ Cag " (4.1)

where the collisional operator C,,z is split into the part C'S7°"¢, which corresponds to
the elastic collisions, and the part C’;"elasm which corresponds to the inelastic collisions.

Following Braginkii [17], the system of equations is derived for the first three moments
of the distribution function:

Naz = / / fazd®V, nazuazr = / / / Ok fazd>V, (4.2)

) def 2 Mg
75r) dfg;”Z / / / “‘“Z fazd3v. (4.3)
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One can note that the density and the flow velocity definitions (4.2) correspond to
(2.18) and (2.60). The resulting system of fluid equations is:

Oinaz +V - (uaZnaZ) = SZVLZ (44)

H '
MO (Uaznaz) + V- T Ty = =V (nazT 5 )+

Zenaz(B+ [uaz x B)) = V- TU) L RED L gm - (45)

3 r r 3 T
§3t(naZTC(E N4+ v @2+ 5uaznazzr@ N+

(

nazT, zr)v Uaz = ((H&Zr)v)uaz) + Q&BZT) + Sz (4.6)

In this equation system heat fluxes and stress-viscosities are defined according to
Braginskii:

r) def VvV — ua
égk) “m /// 2)° Uk — Uazk) fazd’V (4.7)

)
aZkl ) Em /// Uk — Uazk) (U1 — Uazl) — %(V — uaz)Q] fazd®v (4.8)

and integrals of the collisional term C’glgs'fic, due to Coulomb collisions, provide:

R((;VBZTIC d_ef /// v — uaZk Celastzcd?)v = My /// Celastzc (49)
aBZing d:ef /// v — uaZk Celastzcd?)v = My /// Ukcelastzcd?) (410)
(Br el / / / uaz Celgstic P, aBZ% & def / / / uaz 2%%0 B,

(4.11)

elastic elastic Br Br BT‘ (Br
C te = ZC ZBtC ? R((XZk? = ZR(()[Z/B)’Ck;) ( ZQOCZB)<7 (412)
B¢ B¢

where, k£ and [ are component indices. Terms S7,, Si'7, sz describe, respectively,
particle, momentum, and energy sources due to inelastic collisions C&"Zdas“c between
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4.1 Multi-species fluid equations

charged species (ionization, recombination, excitation) and all interactions with neutrals,
and they are considered as external parameters in this model. For instance, in SOLPS-
ITER these sources are calculated by the EIRENE code [136], when the B2.5-EIRENE
coupled mode is activated. In the fluid neutral mode in SOLPS-ITER and GRILLIX
the Maxwell distribution function based sources are used. The momentum flux due to
the flow velocity is:

L8761 = MalazklaziNaz (4.13)

As the second step of our approach the q((fg), ?&ZT),RQZZ', and Q&BZT) should be
related to the ones which can be obtained from the Zhdanov closure (section 2.4). Note,
the Zhdanov temperature, heat flux and stress-viscous tensor (2.60) are defined with

o3 ]S

v—u)? 5
hazk = ma /// (2)(% — ug) fazd®v — §waanaZTaZ7 (4.15)

respect to u:

TaZki = Ma /// [(vk —ug) (v —wy) — (sgl(v — u)Q] fazdv, (4.16)

whereas the Braginskii temperature, heat flux and stress-viscous tensor are defined
with respect to u,z (4.3), (4.7) and (4.8). Thus, the result of the closure, which is
performed via solution of the equations, that is expressed in the heat flux, viscosity,
friction term (r.h.s. of the mometntum equation (2.73)), and heat exchange term, can
be applied for the Braginskii system of equations (4.4)-(4.6) using corrections due to
difference in definitions:

1
T,z =T 4 MaWaz, (4.17)
(Br) _ h 2 _
Aoz = NaZk + NaZWazkMaWa 7z — WaZsTaZsks (418)
(Br) _ 5kl 2
Tazkl = TaZkl ~ MaNazWazkWazl + MalaZ 5 Waz- (4.19)
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The introduced corrections (4.17)-(4.19) are usually the same order as second order
collisional terms, which are neglected in the Zhdanov method. Thus, for most applica-
tions they can be omitted. A similar correction should be applied to the heat exchange
term:

Q&Zﬂg = Qazsc — Waz - Razpe, fo}” = Quaz — Waz - Raz, (4.20)

where after the Zhdanov closure application (2.72):

Hap Naz
QaZ = Z QaZﬁCa QaZB{ = -3 (ma —T—mg) (gh) (Taz — T,B()~ (4.21)
aZB¢

One can recognize a heat source due to friction between different species in the second
term of (4.20). This term for electrons represents a Joule heating.

The friction term R( ") defined according to (4.9) does not need correction provided
that Coulomb colhslons do not lead to particle sources and sinks and three possible
definitions are equivalent:

R&BZT) = Mg ///(V — uaZ>C§l§«3tiCd3V =mg /// chglgsticd?,v

Ma ///(V —u)Cstieddy = Ry, R(()BZT) =R,z (4.22)

Therefore the friction term Rz, which is found using the Zhdanov method (2.73),
may be directly substituted into the system (4.4) - (4.6).

It is worth notice that important properties of the R,z and Q( oz are preserved after
Zhdanov closure application. We start with Rqzg¢ (2.73):

HapNaz
Razsc = =zn (Waz = W)

aZ,B(

L 3 Hag Paplaz (haz _ hﬁc) 3 <Maﬁ>2 Haplaz (raz _ rﬁf) (4.23)

5 Ty Tfig%)ﬁ PaZ PB¢ 14 Tow To(gé)c Paz PB¢

From (2.78) one can obtain following symmetry nqyz/T, ZB)C = ng¢ /TBC 7. Thus, for
any waz, hoz, raz, wge, hge and rge, the Newton’s third law in pairs for any two fluids
aZ and (B¢ is satisfied:

Razse = —Rpacaz. (4.24)
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Also, for any T,z and Tpg¢, taking into account (4.21) and naz/ ZBC = ”BC/Tﬁgaz
(2.78), one can find:

Qazpc = —Qpcaz- (4.25)

Consequently, the total momentum conservation in collisions is also satisfied:

1
Z R.z = Z Z Razpe = Z Z Razpe + 3 Z Z Razpe =

aZ B¢ aZ B¢ aZ B¢
1
5 Z > Razsc + 3 Z > Razpc = > > > (Razac +Rpcaz) =0. (4.26)
aZ B¢ B¢ aZ aZ B¢

A similar derivation can be performed for the heat exchange. Using (4.20), (4.21),
(4.24) and (4.25) one can obtain:

B B
Q&Z’ZC + QE;C;)Z = Qazpc — Waz Razpe + Qpcaz — Wae - Rpcaz =
—Uaz - Razge —uge - Rgeaz —u- (Razge + Racaz) = —(Uaz —uge) - Razpe  (4.27)

So the energy conservation in collisions is:

ZZ: Quz’ =22 Qurpc = Z > (@73 + Qlinr) =

aZ B¢ aZ B¢
_% DD Uz Razpc+ 33 usc Racaz | =
aZ B¢ aZ B¢
(S Rut DT e R | -
aZ B¢ B¢ aZ
~> > Uz Razsc=—) uaz-Raz. (428)
aZ B¢ o

Details about the conservative property of collisions can be found, for instance, in [17].

4.2 Heat stresses

As demonstrated in subsection 2.4.3, the heat stresses are found to be significant and

comparable to the strain stresses. Thus, the heat stresses cannot be neglected.
Originally, in the 8th chapter of Zhdanov’s monograph [18], the heat stresses are as-

sumed small and not considered. Nevertheless, in the 4th chapter, the potential inclusion
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of these heat stresses is discussed. To take into account heat stresses using Zhdanov ap-
proach one has to modify (2.68) and (2.69). As we discussed in subsection 2.4.3, the
terms, which are responsible for the heat stresses, were neglected for (2.68) and (2.69).
To include the heat stresses one have to take a one step back and consider the general
moment equation (A1.8) from [18] for m = 2:

dnazb A 2 0 [542n 1,n+1
— TS 4 Na b 5 azb 2T 0
et g 2 bl 8Y, + (a8,
ou,
+ 2paz ) Ono — WaZ{naZbaereslm m} Raer’ (4-29)
Ts
where:
2 1n
{nazb J}t_nazbaZT5t5+naZbaZs5 gnazba’Zt(Srs. (4.30)
Thus:

Oxs 2 oz, 3 0xy N

O(nazbyp,)
2{8%} (4.31)

i{naZb 6}15 -9 (1 8(nOéZbaZr) + = 1 8(nOéZbaZs) _ 1 a(nazbaZt)5r8> —

Neglecting M and {nazb 6}td;r 57 (using estimations Waz|| ~ )\/L” Vo) Ta AT gy J g,
and haZ” ~ naZ/\/LH /Taw/maATy,) for n =0 and n = 1 one correspondingly can get:

2 [0(nazbyg,) | , 4 [ d(nazbay,) Ou,
aZr ) N M adr/ 2 o N N b Sm . ’
’YOéZ{ Oz +5 0z T2Paz Oz —w Z{n Z aerel } RQZTS
(4.32)

T 4[0(nazbly)\ | 4f0(nazbyz,) - g
5 e N A (T a (e b, s mbm - 5 . 4.
2Yaz 5{ 0z + 5 Oz, Waz{Nazb 7, estmbm} = Rz, . (4.33)

Taking into account (2.58), one can write:

2 8(pocZwaZ7”) 4 ( Ohozyr ou,
) =4 2 B . B ’
Yaz { Oz * ) 0xs T 2Paz 0xs waz{ﬂ—aereslm } Rochs
(4.34)
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74 ahoch 4 87no¢Z7‘
5 " T Yo aZlr€simbm R s 4.35
2Yaz 5{ Ox } * 5{ 0z } “ Z{U ZlrCsl } ochs ( )

The additional vector moment contribution is usually ~ 4 times smaller than the heat
flux contribution. Thus, the 2 { Orazr } term can be neglected in the additional tensorial
moment equation (4.35). Note that (4.34) and (4.35) turns into the standard Zhdanov

(2.68) and (2.69), if {a(po‘zw"‘”)} and {%} terms are neglected. This terms are
kept in this thesis. Using estimation wqz| ~ A/Lj\/Ma/TayATaw/ma we only neglect
WaZr a(p;Z) and (4.34) becomes:

8wo¢Z7‘ 4 8hozZr 8ur
2 5 2 m} = . (4.
: “Z{ Oz }+ 5{ O, }+ g "‘Z{axs} waz{Tazireoimbm} = iy (4.36)

Finally, the rank-2 tensorial equations are:

qu;az +paZW;LsaZ - wozZ{ﬂ'aereslm m} Raer’ (437)
7 h
Wrsaz - waZ{Uaereslm m} Raer’ (4.38)
27aZ
where:

8uaZT 8uazs 1
Wuaz =92 ( ) — *51"3 ‘Uaz |, 4.39

411 ahaZr 8hozZs 1
Whez = = 7( ) — 25,V -hay|. 4.40
s 5 [ 0z, oz, 3 v Z} ( )

It should be mentioned that unz, ~ u, (Wazr < u,) is assumed in (4.37) in the
corresponding Eq (26) in [84]. We keep u,z, further in the transport coefficients.

The terms W/eZ represents the Zhdanov heat stresses. The heat term appears in
both (4.37) and (4.38), whereas the strain term appers only in (4.37). This leads to the
different transport coefficients for the heat flux and the flow velocity dependent viscous-
stress tensors. It is important to note that similar heat stresses can be obtained from
the general moment equation for rank-2 tensorial moments (C8) from [99].
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4 New steps in the Zhdanov closure

4.3 Parallel transport coefficients

The classical transport across B can be studied according to paragraph 8.3 in [18]. We
focus on the transport along B (parallel transport) in this section. The parallel transport
coefficients are found, as a solution of system (2.66), (2.67), (4.37) and (4.38).

4.3.1 Heat flux
4.3.1.1 System of rank-1 equations

The rank-1 equations (2.66) and (2.67) can be solved independently of the rank-2 (4.37)
and (4.38), because the rank-2 moments do not contribute into the r.h.s. of the equations
for the rank-1 moments, due to the orthogonality of the tensorial Hermite polynomials
(subsection 2.4.2).

In the plasmas without magnetic field B = 0, the terms —pyazwazhaz X b and
—PazWazTaz X b are equal to zero. Also, the components along B (parallel compo-
nents) of these terms are equal to zero. Thus, the equations (2.66) and (2.67) without
the —pazwazhaz X b and —pazwazraz X b terms are solved for the plasmas without
magnetic field B = 0. The results are evidently applicable also for parallel components
in case B # 0.

5 paz Tow 5 taf ~(2) ) haz 6) hpc
el Gy =2 [f—G Waz — wae) + GO o2 | g©)  26¢
5> m, " 107 o 22 m, ozpc(Waz — Wac) + oZBC + L™

Hap (~(9) TaZ | ~(10) Ta¢ } 4.41
T ( 4B poz * 4B pge (4.41)

Tav\” < [35 (uaﬁ ) 8 Has < © haz a0 hﬁ()
0= E — G Waoz — Wge) + 7 G, + G,
( > = [ aZﬂg( Z BC) M ZB¢ Pz ZB¢ Dac

Ma gl Tz | G2 Tk (g

+Tav aZﬁC@ Toy aZﬁCpBC

4.3.1.2 Averaged over charge states heat flux

An important step in the derivation is a summing over the charge stats of each species
type, which is proposed by Zhdanov [18]. The corresponding moments for the each
charge states in this case can be found analytically using the relation with the moments,
which are averaged over charge states. This approach is the main reason of the lengthy
aZ notation, which is chosen in the thesis. Despite, this provides the following significant
simplifications. First, the matrix for the EMIM is significantly reduced, i.e. the amount
of the equations is now proportional to the %" instead of total number of different
fluid species in the mixture (different charge states, are treated as a separate fluid) (ns).
Second, this allows to separate equations by neglecting small terms of the order of the
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4.3 Parallel transport coefficients

mass ratio between the light and the heavy species, which is exploited in subsection
4.4.1. Otherwise, this could not be done, because different charge states of the same
species type has the same mass. Consequently, their equations could not be separated
in the IAM. After summing over Z, contracting the summation over ( and moving
h-/r-dependent collisional terms to the 1.h.s. and the rest to the r.h.s., one can have:

—G)ha | =) hg (:“aﬂ —0)Ta | Hap <1o>rﬁ>
G e L GOT8 | Ta GO Ta | HaBmUOTE N |
; [ Bpa Bp Tow \ Maq Bp My 8 pp }

Hap~9) ha | Hag (10)hﬁ =) Ta | Mg<(12)Tg
S [r (teromhe s tasgipBe)  megute Mg
Me pa Me pﬁ Tow Pa Tow Pp
35 (e \2=@)
Z2<6> G (Vo — W) (4.44)
me
B
where
a™ 1M [, = Zlez g G 4.45
aZB¢E Iz BCTapy taZ = 5 , af —ZZ aZBC) (- )
Zing 7 <
e € oatao ha — e o Oé o
Wa :ZIaZWaZa dfzw7 o = Z 2 Z: (446)
7 7 Paz 7 Paz

—~— def _
naVTa = ZnaZVTaZa Zgna = ZZ2TLO¢Z7 Ng = ZnaZa pa - ZpaZ 4 47
Z Z Z

The (4.43) and (4.44) is a system of linear algebraic equations 2a™%* x 2% which
can be written in the form:

> bapXp =ba (4.48)
B=1..2qmaw
where:
hgs
e
S (149
By b=« + 1.2«
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4 New steps in the Zhdanov closure

The coefficients and the r.h.s. of the system of linear algebraic equations (4.48) and
its solution are described in appendix C.1. As a result, the heat flux, which is averaged
over charge states according (4.46), is obtained in the form of:

Z/ﬁ( T)VTg —|—paZCﬁa Wﬁ), (4.50)
B

A A
where coeflicients ngg) and cg;“’) depends on the coefficients of the inverse matrix

according to appendix C.1.

4.3.1.3 Charge states corrections for the heat flux

We follow the procedure from section 8.4 in [18] taking account typo corrections in [91].
The detailed derivation is performed in appendix C.2. As a result the heat flux for each
charge state can be expressed in the form of:

h,z =hl, +hY,, (4.51)
naz e ) (2 _
hgz = _H KExﬁ )VT T lit(x T) (ZQVTOCZ = VTa> s (4.52)
B
hY, =paz Y C(ghaw) (Waz —Wpg), (4.53)
B

where coefficients n& 7) and c(};’“) can be found in appendix C.2. Note, (4.51) repre-

sents another form of Eq. (8.4.6) from [18].
4.3.2 Additional vector moment
4.3.2.1 Averaged over charge states additional vector moment

Solving the system of linear algebraic equations (4.48) (details in appendix D.1) we get:

__Tw ZH(TT)VTﬁJr Pa= Loy Zc( ") (W — W), (4.54)

A A
where coefficients f@gg ) and c(ﬂrgj) depends on the coefficients of the inverse matrix

according to appendix D.1.
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4.3 Parallel transport coefficients

4.3.2.2 Charge states corrections for the additional vector moment

Similar to the heat flux, the charge states corrections are derived in appendix D.2. Thus,
one can obtain:

Ng Mg Ngo Mg

T PAY T.. By [ Z2 _
Toz = _Naz Lav Z “LE)VTB _ NaZz Zav HEXT) (Z(;VTQZ - VTa> +
B

T (rw) -
Paz TI’(;: ZB: Cﬁra (WOcZ - Wﬁ)v (455>

(r7) (rw)

where coefficients ko7’ and s ../ can be found in appendix D.2.

4.3.3 Thermal and Friction forces
4.3.3.1 Useful relations for the friction term

The friction term (r.h.s. of the mometntum equation (2.73)) can be summed over the
charge states:

)\, Hap~@ [ ha  hg
Gop(Wa —Wg) + T Gop (mana mgng)

2 _ _
HaB ) ~(8) Lo rs
_— . (4.
+ (T(w> Gap <mana mgng)] (4.56)

The relation between the friction term for each charge states and the friction term,
which is summed over charges states, can be obtained using (2.73) and (4.56):

Roz =1,zRa+ 1oz Z églﬁ)(WaZ - Wa)

B
_ 9 B
HaB-=(2) h,z h, > (,uaﬁ > Ma —(8) (raZ ry )
4 Has gl (— G (HeB) Meg®) (Taz  Ta) |y 5y
Me p Paz Pa me Tow A Paz Pa ( )

where the charge states corrections from appendices C.2 and D.2 can be used.

4.3.3.2 Summed over charge states thermal force

One can take the terms (4.56), which are proportional to the temperature gradients, to
obtain the TF. The TF, which is summed over charge states, is:
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4 New steps in the Zhdanov closure

Rl =)

T T 2 — =T
:u’aﬁ G(2) ha _ hﬁ /'La,B 6(8) rg: _ r,B 4.58
Tow 8 T T aB (4.58)
3 av maNe mpgng av MaNa mgng

Using the heat flux and the additional vector moments from the sub-subsections 4.3.1.2
and 4.3.2.1 one can obtain the TF in the form of:

Z ngc 19T, (4.59)

A
where the detailed procedure and the transport coefficient 6SZT) are described in the

appendix E.1.
4.3.3.3 Charge states corrections for the thermal force

Using relation (4.57) one can derive the TF for the each of the charge states (details in
appendix E.2):

(R&) o RB) [ 22 =
R, = Loz Y ngioed VT — nalazes ™ (Z;YVTQZ - VTa> , (4.60)
5

RE)

where the coefficient cc(x can be found in appendix E.2. Note, (4.60) represents
another form of the second and the third terms in Eq. (8.4.5) from [18].
4.3.3.4 Summed over charge states friction force

One can take the terms (4.56), which are proportional to the flow velocities, to obtain
the FR. The FR, which is summed over charge states, is:

_ N n” hy
R

MaNa  MgNg

pap\’ 5 (THT§
+(22) e (e - ° (4.61)
Tow MaNa  MgNg
Using the heat flux and the additional vector moments from the subsubsections 4.3.1.2
and 4.3.2.1 one can obtain the FR in the form of:

w Ha —
RY = —n, (Zi) C(Ba )(wa - Wp3) (4.62)

B Tap
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4.3 Parallel transport coefficients

A
where the detailed procedure and the transport coefficient cgi”) are described in the

appendix F.1.
4.3.3.5 Charge states corrections for the friction force

Using relation (4.57) one can derive the FR for the each of the charge states (details in
appendix F.2):

w Ha Ry —
v = —nolaz Z (Zi) C(ﬁa )(waz - W3), (4.63)
B Tap

where the coefficient CUZ“’) can be found in appendix F.2. Note, (4.63) represents
another form of the first term in Eq. (8.4.5) from [18].

4.3.4 Viscous-stress tensor
4.3.4.1 System of rank-2 equations

The rank-2 equations (4.37) and (4.38) can be solved independently of the rank-1 (2.66)
and (2.67), because the rank-1 moments do not contribute into the r.h.s. of the equations
for the rank-2 moments, due to the orthogonality of the tensorial Hermite polynomials
(subsection 2.4.2).

In the plasmas without magnetic field B = 0, the terms —waz{mazir€simbm} and
—waz{0aziresimbm} are equal to zero. Also, the components along B (parallel compo-
nents) of these terms are equal to zero. Thus, the equations (2.66) and (2.67) without the
—waz{Taziresimbm} and —waz{0aziresimbm} terms are solved for the plasmas without
magnetic field B = 0. The results are evidently applicable also for parallel components
in case B # 0.

T(M}
Ma +mg

3) (4)
GQZBCWaer n Gaz/ggﬂ'ﬂgrs

pO(ZW';*J:gaZ _I_ Wf:saZ — Z
B¢

Paz bs¢

_l’_

(13) (14)
Hap GaZﬁgUaer n Gazpag‘fﬁcrs (4.64)
Tav Paz pﬁC 7 .

G(13) G(14)
T Taw hog Tow 7 azpcTaZrs azpcTB¢rs
5 W2 = Z ———— | 5 Tavktap 2 + 2
2 mg, Mo +mg | 2 megPaz mepgae
B¢ s

(15) (16)
GaZﬁgaaer " GaZB(UBCTS
Paz ba¢

] . (4.65)
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4 New steps in the Zhdanov closure

4.3.4.2 Summed over charge states viscous-stress tensor

The equations (4.64) and (4.65) are summed over Z. Contracting the summation over
¢, one can get:

—(3)_ —(4)_ 13 —(14)_
Tav G((Xﬁ)ﬂ'ars I G((Xﬁ)ﬂ'ﬂrs T M G((XB)UOH“S n G((xﬂ)o-ﬂTS _
Mq + Mg Pa Ps Tow Pa bg
Whe + p Wik, (4.66)
—(13)_ 14)__ 5)_ —(16)_
T ZT 1 Ggﬁ)ﬂ'ars Géﬁ)ﬂﬁrs n G&ﬁ)aars I G((lﬁ)aﬁrs _
5 Matmg |27 B\ mZpa mips Pa g
TTow . 7
— W te 4.67
2 ma s ) ( )
where:
i def . T, def 4 85* oh, 1 —x
Wi ZnaZWTuS WSS { ( 6965 axa:) — 30 Voha] o (468)
. I I
B At ZhaZa Tare = Z PataZlaZrs & —_ Z PalazOaZrs (4.69)
I > Paz P Paz

Note, the form (4.68) is more accurate than the form (A.10) from [84], where ha =
Y7 Z%h ’haz /22 72 was used. For the practical applications difference between h,, and h
the heat stress tensor can be omitted. One can assume W}'e# ~ W,,, which is equlvalent
to uyz ~ u and to neglecting the {aw@z’"} in (4.36). Thus, the Eq. (26) and (27) from
[84] is the partial case of the system (4. 66) and (4.67).

The (4.66) and (4.67) is a system of linear algebraic equations 2a™%* x 2% which
can be written in the form:

> lapYs=da (4.70)
B=1..2amaz
where:
Tors B =1.qma®
Ys=1{ 2 (4.71)
T B = QM 41,200
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4.3 Parallel transport coefficients

The coefficients and the r.h.s. of the system of linear algebraic equations (4.70) and
its solution are described in appendix G.1. As a result, the viscous-stress tensor, which
is averaged over charge states according (4.69), is obtained in the form of:

_ (7)Y (Zh)  1rus (7)) _(Zh) ik
Tars = — ZC&%)Téﬁ )pﬂWﬁf — chrﬁh)T(iﬁ ) e (4.72)
B B
7.(.A
where the transport coefficients Vgﬁ?) and égﬁh) are described in the appendix G.1.

Note, the first term in (4.72) represents strain stresses, whereas the second term in
(4.72) represents heat stresses.

4.3.4.3 Charge states corrections for the viscous-stress tensor

Similar to the rank-1 moments, the charge states corrections can be found for rank-2
moments. Finally, the viscous-stress tensor for each of the charge states is:

h
TaZrs = 7rZZTS t Tazrs (473)

. Zh) N 72 —
WZZ’I’S = pOéZ ZC((:ZTIB C(YIB nZ Wr — 2pOth( ) O(éih) (ZOSW;QQZ _ 7’%@4) ,

(4.74)

o ) ( B) (o 22 1 he L i
aer* pocZZC ZTQW —2]3 TC(YQ)(ZQPQZW Z_ZZWTS ,

(4.75)
. (xB) (7B) . .

where coefficients ¢, “’ and ¢, "’ can be found in appendix G.2.

Thus, using the EMIM, the systems (4.48) and (4.70) can be solved. Consequently,
the transport coefficients are obtained. As a result, the system of the fluid Braginskii
equations (4.4)-(4.6) is closed and can be solved using numerical methods.

However, this method can be improved further, by analysing the coefficients of matri-
ces of the systems (4.48) and (4.70). The cross elements are found small, when m, < mg.
Neglecting, the small cross elements, the (4.48) and (4.70) can be solved analytically,
when the mixture consists of light and heavy species. As a result, the solution can be
expressed in terms of explicit mathematical functions. The analytical derivation of the
transport coefficients is performed in section 4.4.
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4 New steps in the Zhdanov closure

4.4 Improved analytical expressions

The original Zhdanov-Yushmanov analytical expressions are applicable for mixtures of
species with significantly different masses. However, by taking into account the mass de-
pendence, the results become more accurate, and the range of available plasma mixtures
that can be effectively modeled with these expressions becomes much wider.

4.4.1 Matrix coefficients analysis

Let us consider the mixture with one light and several heavy species. We relate index
1 to the light species, whereas indices 2..a™*" correspond to heavy species (m; < m; :
j = 2..a™%). This is only for the convenience of further discussion. In fact, in contrast
to the ZY expressions (subsection 2.4.4), the IAM does not require explicit declaration,
which species are assumed as the light species. The light species can have any index in
the mixture.

One can analyze the coefficients for the matrices A (C.5)-(C.8) and C (G.5)-(G.8). We
preform this analysis in the 13N-moment approximation (without r,z and o47,5). Simi-
lar estimations can be done in the 21N-moment approximation. We consider coeflicients
daﬂzégg: a # B and dggzéé%ﬂ—zwé(ﬁ? D a= 4.

For the heavy trace-impurity case, where ZZn; > ijnj, lenl/ijnj > \/mj/my -
Jj = 2..a™* the light main species coefficients (using (B.1)), are related as:

-6) , ¢ i Zin b _
a11 ~ Gﬁ) + Gﬁ), a1 = G(ﬁ‘) g o ﬁ%? - 72, n12 Cp VT.
ai; My Z].nj p1 (Zin1) \/771\/@
(4.76)

The @15 can be neglected and the light species heat flux can be obtained as (4.76). This
represents the independence of the light species distribution function from the collisions
with the heavy trace-impurity species. The heavy trace-impurity species coefficients are:

. y o)
3 - (6 aj;  mj o ajj m1 Zint ., .
aji:G() AR B TR, 1 i # 7.

o« = (5 « ~(6
a/‘y‘] %Gél), (]/jl :G( ) ]Z P < - “72 9
aj1 mi Aji i Zi n;

i
(4.77)

The heavy trace-impurity distribution function depends on the collisions with the light
main species and independent of collisions with trace-impurity species. Note, this case
is in conflict with the procedure, which was proposed by Zhdanov on page 181 in [18].
It is clear that the heavy trace-impurity equations cannot be solved without main light

species contribution: the ZY heavy impurity heat flux o Ti(j;)imp. In fact, this Zhdanov

procedure cannot be applied, when /m;/m; < ?%nl /??nj However, the Zhdanov
procedure on page 181 iri18] is well applicable for the ion equations separation from
the electrons ones (since Z2n. < Y, Z2nq : o € ions).
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4.4 Improved analytical expressions

The diagonal matrix element G;; is o< m;/m; times larger than the non-diagonal
matrix element G;;. Thus:

h; h ; o7 W
i "y & VT + L (w — W), (4.78)
Pi Mg Py ZingZing\/my VT i

or, using (4.76), one can get:

h; m n — n;
I 1 L Cp J Cp

— = VT VT, + —(w; —wy). (4.79)
Pj m; (Z2n1)2,/my T ! ’

?%nlifnj./ml vV 1Mp mj

2
m1 ~J

L_L_ For some cases, the
mj 72

The ratio between the first and the second terms is o
m 2}
mj 72
qualitatively (for VT ~ VT]) The exact transport coefficient for the heavy impurity
heat flux is not calculated correctly in this case.

In non-trace-impurity case, where Z?n; < anj : J = 2..a™* (the impurities can
have close masses) the light main species coefficients (using (B.1)), are related as:

~ 1. If we neglect the first term, the heavy impurity hot-tail is captured only

max

- 72
all - mj Zk ank

. e ZkTE (4.80)
aij M ZJan

ELH ~ Z égi), dlj = ég(;),
k

The a1; can be neglected also for this case. Note, the collisions between main and
impurity species contribute significantly into the main species distribution function. The
heavy trace-impurity species coefficients are:

- 72,
ajj g 2 VEEZ

= ~(6) ~(5) L o ~06) - ~(6)
ajj = ij + Z ij ;a1 = Gﬂ , Qi = Gji ) a1 m mlﬁnl (4.81)
k V 1
ajj 2 VERZEE (4.82)

q )
Aji «/ﬂjiZi T,

In this case (4.81) justifies the heavy species equations separation from the light heavy
species equations, which is discussed by Zhdanov on page 181 in [18], because the a;; is
small with respect to the @;;. In the general case, where the mass ratios m;/m; can be
arbitrary, the (4.82) does not allow to neglect Gj; non-diagonal elements. Thus, if there
are more then one heavy species, and a;; is neglected, the accurate calculation of the
heavy species heat fluxes is not guaranteed.
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4 New steps in the Zhdanov closure

The intermediate Z2n; ~ Z]znj 1 j = 2.0 case can be analyzed in the similar way,
as it is done for the two asymptotic cases above. Similar analysis can be performed of
the rank-2 equation matrix C' (G.5)-(G.8).

The friction term in the 13N-moment approximation can be written as:

R, =RY' +R2, RY' =Y GU(wa —ws), (4.83)
5
—@2 (hy, myh
R = Y B g® <“ - “”) , 4.84
«a Z M, avy D M. Py ( )

v

where the largest contribution into the heat flux part (4.84) comes from the term
where the species « and ~ have significantly different (light-heavy species term). For the
heavy species with close masses terms (heavy-heavy species terms) heat fluxes cancel
each others in (4.84), which make these terms small with respect to the light-heavy
species terms. In the trace-impurity case the heavy-heavy species terms can be assumed
equal to zero. We note that the heavy species heat flux contribution in the light-heavy
species term is reduced by the mass ratio factor. Thus, the light species heat flux plays
its major role in the (4.84), which can be calculated without non-diagonal elements aj;.
This is the essential idea behind the ZY analytical expression derivation (subsection
2.4.4). The light species heat fluxes (and additional vector moments) can be calculated
independently of the heavy species equations, if the (m;/m;)" : n > 1 order terms
are neglected, because the non-diagonal elements a1; disappear according to (4.76) and
(4.80). Besides, the heavy heat flux contribution disappears in the light-heavy species
term in (4.84). Also, in the mixture of the electrons, light main ions and heavy impurity,
which is commonly considered for the plasma simulations [98], the impurity heat flux
does not contribute significantly into the ion energy transport. Thus, the electron and
ion heat parallel conductivities and the parallel flow velocity difference heat fluxes, the
ion parallel viscosities, the parallel electron, main ion and impurities TF and FR can be
obtained using ZY analytical expressions, if mmain/Mimp < 1. However, this condition
is usually not well satisfied in fusion plasmas.

Following Zhdanov and Yushmanov, in the IAM the non-diagonal elements are ne-
glected to solve equations (4.43)-(4.44) and (4.66)-(4.67) for each species independently
from the other species equations solutions. In particular, this implies that the contribu-
tions to the heat-flux equations for each species from the hot-tails of the other species
are not taken into account, and only the zero-order Maxwell distribution functions con-
tribution of other species is included. Approaching the low mass impurities range, the
(m1/m;)™ : n > 1 order terms are included into the diagonal elements of the A and
C, which suppose to provide more accurate solution than ZY expressions in such case.
In test cases, which are performed in subsection 6.1.2, the TAM provides much closer
solutions to the EMIM results than the ZY expressions. The heat fluxes are calculated
for all the species and all the terms are kept in (4.84). As a result, the heavy species
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4.4 Improved analytical expressions

heat fluxes are taken into account for the TF and FR calculations. As we discussed pre-
viously the heavy species heat flux can deviate from the exact one, if the non-diagonal
elements are omitted. However, the qualitatively correct heavy species heat flux contri-
bution make the friction term calculations more accurate (subsection 4.4.3). We note
that, these procedure is preformed uniformly for all species. As a result, the explicit
light species declaration, which is done in the ZY method, is not required in the TAM.

It is important to emphasise, that the charge state averaging procedure, which is
performed in subsections 4.3.1.2 and 4.3.4.2, is essential for the IAM. The cross terms
in the systems (4.41)-(4.42) and (4.64)-(4.65) can not be assumed small in case of m; <
m; @ j = 2.a™%, because the cross terms of the different charge states of the one
type of species have the same mass. In the IAM the moments and friction terms for
the each charge states are found using analytical corrections identically as it was done
in the EMIM in sub-subsections 4.3.1.3, 4.3.2.2, 4.3.3.3, 4.3.3.5 and 4.3.4.3. Note that
in contrast to the ZY expressions, the light species can have several charge states in the
TIAM. For instance, the IAM can be applied for He plasmas with impurities.

For the 21N-moment approximationa similar matrix coefficient analysis can be carried
out. In this case, the A (C.5)-(C.8) and C' (G.5)-(G.8) should be split into the blocks:

A Al . |[Cui Ci2|
A= . ; = |- - ; (4.85)
Aoy Ago Co1 C2
where each block can be written:
Al A T
. asy gy 0 Admaz . e &5t Copmas
Agp = . ; Cgp = : ’
agﬁnarl dgljna'rQ M dglgnazamaz égé]znarl égﬁnaTQ ttt éggnazamaz
(4.86)

In the IAM the 21N-moment approximation used. The non-diagonal elements of each
block aff : i # j and ¢ : i # j are neglected. Also, the complete friction term form
(4.56) is used. The IAM transport coefficients are derived in the following subsections.

4.4.2 Heat flux

According to our program, we neglect the cross terms, which depend on the Hg and Tg
for 8 # «, in the rank-1 equations (4.43) and (4.44):

—)ha | —(6)ha —(5)hg
GO e L G0 e L NTE0 ey
Pa D Z A Pa

o

BF#a
Mo (=9 Ta | =(10) Ty Hap—=09) ro 5 e |:5 HaB-=(2) — }
— — — =3 acja_g P Waq —W )
2T0e (Gaa N Gaa a) g - Tow Gocﬁ D 2” 2 Mg GO&B( B)

(4.87)
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(4.88)

Combining G-objects into the coefficients and using Z-variables (appendix B), one can
get:

- h M T 5 o= 3 —
_alla)\cwzpf + Tj}aua)\aai = inavTa ) % [%)\a,@(wa - Wﬁ)] (489)
h, m To 15 A
5521a)\aap72 - ﬁ&ZQQ)\aai = Z > |: (Trl) )\oc,B(Wa - W,B):| (49[))

where \,p is defined according to (2.91) and the &..q coefficients are:

et 4 13V2 _ def_. def6 69v2 o qet 9 433V2
Ala = 5 + 10 Z5y,  Q21a = Ta10 = 5 + 20 Zes 0220 = - 280 Ta-
(4.91)

The heat flux solution of the (4.89) and (4.90) is:

Ea _ § Pala 220,

VT, +

2 Ao 01200210 — 01100224

2
15 (FaB ) 5 _ 3HaB 5
Dev Z 4 (ma> X200 — 3 7, X220
Aaa

po b = — Aag(Wo — W . (4.92
A1200021a — A11a022a aﬁ( “ ﬁ)] ( )

8
Using (4.91) one can write:
_ 125 pana 1 433v/2
hy = —— — 14+ ===z, | VT
“ 32 Moo Aa< TR A

2 2m, 240 e 16 mg 2@

1)\0401~
6 Aao Ay 5

Me

25 pa 1 [“aﬁ<3 _lpas  433V2 . 23V2as ))\ (W —wa)]
(6% (0%

(4.93)

Combining the transport coefficients, one can obtain the final form of the heat flux:

= _ Dala (W) o (hid) (— —
ho = ——ca TNV Ty + pa % c) (Vo — W), (4.94)
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4.4 Improved analytical expressions

where coefficients are:

(h) def 125 1 4332
== 1+ 278 4.95
Ca 32 A + 360 1la | » ( )
) L BVRikp [P |3 83VEpy  Liep (1 B2y )| Fpre
po’ TR T16 ma \ ma |27 240 Zia 2 Mg, )| Z2n,’
(4.96)
5629 529 65v/2 433 23v/2
Oéd:efi ga fla_ ZQa fzga flea \/>Zga+1
1152 128 32 288 16
(4.97)

The heat flux (4.94) can be written in the form of (4.50), if the transport coefficients
are written as:

A
/{ghﬁ ) _ 5a6p;na c&hT) (4.98)

Evidently, the analytical charge-state corrections can be applied identically, as it is
performed in sub-subsection 4.3.1.3 and appendix C.2, to obtain an explicit representa-
tion of the heat flux for the each charge state:

h,z =hl, +hY, (4.99)
nl, = PeZlla (DGr,  PaZlla () ZVT _ VT, 4100
ol )\aa - )\aa Ca Z2 « ( . )
Y, = paz Y ey (Waz — Wp) (4.101)

5

The IAM expression should asymptotically match the ZY ones. Let us consider the
mqa/ma — 0 limit. The Z}, ~ Z5, ~ Z§, ~ Z3},, ~ Z7, and:

1
Agn~ Ty 51v2
988 5

75+ 1~ Ag, (4.102)
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4 New steps in the Zhdanov closure

where A, is defined according to (2.98). The heat conductivity coefficient turns into:

Ma Mg (h?)

A
=(1+ \fZZZa)cghT) ~

REDBYA
125 1 . 4332, i 3T

(Zh
where 0(6) + 0.5¢ Ew)( T?Zh) is defined according to (2.96). The w-dependent heat flux

ao

transport coefficient is:

Ma Tay (i _ [Ta 23 Zalte (1 4 v/277, )i ~
c + cC =~
TéZh) Hap pa 2#0(,8 72 3N oo’ B

25 1 11
16%(1+\/§Z§)< +3‘O[Z§> ). (4.104)

where c/(B) is defined according to (2.94).

To check how accurate the IAM and the ZY expressions reproduce the EMIM results,
the mixture of D + C + another impurity is considered. The type of this another impu-
rity is varied from H to Ne along the horizontal axis in figure 4.1a. In these test cases,
the amount of C and another impurity is chosen according to the rules Z%nc /np = 0.5,

mepnimp/np = 1.0. For the imp = H,T, this rule leads to the equal concentrations
of each hydrogen isotope: ny,r = np, whereas for the imp = Ne, this rule leads to
the nye < np. Those are typical cases: mixture of different isotopes with comparable
concentrations and the D plasmas with the non-trace radiative Ne impurity correspond-
ingly.

The D heat conductivity one can write in the Braginskii-like form:

h nDTT(Zh)
Wby = —epm N LD g1, (4.105)
mp
(hreff) :

where the transport coefficient cj, is shown in figure 4.1a. In the region from Ne to
He the non-diagonal terms, Wthh take into account impurities heat fluxes, do not play a
significant role. Thus, the difference between the IAM and the EMIM is small (smaller
than the method accuracy). There is ~ 10% difference between two methods for the
H-T range. Let us briefly analyze the matrix coefficients. There are four comparable
terms in (4.43) (if r-moment contribution is not considered to simplify the analysis):
two terms due to D-D interactions hot-tails with the non-modified fg 4, one term due to
interactions of the D hot-tail with the fao , for another hydrogen isotope and one term
due to interactions of the another hydrogen isotope hot-tail with the ng for D. The
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4.4 Improved analytical expressions
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Figure 4.1: (a) The heat conductivity transport coefficient for deuterium, using the EMIM, the
7Y expression and the TAM, for the D 4+ C 4 another impurity case with equal
distribution between charge states. The additional impurity is varied along the hor-

izontal axis. The dash-dotted line shows the case where: ﬂT/g =2xV|Tp: B # D.
The number in parentheses at the top of the figure gives normalised impurity den-
sity (= Zgng /np : B # D) and is kept constant. (b) The velocity dependent part
of the heat flux transport coefficient for the deuterium due to D/impurity velocity
(h%)
imp D
A

ference cijh“;.?np (dashed), using the EMIM, the ZY expression and the IAM, for D
+ C + another impurity.

difference ¢ (solid) and for another impurity due to impurity/D velocity dif-

latter is neglected according to the IAM procedure (4.87). Therefore, around dozens
percent of accuracy are lost (figure 4.1a).

One can also consider the case where the temperature of impurities is different from the
main ion temperature. It is especially important for the temperature gradients [18]. To
test the contribution from the different temperature, we tried: §_||\T/5 =2xV|Ip: B # D,
the dash-dotted line in figure 4.1a. Evidently, there is a small contribution from the
impurity temperatures for the He-Ne range and additionally dozens percent of the TAM-
EMIM difference for the H-T range. However the D-T temperature difference is usually
small, due to the close masses and thermalization times (for example see Figure 11 in
[141]).

The ZY expressions coefficients, which depend only on Z} and are constant for
Z%RC/TZD = 0.5, mepnimp/nD = 1.0, deviate significantly from the EMIM results
(figure 4.1a). The absence of mass dependence in (2.96) coefficient is a too strong as-
sumption in the middle-mass impurity range. The mp/mg ~ 0 : f # D assumption
should be avoided in Z-variables in (4.103) for the heat conductivity calculations.
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4 New steps in the Zhdanov closure

The D w-dependent heat transport coefficient c( w) o D is calculate more accurate, i. e.
closer to the EMIM, by the IAM than by the ZY expresswns while approaching light

A
impurity region (figure 4.1b). The IAM cgwl)) is approaching zero as expected, whereas

the ZY it} is still large (~ 0.4). Note that according to (2.94) ¢} = 0. The EMIM
(hid)

Cp"imp aPProaching zero and become small already for impurity heavier than He. The
TIAM coefficient is larger than the EMIM coefficient in the He-Ne region. Thus, the more
accurate solution can be achieved for the mixtures with the middle mass impurities by

hi)

setting ;" = 0 for ma/mg < 1.

4.4.3 Thermal and friction forces
4.4.3.1 Thermal force

For the TF and the FR expression, the additional vector moment r,, should be derived
from (4.89)-(4.90). The derivation of the T, as well as, the TF and the FR derivations
are performed in appendix H. We note that (4.56) is used without changes. In contrast
to the ZY expressions, the hot-tails of all species are taken into account. The main
difference between the IAM and the EMIM is that the hot-tails are calculated according
to the approximate expressions (4.94) and (H.3).

The TF is:

Z nﬁc VT, (4.106)

where:

RA Z Tl,y (RA)ﬁna
= (5 — C T %7 4.107
aﬁ o Z Zn, ° Zgng ( :

R 1 25v2 (pas\*? 433+/2 1 fiap 23v2 .
¢ === |\ A1+ =2l ) — 5 1+ Z9a | |+
ap A, 16 \mg 2

360 2 mq 8

(4.108)

where Z-varibles can be found in appendix B and the A, is defined according to (4.97).
The TF for each charge state can be found analytically, similarly to the approach, which
is described in sub-subsection 4.3.3.3 and appendix E.2:

7 __
R., = —I., Znﬁc DTy — nolagelis) (ZC;VTQZ - vn) : (4.109)
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4.4 Improved analytical expressions

where the coefficient chE) can be found in appendix E.2. Thus, the (4.109) is the
analytical expression of the TF for the species aZ.

The TAM TF transport coefficient should be close to the corresponding ZY one for
mq/mg — 0. In this asymptotic case, Z5, ~ Z§, ~ Z§, = Zi,, =~ Z}. Besides,

A
6((112 )—cgz )22% 0: B # a and:
(i) 23 (ma) (R )Zﬁnﬁ
_ T) __
Z aﬁ 22 Caol = Z COA/B Z2
BF#a
1 25v2 (3 433 1 23
~77\/} 7Z§a <1 + \/>Z11a> - 7Z§a <1 + fZQa) =
A, 16 |2 360 2 8
25v2 1, 11V2 o) (2)*(””
here ¢ — 0.5¢{2) T8 is defined accordi
where c,; 0.5¢ux 7y 18 defined according to (2.95).
D+C(0.5)+impurity(1) 25 D+C(0 5)+|mpur|ty(1)
H T He c N Ne ’ EMIM
30 o P ; 2 | ZY expessions
gy == EMIM : -— |IAM
25 i |~ ZY expessions ; 15 :
L~ 1AM ' ' 5
= 20 < 1 :
o~ = |
Q L !
<~ 15 <~ 0.5 :
Y S5 :
10 or
-0.5 ;
5 _
1
0 Do . 1j-;:f'
0 5 10 15 20 0 2 4 6
Atom mass number Atom mass number
(a) (b)

Figure 4.2: (a) The TF transport coefficient for another impurity (solid) and for carbon
(dashed) using EMIM, the ZY expressions and the IAM for D4+C+another im-
purity. Dash-dotted (another impurity) and dotted (carbon) lines are plotted for
the case where VT = 2 x V|Tp : B # D. (See the caption to figure 4.1a for
additional information). (b) Zoom of the dotted box in (a).

The EMIM, the ZY expressions and the IAM can be compared also of the TF. The
TF for C and another impurity, which summed over all charge states, can be studied.

Similar to the heat flux, the VT =2 x V| Tp : B # D case is also tested, to obtain the
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4 New steps in the Zhdanov closure

contribution from the impurity temperature gradient to the TF. One can rewrite (4.109)
in the form of:

A
RY) = nach v T, (4.111)
A
then the transport coefficient for c&RTeff) for C and another impurity, which is varied

along the horizontal axis, is plotted in figures 4.2a, 4.2b.
For D plasmas with impurity heavier than C, the original ZY expressions results in
a several percent deviation from the EMIM result. Moreover, in the region of heavy

impurities, the impurity VT : 8 # D does not play a significant role (Figure 4.2a).
The D hot-tail provides the largest contribution into the impurity TF. Thus, V|Tp is a
major effect in such cases.

However, in the light impurity region the ZY results differs significantly from the
EMIM ones, whereas the TAM results are closer to the EMIM ones. The analytical ZY
expression results provides up to 15% deviation and up to 90% deviation for the D+C+Li
and D+C+He mixtures, correspondingly (figure 4.2b) (for 6_”\1{5 =V|Tp: B # D). If
the temperature of the impurity is different, the deviation can be even larger. In contrast
to the ZY approach, the IAM TF coefficients for the D-+C+Li mixture are only 1% and
6% deviations with respect to the EMIM ones for Li (figure 4.2b) and for C (figure 4.2a),
correspondingly. Even for the D+C+He mixture, the IAM TF is up to 10% and up
to 16% different from the EMIM TF for the He (figure 4.2b) and the C (figure 4.2a)
impurities, correspondingly. Thus, the IAM is suitable for the He impurity transport
simulations, whereas the ZY expressions provides invalid results.

—_~—

It is worth to mention that the change of the impurity V| T is captured reasonably

well by the IAM, because the impurity hot-tail, which is greatly affected by the V| T} :
B # D, is taken into account in the improved TF formulation. The IAM can be used for
the multi-temperature models, for the cases where T, are not sufficiently different for
different species to change the the transport coefficients (the exact criteria is not dissused
herein), and the T}, can be used for those calculations, but the V| Tuz are different to
change the hot-tails. If the temperatures are very different in the mixture, the complete
multi-temperature models, like the one, which is discussed in [92, 99], should be used.

For the hydrogen (H) impurity, its hot-tail has a larger contribution into the TF than
the D hot-tail, because of mp/mpg = 2 ratio, which is expressed in (E.2). Thus, the TAM
provides the qualitatively correct TF for the impurity, which is lighter than the main ion
species. However, there are dozen percent differences with respect to the EMIM answers
(figure 4.2a). For more accurate calculations in case of comparable masses, the EMIM is
required. Evidently, the ZY expressions provide the incorrect sign for the REH, because
the contribution from the impurity hot-tail is neglected there.

4.4.3.2 Friction force

The FR is derived identically as in appendix F.1:
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4.4 Improved analytical expressions

Bag (RA)—  —
RY = —n, (gﬁ) C(ﬁa )(Wa ) (4.112)
B Tap
where:
A A
gz w) = + cga Y + c,(Ba w?) + C(R 9, (4.113)
(RA1) _ flory \/W Z3ny {3 (h) _ 3 Pay (ri )}
BN ol c c (4.114)
- ;ma Hap Z3ng L5 7 14 mg 2@
(RA2) /M\/W An [3 (hd) 3 Moy (ré)}
o D) _ 2 Moy, (4.115)
ﬁa ; Loy Z2n 5 By 14 My By
(RA3 Maﬁ (h) _ 3 HaB (r)
25 54 - ] (4119
(hiy) (r) i i
cgo” and cgy’ in (4.114), (4.115) and (4.116) are expressed analytically according to

(4.96) and (H.5).
The FR for each charge state can be found, similarly to the approach, which is de-
scribed in sub-subsection 4.3.3.5 and appendix F.2:

Y = —nlag ‘fgi)c(ﬂ ) (Waz —Wg), (4.117)
B8 TaB
where
(Ruw) _ 5 Hay Z?””/ (RB) (R (R2) 411
cﬁa - QBZ 7?[0701 ~ Cya ]—l_cﬁa ) ( 1 8)
y Hap Zﬁng

where the coefficient c(ig) can be expressed analytically accoridng to (F.23) in ap-
pendix F.2. Thus, the (4.117) is the analytical expression for the FR for species aZ.

The IAM FR transport coefficient should be close to the corresponding ZY one for
ma/mg — 0. In this asymptotic case, Z5, ~ Z5, =~ Z3, =~ Z§, = Z}1, =~ Z;. Besides,

for 8 # « the cgiﬁm ~ 0 and cg}ﬁs) ~ 0 and:
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4 New steps in the Zhdanov closure

(RY) Rl) fay [Frany 230y [3 () _ 3 Moy (ri] )}_
Cga" 1t C Z o\ tap 22y 500 T Tdmg P ] T

_ 1 tep 15v/2 +433fZ 1 piap 1+23\fZ Zum MMZ
A, Mo | 16 2 240 7V 2, g ma \ ma Z2n
v#a «
L 5V2 (Bpap 3 65V2 g 69\@ 5 ()’ ﬂch
16 \2ma 27 16 ma P 16 %@ Ma o 72n
Y#a e
1 ,  61V2 ¥o
—\ =2 72* 1 4.119
A, <9 « 72 + > %a )
where c(ﬁloz is defined according to (2.94).
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Figure 4.3: (a) The FR transport coefficient for another impurity/D (solid), for C/D (dashed)
and for another impurity /C (dotted) using the EMIM, the ZY experssions, the IAM
and the IAM (MDF) for the D + C + another impurity case. (See the caption to
figure 4.1a for additional information). (b) Zoom of the dotted box in (a).

The EMIM, the ZY expressions, the [AM are tested for the FR in the D + C + another

impurity cases. In figures 4.3a and 4.3b the cg}fﬁ), which is used in (4.112), is plotted.
The ZY expressions underestimate significantly the FR with respect to the EMIM: 37%
for He/D, 23 % for C/D, 17% for Ne/D.

The ZY FR is reduced with respect to the FR in quasihydrodynamic approximation,
because the collisions in case of the flow velocity difference between D and impurities
form the tail of the D distribution function, which is expressed in terms of h) (and r}),
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4.4 Improved analytical expressions

as a result of the solution of the 3-order and 5-order vector moment equations (4.41)-
(4.42). The D tail leads to the c(ﬁ%ﬁ) < 1: B # D (blue solid line in figure 4.3a). There
are three main factors, which makes the EMIM cggz) : B # D larger then the ZY one
(figure 4.3a). 1) According to (F.3), the h}j and r}j contributions into the FR is factored
by upg/mp and (upg /mD)2 : B # D, correspondingly, whereas in the ZY approach
the upg/mp =~ 1 is assumed. 2) The D tail is smaller, if the D species is not infinitely
lighter than impurity species (for h¥} it can be seen in figure 4.1b). 3) the contribution
from the impurity tail into the FR is not taken account in the ZY expressions. The
impurity hot tail compensate the FR reduction effect from the D tail (F.3), making the
FR larger.

In the IAM, the upg/mp : S # D factors and the impurity HE’ and fg’ are taken into
account. Besides, the The D tail is calculated more accurately by the IAM than by the
ZY expressions (figure 4.1b). As a result, the TAM and the EMIM FR are close to each
other (figure 4.3b). As it is discussed in subsection 4.4.2, the heat fluxes (and additional
vector moments) can be obtained more accurately, if C(Bhf) and cgf ) mg < Mg can

A
be set to zero, instead of deriving them by IAM. This leads to the more accurate cgiw)

calculation. The FR becomes even closer to the EMIM result: improved analytical
A A

method, where the cg;”) and cg;;“) : mg < mq are set to zero (IAM (MDF)) in figures

4.3a and 4.3b.

Also, the impurity-impurity FR are plotted as dotted lines in figure 4.3a. Since, the
FR coefficients for the impurity-impurity interaction was not presented by the ZY, the
quasihydrodynamic FR could be used instead. The IAM provides closer to the EMIM
coefficient, when the mass difference between impurities becomes large (H-T range for

A
another impurity in figure 4.3a), than the quasihydrodynamic coefficient cgzw) =1

4.4.4 Viscous-stress tensor

Similar, to the rank-1 equations (subsection 4.4.2), the cross terms, which depend on the
Tars and Ta,s for § # «, are neglected in the rank-2 equations (4.66) and (4.67) (details
one can find in appendix I). As a result, the viscous-stress tensor, which is averaged over
the charge states , is expressed as:

—_— A —
Tars = _Mcgwé)paW#sa - Mcg{ﬂh)WT’?, (4120)
Aaa )\aa
where coeflicients are:
iy _ 1025 1 (1 204V2 , 121
‘" = oesAar\| T 205 “2¢) (4.121)
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() _ 1655 1 [ 204{ 252v/2 252v2 . A
il 122
" = Togs ar \L T 331 Z2at g3y Zin (4.122)
204 108 205v/2 102v/2 54+/2
Ag = 29 ——Z10%520 — 39 —— 70+ Wzﬁa WZ;-QQ — szza +1,
(4.123)

The viscous-stress tensor (4.120) can be written in the form of (4.72), if the transport
coeflicients are written as:

)

A
&) = 25,5, dTH) = 2655, (4.124)

Evidently, the analytical charge-state corrections can be applied identically, as it is
performed in sub-subsection 4.3.4.3 and appendix G.2, to obtain an explicit representa-
tion of the stress-viscuos tensor for the each charge state:

TaZrs = T grs + T g0s (4.125)
) ng o oug (w8 (Zh) 73 Uaz 1 Vo
TaZrs = Pazzcaﬁ aﬁ - Wrs —2pazcy ™’ Toa ﬁWm‘l — Wrs (4.126)

) (1) _(Zh) zZ3 ha T
- QE: —W — gt rZ L hes — Ly
aer ~Paz Caﬁ QB Pa Paz€ ZQ Paz Pa

(4.127)

The TAM strain viscosity coefficient cg mit) should asymptotically match the ZY one.
Let us consider the mq/mg — 0 limit. The Z}, = ZT,, = Z]5, = 235, = Z;, and:

Ar o 00 301v/2

“ 89 @ 178

Z:+1. (4.128)

The strain viscosity coefficient turns into:
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Figure 4.4: (a) The effective strain viscosity coefficient for D (solid) and for another impurity
(dashed) using the EMIM, the ZY experssions and the TAM for the D + C +
another impurity case. (b) The effective heat stress coefficient D (solid) and for
another impurity (dashed) using the EMIM and the IAM for the D + C + another
impurity case. (See the caption to figure 4.1a for additional information).

Ma Ng

Ca ca a ~
TéZh))‘

?;({Zh)
| cx + O.BCHHW s (4129)

1025 (1 + v222)(1 + 202‘5},[23)

96 742 4 3012 74
1068 @Za Ly Z

_(Zh)
where <c,i + O.5cmTE‘Z—h)> is defined according to (2.97).
Tk
The viscous-stress tensor is tested for the D + C 4 another impurity case. The
EMIM the 7Y expressmns and the IAM are compared. For this test we assume Vo, (5 :

o — Wrs and Wrs /ng = Wha/na. Then, the (4.72) can be re-written as following:

( ) (7T eff)Wua _ ( ) (ﬂ—heff)Wha

rs I

(4.130)

Tars = —Pa Ta

where the coeflicients c(7r eff ) c((f’?eff) are plotted in figures 4.4a and 4.4b, corre-
spondingly. For D, in case of presence of the light or middle mass impurities, the ZY
expressions provide significantly larger c((ffef ) than the EMIM, whereas the IAM shows
reasonable match with the EMIM (figure 4.4a). Thus, the mass ratio between main ions
and impurities cannot be assumed infinitely large for the considered range of impurity
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4 New steps in the Zhdanov closure

A
masses. The D heat stress coefficients cgrh eff), which are calculated using the IAM and

the EMIM, are found close for both methods (figure 4.4b). The heat stress were not
considered in ZY analytical method, as well as, in the original set of rank-2 equations
(2.68)-(2.69). For the case mp/mimp ~ 1 and njmp/np ~ 1, the IAM provides smaller

A A
(close, within 10%) than the EMIM viscous-stress coefficients c&”u eff ), cgrh D How-

ever, for the heavy impurity the viscous-stress tensor is captured only qualitatively, as
expected. Nonetheless, the heavy impurity viscous-stress tensor, in the considered im-
purity concentrations, does not contribute significantly into the .5, which is usually of
interest.

4.5 Conclusions according to the improvements of the
Zhdanov closure

This chapter focuses on the advancements made in the Zhdanov closure. In section 4.1,
we derived the corresponding relations between Braginskii and Zhdanov moments, such
as Toz (4.17), haz (4.18), mazrs (4.19) and r.h.s.’s of the momentum (4.22) and the
heat (4.20) equations. These relations are crucial for implementing the Zhdanov closure
in Braginskii equation-based codes such as SOLPS-ITER (section 3.3) and GRILLIX
(section 3.4). While the corrections to the moments (4.17), (4.18) and (4.19) are typically
small under collisional conditions, the r.h.s. relations (4.20) and (4.22) play a vital role
in ensuring energy and momentum balances during collisions.

To account for heat stresses in the Zhdanov closure, we utilized the general rank-2
moment equation (section 4.2). While Zhdanov neglected heat stresses for 21N-moment
approximation (chapter 8 in [18]) in comparison with the strain stresses, this assumption
is valid only when considering temperature and flow velocity changes of the order of:
AT ~ T and AV ~ /T/m. As discussed in subsection (2.4.3), heat stresses are of
equal importance as strain stresses on closed flux surfaces, particularly in the collisional
Pfirsch-Schliiter regime [81]. Therefore, this thesis focuses on obtaining the multi-species
heat stresses.

In section 4.3, we derive the complete closure for averaged quantities over charge
states (heat flux, TF, FR, stress-viscous tensor) and the analytical corrections for the
each charge state, considering mistake corrections in the Zhdanov monograph (appendix
A). These quantities are expressed in terms of transport coefficients using the Zhdanov
ansatz, resulting in systems of algebraic equations for the rank-1 (4.43)-(4.44) and rank-2
(4.66)-(4.67) moments. Consequently, the transport coefficients are expressed through
elements of inverse matrices, where the original matrices represent the system of algebraic
equations.

Finally, in section 4.4, we present improved versions of the ZY expressions. Unlike
the ZY expressions, which are only applicable for impurities with much larger masses
than the main ion, the IAM provides accurate expressions for a wide range of impurities
including He-Ne in D plasmas. Also, the IAM also qualitatively describes mixtures of
species with similar masses, which is not always the case of the ZY expressions (e.g. the
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4.5 Conclusions according to the improvements of the Zhdanov closure

ZY TF). Moreover, the IAM can be applied to light main species with multiple charge
states (e.g. He plasmas with impurities), while ZY expressions are limited to a single
charge state for main ion species. The IAM successfully describes the heat flux for heavy
impurities, where ZY analytical ansatz fails (e.g. in the trace-impurity case), resulting
(Zh)

in a heat conductivity proportional to oc 7, % ..

The TAM provides a qualitatively

correct heat conductivity for heavy trace impurities: 7

mp main’

It is important to note that we utilized the IAM to testpand analyze the implemen-
tation of the EMIM. The results obtained from the EMIM and the TAM closely match
asymptotically. When discrepancies occur between the IAM and the EMIM results, we
investigate the contributions from non-diagonal matrix elements. Thus, apart from its
own value, the IAM proves to be valuable for testing the full implementation of the

Zhdanov closure.
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5 Multi-ion closure for the fluid codes

By employing the Zhdanov closure and the advancements presented in chapter 4, it
becomes feasible to achieve a complete multi-ion generalization of the fluid edge codes.
This significant development offers the capability to model a wide range of plasma mix-
tures, including those with ions of close masses and non-trace concentrations, such as
D+T+He+impurities. The improvements made to the SOLPS-ITER and GRILLIX
models utilizing the Zhdanov closure are thoroughly discussed in this chapter.

5.1 SOLPS-ITER

5.1.1 General remarks

The Zhdanov closure has been fully implemented into the SOLPS-ITER code by means
of the Zhdanov-Grad (ZG) module (Grad-Zhdanov module in [85, 91]). Both the EMIM
and the TAM are available for ion transport coefficients. Using the ZG module, the
complete multi-ion generalisation of the SOLPS-ITER code has been performed, i.e. all
explicit separations between main ions and impurities (all if main ion conditions) have
been removed. Fluid equations have been written uniformly for all ion species. Thus,
the difference in the behaviour between ion species are defined explicitly according to
those densities, masses and charges.

The electron transport coefficients are obtained according to Eq. (8.2.8) in [18] or
(2.94)-(2.98). This were performed previously in the SOLPS-ITER code (partly in [80]).
We only recall in appendix J.1 the relation between the SOLPS-ITER electron transport
coefficients and the Eq. (8.2.8) in [18].

The ion transport coefficients, which are calculated using the ZG module, are dis-
cussed further. The ion-electron equations separation procedure, which was proposed
by Zhdanov on page 181 in [18], can be applied to solve ion equation without electron
contribution. Thus, the subscript « represents different ion species types.

5.1.2 lon parallel heat flux

We have implemented the velocity-dependent part of the heat flux in the subsection,
which was previously not accounted for in the SOLPS-ITER code. We also performed
a comparison between the 3.0.7 version and the updated ion heat conductivity formu-
lations. Although the difference between the old and improved calculations for realistic
plasma mixtures is within approximately 5%, the significance lies in the fact that the
ion heat transport is now calculated self-consistently with the other closure terms.
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5 Multi-ion closure for the fluid codes

Previously the parallel ion heat conductivity was written based on the simple multi-
ion extension of the Braginskii heat conductivity (3.57) with the fixed factor 3.9. The
TéBr) (3.17) is only correct for the light main ion species, whereas the TCSBT) is incorrect
for the heavy impurity ion species. Fortunately, impurities usually do not contribute
significantly into the global heat transport. In the ZG module, the T;=T,7: Vo, Z is
assumed for the heat flux. The improved SOLPS-ITER ion heat conductivity is derived

by summing the (4.52) over aZ:

CL) naz 22
K;Zx 2 Ne, Z ¢(1T) <22 - 1) 5 (51)

72
(CL) Zﬁ(OL) _ 2 Z Z Rgg‘«) i H&h?) <Z %TZLZ B 1) _ (5.3)
,8 (0%

This conductivity (5.3) replaces the (3.57), when the ZG module is activated. One

can compare the EMIM heat conductivity (n( L = cg]ca]; in figure 5.1) and the old form

(3.57) (k;, (L) — cgngPS in figure 5.1).

It is 1mportant to emphasise that the heat flux, which is the result of the distribution
function tail formation, due to the flow velocity difference between different ions, is not
derived in the single ion Braginskii closure [17]. Therefore, this contribution to the heat
transport was not previously considered in the SOLPS-ITER code. This part of the heat
flux can give an appreciable contribution when in the case of non-trace impurity case.
Thus, the flow velocity dependent part of the heat flux:

g g haw _
hihz‘-; = hibei ZnaZZc(ﬁa )(waZH — wg)|), (5.4)
T T N 3

is added into the ion poloidal heat flux (3.52). The improved versions of the ion and
electron heat balance sources are expressed in appendix J.2.
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D+C(0.5)+impurity(1)

H T He C N Ne

--Hea't Cohductivity
——Viscosity (velocity) .
——Viscosity (heat flux)| !

0 5 10 15 20
Atom mass number

Figure 5.1: The ratio between the total ion heat conductivities, the total ion viscosity coeffi-
cients (velocity and heat flux dependent viscous-stress tensors), which are calculate
using EMIM Cg;];m and which are calcuated using 3.0.7 SOLPS-ITER formulation

cggLPS, for the D + C + another impurity case. (See the caption to figure 4.1a
for additional information).

5.1.3 lon thermal and friction forces

We have successfully implemented new formulations of the TF and FR. To evaluate the
effectiveness of these new formulations, a detailed comparison with the previous 3.0.7
formulations (Zhdanov-Yushmanov expressions) is conducted in subsection 4.4.3. This
comparison is crucial in validating the improvements and assessing the impact of the
updated formulations on the overall performance of the model.

Using (4.60), the original 3.0.7 SOLPS-ITER TF (3.25) is replaced by:

STherm.ia = @ = aZ, then a(a, Z)] = RZ;Z” =

Z _(RA) 5T73 (R) [ Maz 0T w7 OT,
e T - lata - Ugx - Ia bxi . 55

Temperature gradients are kept different, using (4.17) relation:

5T; B Z Naz 0oz

1
hdn = Toz =T+ —maw2 . (5.6)

Nneg hz0x’ 3

The Wi , contribution is usually small (quadratic term according to Zhdanov order-
ing), sometimes it is convenient to assume T,z ~ T;. In this case one can write:
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5 Multi-ion closure for the fluid codes

STherm.ia = @ = aZ, then a(a, Z)] =

RB 72 oT;
RaZ” = —lqZz anc + naC((X 7) <Z2 — 1) bmm (57)

Using (4.63), the original 3.0.7 SOLPS-ITER FR (3.26) is replaced by:

m W H —
Sfr,ia = [a = aZ] = RaZH = —naIaZ (;i) C(Ba )( aZ|| = wﬁH)- (5.8)
B Tap

The 3.0.7 SOLPS-ITER TF and FR were based on the ZY expressions. Thus, in
figures 4.2a and 4.3a, the corresponding comparisons between the 3.0.7 SOLPS-ITER
and the ZG module TF and FR formulations are performed.

5.1.4 lon viscous-stress tensor divergence

Additionally, we conducted a comprehensive comparison between the 3.0.7 version and
the newly updated viscous-stress formulations. The results reveal that the difference
in the total plasma viscosity between the old and improved calculations, for realistic
plasma mixtures, is within approximately 20% (as depicted in figure 5.1). However, it
is important to highlight that the implementation of the ZG formulation is crucial for
achieving a consistent multi-ion generalization of the code for subsequent D-T plasmas
application.

One can take the divergence of the viscous-stress tensor (4.73) in the SOLPS-ITER
geometry (3.1) similarly, as it was done in [88, 83]:

0 b naz (n) Zh) \/T?
han | B [Zﬂ: Zp upca |+

B Z: 9 (VB o (VB
2C&u)7-c(£h) Z2 ah Oz ( uaZI) Zpa(h o <bzuo¢(x> :|] (59)

(V (—) )H ——*b B3/2

8 0
(V- Fh) = ——cb.B?

by naz V(T(';?) (Zh) 0 \/>—*
Jr laZ A
15°°° " hedz | B2 na [; (Caﬁ ToB haa\ by e ) )T

72,
20( ) (gih) Zana 0 \/Ehazx _ 0 \/EEZI
Z2n07 hyOx \ by heOx \ by

(5.10)
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5.1 SOLPS-ITER

Note that (5.9) and (5.10) turns into the Eq. (44) in [84], if uqz, = u, is assumed.
Further in the thesis, the general case is considered, where the u,z, are kept in (5.9).

In contrast to [83], the contributions from the E x B and diamagnetic velocities into
the poloidal velocity Vg, in the parts of the viscous-stress tensor divergence (3.9) and
(3.14) are neglected. For the (5.9) implementation into SOLPS-ITER code, only the
parallel component of velocity is kept, following the original code structure. The E x B
and diamagnetic velocities contributions can be added as additional terms later.

One can extract the terms with u, 7 dependence in (5.9) to solve implicitly the parallel
momentum transport for species aZ (details can be found appendix J.3). Splitting
into the divergence and source parts (appendix J.3) and using SOLPS-ITER notation
(taz| — Vo), the (5.9) and (5.10) can be written in terms of momentum fluxes (similar
to (3.9)):

CL Vi,
rm — maVHangor + %77((19: )iTaZZ V||a — Nazx hzgza 24 70 511
ar Cor o ’ (5.11)
ma‘/HaFax — Nax a0z’ Za = 0

. (CL) . .

where the coefficient 7, is defined as following:
U(CL) =[a— aZ] = 77(CL) — @ + @ (1 _ 1> %Jp 7 (5.12)

“r ale Pa Pa IaZ Ng o ‘
) (u; B)
where “;; and ”“;a are defined as following:
NaBe 2 Nag =~ Tap _ é(”f)T(Zh)- 77&1;: ) _ 2 77<(1u )' 77&“ ) _ 20(”5)7(2’1)

Pa Y pa Pa af e o Pa Y pa Pa “ ae
(5.13)

and sources (similar to (3.13)):

Sm——<V-(7_r>”> - —(V.?r’}ﬁ)rs_(V.%’?):i_(v.‘;{zi)”’ —
all — a | =

0, 24=0
(5.14)
1
res Oln(h,Bz2
(v ' <—>ZL/H> _ 1 2 hz\/ﬁ% l(lgL)nl<> B%V"‘a (515)
I ha/gOx \  hy 3 B2h,0x
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(uiA)
4 3/2 9 1 naz Moz 0 —
Naoz Nax 0 (\/> >:|
- Pa¢7—F7— | VBug 5.16
<pa Pa ><; el < &:16)

The heat flux dependent part of the viscous-stress tensor divergence (5.10) can be
written as following:

(V . ?Zi)” =la—aZ]=

(hiA) 7(0)
8 0 1 nagz n 0 h
— _733/21% « afx B Bz
15 he0x | B%b, ng {Zﬂ: Do hgO0x VB b, +
(hiB) (0) 7+(0)
Nax 1 0 h 7z 0 h
—_— B-&<L | — s 5.17
Dev (Iaz h.O0z <\/> by h,0x VB by » (317)
) (h; B)
where the coefficients “;5 and ”"‘pza are:
(hiA) (hs A) (hiA) (h;B) (h;B) (hiB)
Do Do Do Pa Pa Pa
(5.18)

where in the poloidal heat fluxes, the parallel heat conductivity and the diamagnetic
contributions are taken into account:

«(0) *(dia) 0 outside the separatrix
ar h + oz — (L)
bz O‘H bz __Kax aTz _ § BzB naZTi aTi 3 1 3 )
be s ~ 2B.BI -7 e h,dy inside the separatrix
(5.19)
RO p(dia) 0 outside the separatrix
325 = hag) + =425 = wSE, 9Ty 5 B.B nayT; 0T ;
__YaZx i __ 9 z aZli 7 3 3 3
@ @ S hedr T 2B.BI Ze hyoy inside the separatrix

(5.20)
where conductivities are defined according to (5.2) and (5.1), correspondingly.
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5.2 GRILLIX

It is worth to mentioned that the viscous momentum fluxes (3.9) and the viscous
sources (3.14), (3.19) are written only for the single main ion species @ = Gmqin. This
prevents the complete multi-ion generalisation of the code. Using ZG module, the viscous
momentum fluxes (5.11) and the viscous sources (5.14) are written uniformly for all ion
species. Besides, the viscous-drift currents, which were also previously implemented only
for the main ion species (3.69), (3.70), (3.75) and (3.76), are written for all species in
appendix J.4. Thus, the complete multi-ion generalisation of the SOLPS-ITER code is
performed. The viscous heat source is left the same according to (3.59). However, the
updated transport coefficient (5.12) is applied there.

5.2 GRILLIX

5.2.1 General remarks

The multi-ion equations are written for the GRILLIX 3D fluid turbulent code. The main
difference with respect to the transport code, which is discussed in the section 5.1, is
the polarisation drift due to inertia and viscosity. The implementation of the multi-ion
polarization drift into the ion continuity equation is not a trivial task. The single-
ion GRILLIX code uses the electron continuity equation to avoid this problem. The
continuity equation for the each of ion species is combined with the vorticity equation
using Zhdanov ordering to avoid implementation of the polarization flux divergence for
each species, which leads to the large matrix inversion similar to Eq. (76) in [142].

In this section, the equations are written in the CGS, following the notation in the
GRILLIX code.

5.2.2 Multi-species drift reduction

The first step involves performing a drift reduction procedure in the multi-species case.
This procedure is essential to simplify the modeling of plasma dynamics and improve
computational efficiency when dealing with multiple ion species.

The equation for the flow velocity for species aZ can be derived by combining (4.4)
and (4.5):

daZ Uz

= - « Ta
1 V(nazToz)+

MmaNaz
1

Zenaz(B+ —[0azB)) = V- oz + Raz + Sz —wazSi;  (5:21)

where dg—tz = (0 +unz-V). The (5.21) is multiplied vectorially by B, also the Lorentz

force is balanced by other terms. As a result, the perpendicular velocity can be written
as following:

1 _ .. dia inert vis R ion—neut
U,z =U,z +VE+U,7 +Uyz +U,z+ u, - ) (522)
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5 Multi-ion closure for the fluid codes
where the zeroth-order diamagnetic and E x B are:

dia __ cv(nOzZTaZ) x B M

- _ = 5.23
U,z ZenazBQ ) A\ _82 ) ( )

and the first-order polarisation drifts [143], such as: inertia, viscous, friction and
ion-neutral drifts are:

dazuld —
Linert _ _ CMaNaz =% X B Wi — V- Tz xB (5.24)
aZ ZengzB? v TaZ Zengz B2
m mn
uR — CR@Z x B ion—neut _ C(SaZ - uaZSozZ) x B (5 25)
% Zengz B2 o2 Zengz B?

The zeroth-order drifts ug Z = ui’} + vg contribute into the inertia drifts. Following

GRILLIX equations, we neglect u Z and ug)g*nwt. Those can be added later. The
drift implementation can be significantly simplified, if the first-order Zhdanov diffusion
velocity w,z = unz — u is neglected in the first-order inertia drifts:

dut? 10
inert CMaNaz dt x B du ) [ dia :|
_ _ = . 5.26
Haz ZengB? 0 @ Gt V)[utave (5:26)
_ NV(nazTaz) x B - Paz
> " faz Zen Bt 0 P QEZ Pads Paz =" (5.27)

It is worth to mention that the electrostatic potential (¢) and mass dependencies of
the polarisation drift are taken into account. In the uZ‘Z”t, the species specific advection
and diamagnetic drifts are replaced by the mass-averaged ones, which can be done under
Zhdanov ordering, when the:

I di di |
si = Wazl _ [ —u@E g way (5.28)
|uJ_O| |udm—|—VE’ ’ ull

are small. Thus, the inertia drift currents are:

dut0 <« B
Jz,lnert Zenazuznert CpaZdtT (529)
du 10
mert ZJznert dtB2X B (530)
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5.2 GRILLIX

We note that the inertia drift current, which corresponds to the species aZ, relates to
the total inertia drift current simply as following;:

[ Jflnert _ ﬁaz‘]me’rt (531)

The viscosity drift currents are:

; V- Tz xB
julp = Zenagully = ——— 2= (5.32)

V-7 xB
ZJZE =7 T=) Ta (5.33)

Let us consider the current and the flow velocity in the forms of:

< e . cp ZV x B
i = pozd™ 3 = Zenazuty, wiy =TI (53

The ©%%% does not match exactly the u’s and therefore does not represent the solution
of the momentum equation in the perpendlcular direction for species aZ. However,

using uZ’é, the total current is calculated correctly. The particle balance is still satisfied.

Besides, for the most practical purposes ug R umg can be assumed.

5.2.3 Multi-ion continuity equations

In this subsection, we perform the crucial step of implementing the polarization flux
divergence using the results obtained in subsection 5.2.2. This step is essential to accu-
rately account for the polarization drift effects of each ion species in the plasma, and it
builds upon the previous calculations of the multi-species drift reduction.

Instead of solving of the electron continuity (3.87), we solve the continuity equation
for each of ion species aZ using (4.4):

3} a T;
anaz +vE-Vngz+ V- (naZuHaZb) = nazC(P) + MC(Tl) + ZC(naZ)
1 siner 1 Tvis n
- Z “Jaz ! 76v “Jaz + SaZ (535)

The direct implementation of Jmert and J“S should be avoided, due to the complexity.
In the single ion GRILLIX equations the electron continuity (3.87) equation is solved,
where the electron inertia and viscosity is neglected. The following step is vital in our
approach. By combining this equation with the vorticity equation (3.91), we can obtain
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5 Multi-ion closure for the fluid codes

an equivalent solution to the continuity equation for a single ion (3.87). In the case
of multiple ion species, we can utilize the vorticity equation to simplify the continuity
equations for all ion species. This simplification is an important aspect of our ansatz.
Thus, using relations between the total and species-resolved polarization currents (5.31)
and (5.34), one can re-write continuity equation (5.35) in the form of:

0 Naz T;
prys +VE - Vnaz + V- (Raztjazb) = nazC(¢) + %C(Ti) + ZC(naz)
1

3 = 1 3 = A
_?e (jmert +jvzs> . vﬁaZ _ %ﬁazv . (jznert +jvzs) 4 SZZ? (536)

where the divergence V - (ji””t —i—j”i5> can be found using the vorticity equation:

. (jmm +jm’s) = —T.C(ne) — neC(T.) — TiC(n;) — niC(T) + V- (jyb)  (5.37)

As a result, the ion continuity equation is:

0 Naz T;
5laz T VE" Viaz + V- (naztjjazb) = nazC(¢) + e C(T;) + Zc(naz)
1 sinert | vis\ | y7 > o L . . . .
- E (.] +J > VPaZ ZepaZ (Tec(ne) + neC(Te) + Ec(nz) + nzc(ﬂ)) +

1 , .
ZoPazV (jyb) + Shz  (5.38)

It is important to mention that for a single ion case (Z = 1) the (5.38) turns into the
GRILLIX Braginskii electron continuity equation (3.87).

5.2.4 Vorticity equation in the multi-ion case

The multi-ion generalization of the single-ion vorticity equation (3.91) can be expressed
as following:

2 d; _ Vi(nazTa
v.(ﬂ S oy tloztoz) | g

B2 dt ZeNgs

) = —C(pe) —C(ps) + V- (jiyb) — éC(G)v

(5.39)

[0}

where >, ﬁaz%ﬁm is a part of the u?@ (5.27). The r.h.s. of the (5.39)
represents the V - j7¢t (5.30), where the diamagnetic cancellation with the viscous-
stress tensor, similar to the single-ion GRILLIX model [138], is performed. The rest
part of the V - j*** (5.33) appears in the (5.39) in the form of —£C(G), where the G is a
multi-ion generalization of the single-ion GRILLIX one (3.93) using the parallel-parallel
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5.2 GRILLIX

components 7| of Zhdanov viscouss-stress tensor (4.73) and the coordinate-independent
form of the viscouss-stress tensor divergence Eq. (B7) in [84]. Evidently, for a single ion
case (Z = 1) the (5.39) turns into the GRILLIX Braginskii vorticity equation (3.91).

5.2.5 Ohm’s law

The electron momentum equation is written according to Zhdanov (paragraph 8.2 in
[18]). As a result, the multi-ion generalization of the Ohm’s law (3.96) is done as
following:

mede J 10

e dten cOt e

1 A
Ay =V)o— eT%V”pe + 1) <j|| +Jj ) e (5.40)

where the electrical conductivity is:

Me NeMe
a”’ o= )‘ei

1 _ A
) /\ei:§(27r) S/QnEZfo\/meW(Zlﬂ)Qe"‘, (5.41)

B 3 /7neT63/2
4y 2mneZep et

Te

1

Zegr=—_ Z’naz, (5.42)
Me aZ

and the Zhdanov kinetic coefficients are:

- 0.22 + 0.73/Z s
0.31 + 1.20/Zesy +0.41/22,,

0.47 +0.94/Z ;¢

. (5.43)
0.31 + 1.20/Zesy + 0.41/ 22,

a) =1 Bl =

It is worth to mention that o ~ 0.51 and B ~ 0.73 for Zsy = 1. Also, there is
correction current:

2
i Zenay
JHfo — g Zenazu”az—i— E @ Uj|az- (5.44)
aZ aZ Zeff

which is a result of the Zhdanov closure. Note, the jflhf f # 0 for multi-ion mixture.

Besides, the jﬁlif s required to satisfy the momentum conservation in e-i collisions.

5.2.6 Electron temperature equation

First, it is necessary to consider the divergence of the electron parallel heat flux Eq.
(8.2.7) in [18] and the electron heat source (4.20), (4.21):
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e 3 CQ”IIgC me
=V (heb) + Qe —wey Ry = V- (X[VTeb) = =3 <fom (Te = T0)
L

Te . dif f me if f -
v (ﬁue (Jn +J) )b> ~ Wl 0 (Jn + ) ) + wenefb - VIe ~

e 3 Z? Naz Me T, . 2
V- (x{viTb) - =D < Zess ma) (Te = T0) + By V - (Gb) +mygy, (5.45)

if f

)

where for the ”~"” sign the ]H is neglected and the wj. ~ —jj/(en.) assumption is
applied. Later, these assumptions can be relaxed by means of additional terms in the
electron temperature equation.

Finally, the multi-ion generalization of the electron temperature equation (3.100) can

be written as following:

2 57T, 2 2 T, .
7T = g |: TC(¢) + 5*6( ):| — gTeV . (’U“b) + gﬁu%v . (]Hb)
-2
21 2 Znaz me N
ST (X”VHT b) = gZ: (Zeffne ma) (T.~T)+ 5 (546)

where the parallel electron heat conductivity is defined as:

neT T B 3.9—1—2.3/Zeff
=N | M 0.31 + 1.20/Zefs + 04122,

(5.47)

It is worth to mention that v & 3.29 for Z.yy = 1. Note that for a single ion case
(Z = 1) the (5.40) and (5.46) turn into the GRILLIX Braginskii Ohm’s law (3.96) and
electron temperature equations (3.100), correspondingly.

Using the Zhdanov closure for ions (section 4.3), the generalized for arbitrary mixtures
ion parallel momentum (3.95) and ion temperature equations (3.102) can be derived in
the similar way, as it is performed for the electron ones (5.40) and (5.46). Thus, the
equations for u,z| and T; can be found.

5.2.7 MPI multi-species infrastructure and MMS tests

In this subsection, we delve into the essence of the code design for the multiple ion
treatment and the integration test infrastructure. This approach is crucial for preventing
bugs and ensuring the reliability of our implementation. By carefully designing and
conducting integration tests, we can identify and address potential issues at an early
stage, thereby improving the overall robustness and performance of the code.
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Figure 5.2: An example of initial profiles of electrons (rank 0), DT (rank 1), 7" (rank 2), He™?
(rank 3) in the circular geometry in the multi-ion GRILLIX mode.

Previously in the GRILLIX code, the MPI parallelization over different poloidal planes
(figure 3.2), i.e. the perpendicular dynamics of each of fluid equations are solved at
the different MPI rank for each poloidal plane. The multi-ion model for GRILLIX is
additionally parallelized over different ion-species. In particular, the continuity equation
(5.38) for each species aZ is solved in parallel at the different ion rank. Then, the
ne at the electron rank is calculated using MPI communication according to the n, =
> oz Znaz. In figure 5.2, the initial density profiles for the mixture of D¥, T, He™t?
in the circular geometry are plotted. The n. (figure 5.2) is a result of M PI _reduce
command application over the ion ranks.

Before implementing the multi-ion equations into the GRILLIX code, the CI/CD in-
frastructure is prepared using the method of manufactured solutions (MMS) [144]. The
integration tests in the slab and circular geometries are automatically performed for any
new changes introduced by git commit in the GRILLIX gitlab repository. The conver-
gence results for the 8, 16, 32 and 64 numbers of poloidal planes (parallel resolution)
with the proportionally increased the perpendicular grid resolution and the time-step
for the simple density equation:

anaz = ZZ (548)
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Slab: Convergence results for the Zhdanov model Circular: Convergence results for the Zhdanov model
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Figure 5.3: Numerical error of MMS verification procedure. The sup- and L2-norms (nrm)
for DT, T+, He*? densities (normalized to the npol=8 values) for the slab (a)
and circular (b) geometries. The 3 order convergence, which should be reached
asymptotically, is plotted. Starting from 8 the number of planes is doubled together
with the perpendicular grid resolution and the time-step.

are pictured in figures 5.3a and 5.3b for the slab and circular geometries, correspond-
ingly.

Thus, the multi-species infrastructure is prepared of the further implementation of the
model, which is based on the Zhdanov closure.

5.3 Conclusions according to the improvements of the
SOLPS-ITER and GRILLIX models

The Zhdanov closure is fully integrated into the SOLPS-ITER code as a part of the ZG
module. The implementation includes the derivation of transport coefficients for various
quantities such as heat flux, the TF and the FR, the strain and the heat parallel stresses
utilizing the ITAM and the EMIM. Moreover, the ion velocity difference heat flux, which
was absent in previous versions of the SOLPS-ITER model, has been incorporated. The
differences between the old ZY and new IAM/EMIM formulations of the TF and FR in
the SOLPS-ITER code are discussed in subsection 4.4.3. Furthermore, the discrepancy
between the previous and updated formulations of heat conductivity and viscosity in the
SOLPS-ITER code are illustrated in figure 5.1.

This comprehensive integration of the Zhdanov closure enables the complete multi-
ion generalization of the SOLPS-ITER model. The equations have been unified to apply
uniformly to all ion species without the need for conditional statements differentiating
between main and impurity species. It is important to note that this generalization
would not have been achievable without the derivation in section 4.2 of multi-species
heat stress, which in the single-ion form are an essential component of the original
SOLPS-ITER model [83] and cannot be omitted.
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5.3 Conclusions according to the improvements of the SOLPS-ITER and GRILLIX models

As a demonstration of the model’s readiness, simulations using a 50-50 D-T mixture
are presented in section 6.2, highlighting the capability of the model to accurately capture
the behavior of such a mixture. This accomplishment further solidifies the applicability
and effectiveness of the ZG module within the SOLPS-ITER framework.

In the GRILLIX code, the drift-reduced multi-ion equations have been formulated.
The introduction of polarization drifts for each ion species in the equations is achieved by
utilizing the Zhdanov ordering. This approach simplifies the treatment of polarization
flux divergence, eliminating the need for species-resolved implementation [142]. This
divergence is expressed using the vorticity equation.

It is important to highlight that the single-ion Braginskii equations can be viewed as
a special case within the framework of the new multi-ion equations. Specifically, when
considering a single-ion mixture with an ion charge state of Z = 1, the new multi-ion
equations reduce to the familiar standard GRILLIX equations. This observation under-
scores the connection between the multi-ion formulation and the previously established
single-ion approach, providing a clear relationship between the two.

To ensure the accuracy and reliability of the model implementation, the CI/CD pro-
cedure is employed, utilizing MMS integration tests. This rigorous approach guarantees
the robustness of the implemented model. Additionally, the MPI infrastructure is pre-
pared to accommodate the multi-ion equations. However, it is important to note that
the full integration of these equations into the GRILLIX code is still pending and is a
task reserved for future model development.
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6 SOLPS-ITER simulations with the
Zhdanov-Grad module

The new capabilities of the SOLPS-ITER code for the mixtures of ions with close masses
are demonstrated in this chapter.

6.1 ITER modeling with D4+He+Ne mixture

In this section, we focus on the D+He+Ne SOLPS-ITER modeling in the ITER toka-
mak. While the main plasma parameters do not exhibit significant changes after the
implementation of the improved approach, the helium transport undergoes considerable
alterations due to the new TF and FR formulations. Specifically, the separatrix-averaged
relative concentration of He experiences a substantial decrease of approximately 30%
compared to the previous formulations. This plays a crucial role in the studies of helium
exhaust and is of particular importance in tokamak scenarios like ITER. The content of
this section was also published in [85].

6.1.1 Main plasma parameters

The ITER baseline scenario simulation with the energy flux through the separatrix
Psor, = 100 MW and D+He+Ne mixture is carried out with the 3.0.7 SOLPS-ITER
version with the ZG module implemented. The D fueling and Ne seeding are chosen to
obtain plasma parameters in between 1b and 2b from [74]. Namely, the divertor neutral
pressure p, = 7.5 Pa and the separatrix-averaged Ne concentration cy. = 1.0%. The
simulation has been performed with full drifts and currents activated and with EIRENE
kinetic neutrals.

The reference simulation with the ZY expressions is catalogued in the ITER integrated
modeling analysis suite (IMAS) database as 123270. The simulations with the ZG mod-
ule activated using TAM and EMIM are catalogued in the IMAS database as 123271
and 123272, correspondingly. The TF, the FR and the heat conductivity is calculated
according to the ZG, while the velocity dependent part of the heat flux are disabled, and
the viscous-stress tensor is calculated according to the previous 3.0.7 model.

It is noteworthy that the Zhdanov closure has already been partially implemented
in the 3.0.7 SOLPS-ITER model. One significant improvement is the consideration of
the effective plasma charge (Z.s¢) dependence in the electron parallel heat conductivity,
which is responsible for a major portion of heat transport along B in the SOL. Unlike
the simple Braginskii formulation [17], the Zhdanov formulation (J.3) accounts for this
dependence. Additionally, the ZG ion heat conductivity deviates from the 3.0.7 model
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6 SOLPS-ITER simulations with the Zhdanov-Grad module
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Figure 6.1: ITER outer target profiles for the Standard SOLPS-ITER 3.0.7 model and the
Zhdanov-Grad module activated. (a) Electron temperature. (b) Total surface
power loads, which includes the energy flux of ions and electrons, ion recombi-
nation loads, energy flux from recycled neutrals (which return a portion of the
incoming energy back to the plasma volume), radiation loads, and other interac-
tions involving neutrals and the plasma-facing surface.

by approximately 5% when considering a realistic plasma mixture (as shown in figure
5.1). As a result, the main plasma parallel transport undergo minimal changes following
the activation of the ZG module. Figures 6.1a and 6.1b present the outer target profiles
for both the 3.0.7 SOLPS-ITER and the improved ZG model. The minor changes in the
T. profile (as depicted in figure 6.1a) are primarily attributed to the redistribution of Ne
impurity in the plasma volume due to the improved TF and FR formulation. Notably,
the ZG TF and FR make a significant contribution to He transport, which plays a major
role in addressing the He exhaust problem [145].

6.1.2 Helium transport in deuterium plasmas

As we discussed in section 4.4, the IAM and EMIM should act similarly for the He and Ne
impurities. This is confirmed in these test simulations. No visible difference in impurity
transport is observed between the IAM and EMIM applied. Namely, the He separatrix-
averaged concentration cg., which is affected more than cpe, diverge insignificantly, i.e.
cIAM = 0.62% for the IAM and cEMIM = 0.57% for the EMIM. Thus, the IAM is
studied further.

This is in contrast to the difference found between the ”Standard SOLPS-ITER” case
with the ZY expressions applied and the ”Zhdanov-Grad module” case with the IAM
applied. The separatrix-averaged He concentration is observed c}gfg”d“Td = 0.89% the
”Standard SOLPS-ITER” case vs cy. = 0.62% for the IAM case. Thus, the infinite mass
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Figure 6.2: The flow velocity difference between the He®? ion species and DT ion species,
normalized to the DT velocity |uge+2 — up+|/+/T;/mp using (a) the Standard
SOLPS-ITER model, which is based on the ZY expressions, and (b) the ZG module
in the IAM mode. Blue circles define spatial points where ion distribution functions
are studied in figures 6.3a and 6.3b.

ratio between main and impurity ions assumption is too strong for the D-He interaction
and should not be applied for the TF and FR kinetic coefficients calculations.

The TAM TF coefficient for D-He is smaller than the ZY TF one (figure 4.2b), accord-
ing to the mechanism of the He ”hot-tail” contribution, which is qualitatively discussed
in section 2.3.2. The IAM FR coefficient for D-He is larger than the ZY FR one (figure
4.3a). In this modeling, in the He parallel momentum equation the FR counterbalances
the TF according to the mechanism, which is discussed in details in [98]. As a result,
the He-D flow velocity difference is smaller for ZG module activated (figure 6.2b) with
respect to the ”Standard SOLPS-ITER” model (figure 6.2a). The He poloidal stag-
nation surface is shifted further from the target plates leading to the smaller for the
”Zhdanov-Grad module” case He leakage from the divertor region than for the ”Stan-
dard SOLPS-ITER” case (for more details we refer to [85]). Thus, the czrendard = 0.89%
is larger than the Cff‘eM = 0.62%. This test shows the importance of accurate treatment
of the TF and FR for the low mass impurity taking into account the mp /mpge > 0 mass
ratio. Smaller, but visible, the finite mass-ratio effect is observed in these simulations
also for Ne impurity [85].

6.1.3 lon distribution functions

The effect of the distribution function ”hot-tail” on the TF is qualitatively discussed in
subsection 2.3.2. In this subsection, the shape of the ion distribution effect is studied
on the real example, i.e. the ITER SOL simulations. The two spatial positions in the
divertor region are chosen for the analysis: one is at the high field side (HF'S) and another
is at the low field side (LFS) (blue circles in figure 6.2b). The ion distribution function,
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Figure 6.3: Distribution functions of the DT, He*? and Ne*% ion species (the most populated
charge states of the particular species type in the chosen divertor locations) at the
(a) HFS and (b) LFS in the divertor region (at the spatial points marked by blue
circles in figure 6.2b). f° is the non-modified Maxwell function.

which is used to obtain kinetic coefficients, can be reconstructed based on its moments,
which are calculated in the code. The 21N-moment approximation of the distribution
function (2.59) can be re-written using parallel components of vector moments w)qz,
hjjaz and rqz:

Mg, e MaC?
faz(€) = naz (%ﬂ) P <_ oT; >

1 hﬁ z oz 5
1+ YazWjaz€) + Yz ( o a) gl (02 - ) +

aZ Paz Yoz
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70 Paz Paz Yoz Yoz

where the moments hﬁ; , and rﬁpa , represent the modification of the distribution func-
tion due to the V|T;, and the moments hﬁ"az and rﬁ”az represent the modification of

T

the distribution function due ion flow velocity difference. Thus, the moments h”a

7 and
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6.1 ITER modeling with D+He+Ne mixture

Tﬁ;z contribute into the TF, and the moments hﬁ”az and rﬁ”az contribute into the FR.
In figures 6.3a and 6.3b predicted ion distribution functions at the HF'S and at the LF'S,
correspondingly (blue circles in figure 6.2b). The distribution functions are contracted

over the perpendicular velocities.

In the IAM, the finite ion mass ratio is considered in collisions for the momentum
r.h.s. integration, which affects the TF and FR coefficients. Also, the IAM TF for He
is reduced with respect to the ZY TF, because the He ”hot-tail” is taken into account
in TAM (the mechanism is qualitatively discussed in section 2.3.2). The He velocities
contribute significantly into the relative velocity in collisions g due to the close mp and
mpyge. Thus, the shape of the He distribution function contribution into the TF cannot
be neglected. The impurity ”hot-tail” contributes less for the heavier impurity, such as
Ne, and becomes negligible while approaching mp/mim, — 0. As it is shown in figure
4.2a, the ZY and IAM TF coefficients are close in this limit. It is important to mention
that when the ion masses become close, the TF approaches zero, as it is shown in figure
4.2b, because the contributions from the ”hot-tails” of both species counterbalance each
other according to (2.29) and (4.58). This effect is considered in details, when the D-T
TF is analysed in details in subsections 6.2.3 and 6.2.4.

The FR coefficient is modified because of the light species (D in this case) distribution
function shaping due to the collisions with the non-trace heavy species, which have
different than light species flow velocity. This phenomenon is well-known and taken
into account, for instance, for the Spitzer resistivity or for the ZY FR. However, for
the species with the close masses the modification of the D distribution function become
smaller than for the mp/miy,, — 0 limit (figure 4.1b). As a result, the IAM FR transport
coefficient become larger than the ZY one, as it is described in figure 4.3a. Thus, the
impurity TF becomes smaller, and the impurity FR transport coefficient after the ZG
module activation. As a result, the flow velocity difference between impurity and main
species become smaller (subsection 6.1.2).

The contribution of TF and FR to the He transport, as discussed in subsection 6.1.2,
can be further investigated by considering the shaping of the distribution function. The
figures 6.3a and 6.3b show the TF-FR counterbalance from the kinetic point of view.
The TF appears due to the D "hot-tail” h‘:‘FD / rﬁD (blue solid vs blue dashed in figures
6.3a and 6.3b). The impurity distribution function shift wj;,, towards the V| T; with
respect to the Maxwell distribution function with the mass-average flow velocity wu
(cyan/orange solid vs cyan/orange dashed in figures 6.3a and 6.3b) forms the required
FR. Note, in these simulations, due to the small amount of impurities, the D flow velocity
u)p is close to the u|. Thus, the TF occur mostly by means of w;,, in this case. Also,
figure 6.3b represents the case, which demonstrates that the parallel stagnation point is
different for the impurity and the main species due to the TF effect: the D flow velocity
is close to zero (slightly positive), whereas the impurity flow velocity is negative (towards
upstream) due to the wj;p.y-

In figure 6.3b, a negative part of the Ne distribution can be observed. Due to the
polynomial approximation, negative parts of distribution functions appear in Zhdanov
[18] and Braginskii closures [17], however inside the area of theory applicability they are
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6 SOLPS-ITER simulations with the Zhdanov-Grad module

small and do not contribute to the result. In these ITER simulations at the LFS, the
V| T; is sufficiently large to make the Ne diffusive velocity wy. ~60% of the Ne thermal

velocity \/7T;/mnye. In such a case the simulation is on the boundary of the applicability
of the linear Zhdanov theory. Moreover, modeling with the ions heavier than Ne can be
problematic, since their thermal velocity is even smaller. The non-linear terms in the
collisional operator become large and should be taken into account in such cases.

6.2 JET-like modeling with D+T+Ne mixture

In this section, we delve into the SOLPS-ITER modeling for a fusion plasma mixture.
The D+T+Ne mixiture is simulated in a JET-like tokamak configuration. A notable
improvement is achieved with the introduction of the ZG module of the code, as it now
allows simulations of mixtures with comparable concentrations of D and T, which was
not possible in previous versions. Consequently, we demonstrate the new capability of
the 3.0.8 SOLPS-ITER code.

The study focuses on the impact of the TF on the separation of hydrogen isotopes.
Specifically, the study reveals a notable observation of a 30% predominance of T over
D at the HFS near the X-point level. This finding is of considerable importance in
understanding the behavior of isotopes in the fusion plasma and has implications for
optimizing the performance of tokamak devices. The content of this section was also
published in [91].

6.2.1 Modeling setup

The D+T+Ne plasma mixture is modeled in a JET-like configuration (figure 6.4a) as
a test case. The ZG module is enabled in the EMIM mode. The wall geometry and
the magnetic equilibrium are taken from the JET D+Ne SOLPS-ITER simulations,
which were published in [146]. Our test simulations do not intend to match a real JET
experiment, but is rather performed in order to present the new SOLPS-ITER modelling
capability for D4+T mixtures, particularly considering the recent DT campaign carried
out on JET.

Table 6.1: Main simulation parameters for the D+T+Ne mixture in the JET-like configuration

Psor, | Tis, |Thd), [ D@ e, ot | F
MW ions/s atomg/g albedo Pa Pa
18 7.5-10% | 1.7-10%2 | 0.991 4.7 5.3 0.02

The simulation is performed with drifts and currents enabled. The neutrals are treated
kinetically by means of the EIRENE code [147]. In the table 6.1, the main plasma
parameters are collected, which are defined by the inputs. The power crossing the
separatrix is Psor, =~ 18 MW and equally distributed between the electron and ion
channels. The anomalous transport coefficients are chosen similar to [146] (figure 6.4Db).
Mimicking the source from NBI, the isotopes fluxes through the core boundary (yellow
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Figure 6.4: (a) JET-like modeling geometry including plasma fluid (purple) and kinetic neu-
tral (orange) numerical grids. Beryllium wall - green. Tungsten wall - red. Core
boundary - yellow. Puffing surface - cyan. Pumping surfaces - black. Blue surfaces
indicate neutral pressure measurements surfaces. Green dashed lines indicate OMP
and IMP. (b) Anomalous transport coefficients at the OMP.

solid line in figure 6.4a) are chosen correspondingly I')"® = I'{?"¢ = 7.5- 10%° jons/s. On
JET two hydrogen isotopes are puffed in different poloidal locations [148]. To exclude
the contribution of the puffing location effect on the hydrogen isotope transport behavior
the D and T puffing locations are chosen the same. From the technical point of view, in
this test simulation, it was convenient to place the D-T puffing location above the outer
divertor plate (cyan zone in figure 6.4a). The puffing fluxes are imposed as I'}Y =
Fguf F'=1.7-102 atoms /s. The albedo coefficient on the cryo-pump surfaces (black in
figure 6.4a) is set equal for all species (table 6.1). The recycling coefficient on all other
surfaces is chosen to be equal to 1.0, i.e all either D or T species, not reflected as atoms
from the W or Be surfaces according to the TRIM-database reflection probability, are
emitted as part of either Dy or Ty molecules, respectively [147, 149]. In this simulation,
DT molecules are not considered. Thus, the throughput and the pumping speed are
established according to the input parameters (table 6.1). As a result, the neutral
pressure p%e“t = 4.7 Pa and p’:}e“t = 5.3 Pa in the PFR (calculated along the blue
surfaces in figure 6.4a) is observed in the simulation. Also, the established OMP profiles
are plotted in figures 6.5a and 6.5b.
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6 SOLPS-ITER simulations with the Zhdanov-Grad module
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Figure 6.5: Plasma profiles at the OMP. (a) Left axis: electron density (n.) (red), D ion density
(np) (blue), T ion density (nr) (magenta), total hydrogen isotope ion density
(black); right axis: Z.¢s (dashed yellow). (b) Electron temperature (T¢) (red), ion
temperature (7;) (blue).

To maintain the applicability of collisional theory in the study, there is a deliberate
effort to achieve a high collisionality regime in both the SOL and divertor. This is
accomplished by introducing a relatively high concentration of Ne impurity in the mod-
eling. The average Ne concentration at the separatrix c}q\?é’ ~ 2%, as well as Z.¢s in the
confinement region can reach up to 3 (as shown in figure 6.5a). As a result, the strong
radiation in the divertor is achieved, creating conditions of low temperature and high
density (illustrated in figures 6.6a and 6.6b). These conditions contribute to the high
collisionality observed in the SOL.

It should be noted that pronounced detachment occurs on both the inner and outer
divertor targets when using the specified simulation parameters. Along the target plates,
T. of approximately 1eV is observed (figure 6.6b). The peak heat load on the outer
target reaches 2.2 MW/m?, while on the inner target it is 1.5 MW /m?. This simulation
qualitatively corresponds to the Ne 6.0el9 atoms/s seeding run described in [146] and
the run with a peak outer target heat load of 2 MW /m? mentioned in [150].

6.2.2 Collisional theory applicability
The Knudsen number according to the V| T} scale in the form of Kn = ng'|VHT¢/ (Tiloc e —

Tloc min)| can be applied for the main ion collisionality analysis. Here the )\gf is the
D effective mean-free path, and Til"c maz TZ-ZOC ™in are the local extrema along B. Thus,
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Figure 6.6: (a) n. 2D profile in the divertor. (b) T, 2D profile in the divertor.

the Ly = (|VT;/(T}ec ™= — Tjoc mim)[)=1 is a characteristic distance in the parallel di-
rection between two local extrema. On the closed flux surfaces, this distance is between
the top and the bottom of the tokamak. In the SOLPS-ITER modeling with drifts, the
poloidal T; variation on the closed flux surfaces is driven by the diamagnetic drift and
has neoclassical nature [83]. In the SOL, L is a characteristic distance in the parallel
direction between the upstream point and the target.

Using the relation v} ~ LH/(W)\Efo)E*E}m, where v is defined according to Eq. (6.87)
in [81], the Kn =~ ¢~%/2 /(7). Therefore, Kn > 1/m corresponds to v} < e73/2. We
confirm that in the JET H-mode, the pedestal is in the platue-banana regime (shown
in figure 6.7a). Thus, the neoclassical corrections, similar to the ones used in [83], are
applied on closed flux surfaces. However, in the SOL, Kn < (0.1. Subsequently, one can
expect a thermal D ion collides 10-100 times on the distance between the upstream and
the target along B (figure 6.7a).

Another criterion that can be utilized in the SOL is the Zhdanov parallel heat flux,
denoted as hjp+, which is normalized to the convective heat flux carried by ions with

the thermal velocity of \/T;/mp - pp+ (as shown in figure 6.7b). This coefficient is the
third term in the polynomial correction to the Maxwell distribution function (6.1). For
an accurate polynomial approximation, all coefficients in (6.1) should be smaller than
unity. Among the other coefficients in the distribution function approximation for D
(and also for T) (6.1), the heat-flux-dependent coefficient is found to be the closest to
unity in the essential regions of the domain. In the confinement region, this criterion
is satisfied. However, the Knudsen number (figure 6.7a) indicates that the mean-free
path is greater than the top-bottom connection length, implying the need to consider
non-local kinetic effects. Local collisional closure is applicable in the collisional SOL,
but in regions with steep gradients, the solution approaches the boundary of collisional
theory applicability. One should be cautious when using simplistic analysis, as non-local
suprathermal particles can exhibit non-collisional behavior under these conditions and
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Figure 6.7: (a) The Knudsen number according to the V| T; scale (b) The normalized D parallel

heat flux (before flux limiting application) |hjp+/(\/Ti/mp-pp+)|. The colour bar
is on a logarithmic scale and the white region is below the scale.

significantly contribute to the heat flux [151]. For studying the contribution of kinetic
effects to transport along B, the KIPP kinetic code was coupled with a 1D version of the
SOLPS code [152] and can be applied in the future for one flux-tube for cross-comparison
with our local model. In this section, the Ne transport is not studied in details, otherwise
the Zhdanov closure applicability should also be checked of Ne, as it is done in subsection
6.1.3.

6.2.3 Difference in the hydrogen isotope transport in the SOL

In this D+T+Ne test simulations, no obvious differences observed in the main plasma
and impurity transport behaviour with respect to the D+Ne SOLPS-ITER, simulations
from [146]. However, a direct one to one comparison between the pure-D and D/T
plasmas is left for future studies, which can reveal the isotope effect on main and impurity
ions transport parameters.

In the thesis, we focus on the D-T TF phenomenon, which is a direct consequence of
the Zhdanov closure applied. The D-T TF leads to the isotope separation in the presence
of V| T;. As illustrated in figure 6.8a, the T accumulation at the HFS divertor entrance
with respect to D is observed. Before studying this phenomenon in detail, a simple test
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Figure 6.8: The T and D ion density ratio ny/np as a result artificial adjustment of the isotope
mass ratio mp/mp for the TF and FR kinetic coefficients calculation. (a) a realistic
ion mass is used: mp/mp = 1.5; (b) T mass is factored by 2/3: mgy/mp = 1;
(¢) T mass is factored by 5: mp/mp = 7.5, Ne mass is factored by 10 (to keep
Ne heavier than both hydrogen isotopes). Black numbers represent poloidal cell
numbers in the reference flux tube (number 7 from the separatrix), where the TF
effect is analysed (figures 6.10a and 6.10a). In the poloidal cell number 17, the ion
distribution functions analysis is performed in figure 6.11.
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6 SOLPS-ITER simulations with the Zhdanov-Grad module

is performed to demonstrate that this T vs D HFS accumulation is a result of the TF
effect.

Based on (4.58) and the qualitative understanding of the TF (subsection 2.3.2), one
can note that the "hot-tails” of the different species counterbalance each other in the
momentum r.h.s. reducing TF to zero, if the mass of the species become close to each
other. Thus, the mass of T is artificially reduced by factor of 2/3 for the TF and
FR kinetic coefficients calculation. The D-T TF, i.e. the one which is obtained by
subtracting the TF due to D-Ne and T-Ne interactions from the total TF, become close
to zero. As shown in figure 6.8b the np/np — 1 at the HFS divertor entrance. The
inner-outer ny/np divertor asymmetry is also reduced (figure 6.8b). This is a clear
evidence of the TF contribution into the isotope separation phenomenon in the SOL.

One can approach the opposite limit: the mass ratio is artificially increased by multi-
plying mp x 5 (mgp/mp = 7.5) for the TF and FR calculation. Effectively, the kinetic
coefficients become closer to the ZY expression ones according to (4.110) and (4.119).
Subsequently, the D-T TF increases dramatically, which leads to even larger T over D
predominance at the HFS (figure 6.8c) than for the reference ”realistic ion mass” case
(figure 6.8a). This level of T accumulation at the HF'S is due to our my/mp — oo exer-
cise and purely non-physical. This test shows that the original SOLPS-ITER model with
the ZY TF should not be applied for D-T simulations. Moreover, the further increasing
of mp/mp leads to the numerical convergence problems due to the large non-physical
TF. Thus, apart from small changes, which is needed for impurity assumption relax-
ation, the ZG module implementation is necessary to introduce T in comparable to D
amounts in the modeling.

There is also ny/np > 1 in the PFR and in the vicinity of targets in all three cases,
including “T mass x 2/3” case with the suppressed D-T TF (figure 6.8b). This is a result
of the difference in the neutral dynamics of the hydrogen isotopes. This phenomenon is
out of the thesis scope. For details we refer the reader to [91].

6.2.4 Thermal force and poloidal flows

As illustrated in previous studies, such as [150], when the ion V B drift is directed towards
the lower X-point, the main ion poloidal flows from the LFS to the HFS are generated
(indicated by the blue arrow in figure 6.9a). These flows originate from the LFS X-point
level (blue circle in figure 6.9a) as a result of drift and recycling flows [150].

In this thesis, we analyze the influence of both these poloidal flows and the TF of D-T
on the T build-up at the inner divertor entrance, which is observed in figure 6.8a. It is
convenient to plot the SOL region in figure 6.8a on the numerical rectangular SOLPS-
ITER mesh: figure 6.9b, where the flux tubes are positioned parallel to the horizontal
axis.

The close ion poloidal flows enter Fion tnner /prion inner — 1 15 (with a slight predom-
inance of T in the flow) into the HFS divertor region (indicated by the blue arrow in
figures 6.9a and 6.9b). Further in the inner divertor region the ion poloidal flows, which
are marked by the magenta arrows in figures 6.9a and 6.9b are additionally fed by the
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Figure 6.9: (a) Schematic of the main fluxes in the SOL. Blue arrow - poloidal ion flow in
SOL from the LFS towards the HFS. Blue circle - approximate stagnation point
of poloidal flows. Magenta arrows - poloidal ion fluxes in the divertor region.
Green arrows - neutral fueling from the PFR to the SOL below X-point. Red
arrow - neutral fueling of the confined region. (b) Ratio T to D ion density in
the SOL for the "realistic ion mass” case (the same as in figure 6.8a) plotted on
the numerical rectangular SOLPS-ITER mesh: vertical scale - numerical magnetic
flux tube number, beginning from the separatrix and ending at the computational
boundary in the far-SOL; horizontal scale - poloidal cell number from the inner
target (IT) to the outer target (OT). Dark blue dash-dotted horizontal line - the
reference flux tube, where the TF effect is analysed (figures 6.10a and 6.10a); black
dashed vertical line - divertor entrance; green dotted vertical line - IMP poloidal
location; magenta dotted vertical line - OMP location.

D and T neutral flows from the PFR. Those define the T vs D ratio in the flow towards
the inner target.

For further analysis one can consider the reference flux tube (number 7 from the sep-
aratrix), which is marked in figure 6.9b. Qualitatively similar behaviour is also observed
in several neighbouring flux tubes from both sides. As illustrated in figure 6.10b, the
parallel flow ratio nTUg—a/nDU% ~ 1 in this flux tube, which are formed by the close
neutral D and T flows from the PFR. In the inner divertor the T-D TF, which is ob-
tained by subtracting the TF due to D-Ne and T-Ne interactions from the total TF, is
counterbalanced by the T-D FR, i.e. the part of the T FR, which is proportional to the
ugﬂ — u|j|3, as it is shown in figure 6.10a. Similar behavior is also observed in the outer
divertor (figure 6.10a). Note, in the vicinity of the target (poloidal cell numbers from 0
to 6) the TF is much smaller than FR (figure 6.10a). Besides, the nTugﬂ/nDuy) > 1 due
to the neutral dynamics, which is discussed in details in [91], and the u& / u|]|3 ~ 1 due to
the strong FR.

Further from the target (poloidal cell numbers from 6 to 23), the T;, which is marked
as red dashed line in figure 6.10b, increases dramatically, which forms the TF. The
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Figure 6.10: (a) The TF (red) and FR (blue), which act on the T species due to the D-T inter-
actions (due to the D-T flow velocity difference for FR), in the inner (solid) and
outer (dashed) divertor in the reference flux tube shown in figure 6.9b (poloidal
distance from the corresponding target is marked along the horizontal axis). Num-
bers correspond to the poloidal numerical cells (horizontal axis in figure 6.9b). (b)
Solid lines: ratio of T vs D ion densities (red), ion parallel velocities (blue) and
ion parallel fluxes (yellow) in the inner divertor in the reference flux tube (left
vertical scale). Dashed line: T; (right vertical scale).
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6.2 JET-like modeling with D+T+Ne mixture

counterbalancing FR forms the ug - uﬂ) and ugﬂ/u% < 1 (figure 6.10b). Due to the
[

particle conservation nTug /npup, = 1, the T predominance over D ny/np > 1 (shown
as a red solid line in figure 6.10b) is formed at the inner divertor entrance. Thus, the
large ny/np peak at the HFS X-point level (figure 6.9b) is a result of the D-T TF and
poloidal flows. There is also a smaller ny/np peak at the OMP due to the combination
of two effects: overall larger T than D concentration in the poloidal flow, which appears
from the LFS X-point level and towards the HFS X-point level, and the VB drift driven
T; poloidal variation mediating the ny/np poloidal varation. This effect is smaller and
not considered in the present work.

Velocitg parallel projection distribution; R :2.52m; 7 :-1.43m
2,510

2r VHTL'>O

v;m/s %10°

Figure 6.11: Distribution functions of the D*, TF and Net® ion species at the HFS in the
reference flux tube number 7 from the separatrix and poloidal cell number 17 (see
figures 6.8a and 6.9b). f° is the non-modified Maxwell function.

It should be noted that according to the collisionality criteria, which are expressed
in figures 6.7a and 6.7b, the collisional Zhdanov closure is well applicable in the HFS
divertor. Also, in figure 6.11, one can observe small Zhdanov corrections to the Maxwell
distribution functions, which confirms the linear theory applicability. This allows to
apply the new ZG module to study D-T TF contribution into isotope transport in JET
SOL.
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6 SOLPS-ITER simulations with the Zhdanov-Grad module

6.3 Conclusions according to the SOLPS-ITER modeling
results with Zhdanov-Grad module

In this chapter, we conducted test simulations using the SOLPS-ITER code with the ZG
module to showcase the enhanced capabilities of the model. Specifically, we explored
D+He+Ne mixture, allowing us to investigate the transport dependence of He on the TF
and FR in ITER baseline scenario. We emphasized the significance of considering the
mp/mge > 0 contribution in the kinetic coefficients, which leads to the 30% decrease
in the separatrix-averaged He relative concentration. Also, we discussed the analysis
of distribution functions for D, He and Ne ion species in the ITER divertor, providing
insights into the nature of impurity TF, a previously unexplored aspect. Furthermore,
we discussed the feasibility of employing the Zhdanov closure for modeling He and Ne
impurities.

Additionally, the simulations explored the Zhdanov theory’s boundary in terms of lin-
ear theory applicability, considering the SOL parameters of ITER. The thesis cautioned
about the inclusion of non-linear terms in the collisional operator when dealing with
impurities heavier than Ne.

The major accomplishment of this thesis was the successful simulation of a plasma
mixture relevant to a reactor scenario, specifically the D-T mixture with impurities, using
the SOLPS-ITER code. Prior to the implementation of the ZG module, the SOLPS-
ITER was limited to modeling only one hydrogen species with impurities. In this chapter,
we performed test simulations for the D+T+Ne mixture in a JET-like configuration,
accounting for drifts and kinetic neutrals. Our study examined the applicability of
collisional closure in the JET H-mode SOL and analyzed the impact of the D-T TF on
isotope separation in the SOL. Notably, the study observed 30% T predominance over D
at the HF'S at the X-point level, influenced by the effect of the D-T TF and poloidal ion
flows in the SOL. Furthermore, it demonstrated that the previous SOLPS-ITER model
should not be used for simulations involving different hydrogen isotopes due to significant
overestimation of the D-T TF, which leads to numerical issues and non-physical results.
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7.1 Summary

The simulations of the edge and SOL regions in magnetic fusion devices are very chal-
lenging but also hold immense importance in the field. The parameters of the edge
and SOL plasma regions have a substantial impact on the overall performance of the
plasma. The behavior of plasma can be characterized using either 6D kinetic or 5D gyro-
kinetic equations incorporating a collisional operator. However, solving these equations
numerically requires significant computational resources. In certain regions, particularly
in the plasma edge and SOL, highly collisional conditions usually occur, which enable
simplifications. The highly collisional regime refers to the conditions that the macro-
scopic parameters experience gradual variations over length scales that are parallel (or
perpendicular) to the mean free path (or gyroradius), as well as over time scales between
collisions (or gyromotion periods). This enables the utilization of a moment approach
and collisional closure to solve the kinetic equation. In particular, by contracting the
distribution function over the velocity space, it becomes possible to solve the system of
3D fluid equations.

For the single ion plasma, the well-known Braginskii closure [17] is used for many
transport [88, 102, 104] and turbulent fluid codes [21, 126, 127, 128]. However, for the
multi-ion plasmas, when either close ion masses or non-trace concentration of several
ions species is considered (for example reactor relevant D+T+He+impurities mixture),
the more advanced multi-species closure, such as the Zhdanov closure [18], should be
applied. Recently, this closure has been partly implemented into the SOLEDGE3X
code [141]: the Zhdanov closure has been applied for the vector moments, but not for
tensorial moments. The multi-temperature extension of the Zhdanov closure is under
development [92, 99] and supposed to be implemented into the SOLEDGE3X code.

In this thesis, the improvement of the multi-ion models based on the Zhdanov closure is
performed for the SOLPS-ITER and GRILLIX codes. First, in chapter 4, new advances
in the Zhdanov collisional theory is carried out. The SOLPS-ITER and GRILLIX codes
are based on the Bragiskii set of equations, which differ from the Zhdanov ones. Thus,
in section 4.1, the specific relations between Zhdanov and corresponding Braginskii mo-
ments and r.h.s.’s are obtained (4.17), (4.18), (4.19), (4.22) and (4.20). The corrections
for the moments Tpz (4.17), hoz (4.18), mazrs (4.19) are found small according to the
Zhdanov ordering, whereas the collisional r.h.s. corrections for the R,z (4.22) and Q.7
(4.20) are necessary to conserve momentum and energy in collisions, correspondingly.
In particular, the correction (4.20) represents the well-known Joule heating and can not
be omitted.
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7 Conclusion & Outlook

The heat stresses for the fully ionized collisional multi-species plasma are derived in
section 4.2 using a general rank-2 moment equation from [18] and [99]. They were not
previously obtained by Zhdanov for the 21N-moment approximation (8th chapter in
[18]). These heat stress can be comparable with the strain stresses, which were originaly
derived in [18], for example the Pfirsch-Schliiter regime (section 12.3 in [100] and [86, 81]).
The single-ion heat stress has been implemented into the SOLPS-ITER code [88, 83].
The multi-ion generalization of the SOLPS-ITER heat stress is performed. Additionally,
the flow velocities of each species are taken into account for the viscous-stress tensor,
whereas uqz, &~ u, was assumed there by Zhdanov [18].

The transport coefficients for the rank-1 and rank-2 moments are derived in section
4.3 using guidance from [18]. Besides, the TF and FR are obtained in subsections
4.3.3. Performing this, several mistakes were found in the original monograph [18].
The corresponding mistake corrections are described in appendix A. Also, the charge
states corrections are derived for rank-2 moments from scratch (sub-subsection 4.3.4.3),
because they are not present in [18]. The viscous-stress tensor is written taking into
account heat stresses and the species resolved flow velocities, according to the results
from section 4.2. In this section the EMIM for the transport coefficient is discussed.

The improved versions of the ZY expressions are obtained in section 4.4. In contrast to
the ZY expressions, which are limited to cases where the impurity mass greatly exceeds
the main ion mass, the IAM offers accurate formulas for impurities in D plasmas within
the He-Ne range. Moreover, the TAM exhibits correct qualitative behavior when dealing
with mixtures of species that have similar masses, which is not always the case with
the ZY expressions (e.g., the ZY TF). Additionally, the TAM can be applied to light
main species with multiple charge states (e.g., He plasmas with impurities), while the
7Y expressions are only applicable to a single charge state. The ZY analytical approach
fails to describe the heat flux for heavy impurities (such as in trace-impurity scenarios),

(Zh)

where the heat conductivity is proportional to Timp imp- HHOWeEVeT, the IAM successfully

provides a qualitatively accurate heat conductivity for heavy trace impurities, which is
proportional to Ti(i}];)mam.

The improvements of the SOLPS-ITER and GRILLIX models, which are performed
in the thesis, are described in chapter 5. The SOLPS-ITER code incorporates the Zh-
danov closure as part of the ZG module, enabling the calculation of transport coefficients
for various parameters such as the heat flux, the TF, the FR, the strain and the heat
parallel stresses (section 5.1). The IAM and EMIM are used to derive these coeffi-
cients. Additionally, the SOLPS-ITER model now includes the ion velocity difference
heat flux, which was not present in previous versions. This implementation results in
a complete multi-ion generalization of the SOLPS-ITER model, allowing for uniform
equations across all ion species without specifying main or impurity species. It should
be noted that this generalization would not have been possible without the derivation
of multi-species heat stress (see in section 4.2 and subsection 4.3.4), which is a crucial

component of the original SOLPS-ITER model.

As for the GRILLIX code, the equations for multiple ion species have been formu-
lated. The polarization drifts for each ion species are introduced using the total po-

136



7.2 Outlook

larization current, following the Zhdanov ordering. This approach avoids the explicit
implementation of polarization flux divergence in the continuity equation by expressing
it through the vorticity equation. The model implementation undergoes the CI/CD
procedure through the MMS integration tests. The MPI infrastructure is prepared to
handle the multi-ion equations. However, the actual implementation of these equations
into the GRILLIX code has not yet been carried out and has been left for future model
developments.

Finally, the test SOLPS-ITER simulations are carried out in chapter 6. These sim-
ulations are meant to demonstrate the capability of the improved multi-ion model of
the SOLPS-ITER code. The ITER D+He+Ne and JET-like D4+T+Ne modeling is per-
formed. Specifically, the influence of the TF and FR on He transport in the ITER
baseline scenario is investigated. The importance of considering the contribution of
mp/mge > 0 to the kinetic coefficients is also discussed. The implementation of the new
TF and FR formulation results in a significant 30% decrease in the separatrix-averaged
He relative concentration for a constant He core source and engineering pumping speed
compared to the old formulation. Furthermore, the chapter presents an analysis of the
distribution functions for D, He and Ne ions in the ITER divertor, shedding light on the
nature of impurity TF. The feasibility of employing the Zhdanov closure for modeling
He and Ne impurities is examined. Namely, the simulations explore the limits of the
Zhdanov theory in terms of its applicability to linear theory, taking into account the
SOL parameters of ITER. The thesis cautions against including nonlinear terms in the
collisional operator when dealing with impurities heavier than Ne.

The main accomplishment of the thesis is the successful simulation of a plasma mixture
relevant to a reactor scenario, specifically the D-T mixture with impurities, using the
SOLPS-ITER code. Prior to the implementation of the ZG module, the SOLPS-ITER
model only allowed for modeling one hydrogen species with impurity. In this chapter,
test simulations are conducted for the D+T+Ne mixture in a JET-like configuration,
considering drifts and kinetic neutrals. The study examines the applicability of collisional
closure in the JET H-mode SOL and analyzes the impact of the D-T TF on isotope
separation in the SOL. Notably, the study observes 30% predominance of T over D at
the HFS at the X-point level, influenced by the effect of the D-T TF and poloidal ion
flows in the SOL. Furthermore, it is demonstrated that the previous SOLPS-ITER model
should not be used for simulations involving different hydrogen isotopes due to significant
overestimation of the D-T TF, which leads to numerical issues and non-physical results.

7.2 QOutlook

Significant advancements are made in the further development of the Zhdanov closure.
Currently, there is ongoing work on the multi-temperature generalization of the Zhdanov
collisional theory, as discussed in references [92, 99]. This advancement is crucial as
it captures new transport behaviors resulting from temperature differences among ion
species, which cannot be accounted for by the original 21N-moment Zhdanov closure
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[18] that assumes a common temperature for the mixture for the kinetic coefficient
calculations.

The ZG module is currently being prepared for integration into the new wide-grid
version of the SOLPS-ITER code [153]. This updated version allows for the extension
of the computational domain up to the material wall. In the current 3.0.8 SOLPS-ITER
version, the last simulated flux surface in the SOL and the PFR is limited by inter-
sections with device material elements, imposing constraints on the variety of tokamak
configurations that can be modeled. Furthermore, phenomena occurring in the far-SOL
region, such as first wall sputtering, recycling, and far-SOL transport, cannot be ade-
quately studied with the 3.0.8 SOLPS-ITER code. By detaching the ZG module from
the SOLPS-ITER code and publishing it as a separate Fortran library, it can be applied
to other fluid codes.

The infrastructure of the GRILLIX code is prepared to accommodate the implemen-
tation of multi-ion fluid equations. In the future, a fully multi-ion fluid turbulence model
can be applied, enabling investigation of impurity turbulent transport behavior in the
plasma edge and SOL in the magnetic fusion devices. Additionally, the turbulence phe-
nomenon in D-T mixtures can be studied and compared with pure-D mixtures using the
multi-ion GRILLIX model.

Following the test simulations conducted in the thesis, simulations can be carried out
for actual JET experiments involving a D-T mixture, which is successfully conducted dur-
ing the DTE2 JET campaign. Predictive simulations for ITER, involving D+T+He+Ne
mixtures, should also be performed using the SOLPS-ITER code. Studying hydrogen
isotope transport in ITER is particularly important due to the different injection meth-
ods for D and T species in the machine, which are currently designed for ITER, with
T fueling performed through pellet injection in the core and D fueling employing both
pellet injection in the core and gas puff into the divertor.

He plasmas serve as excellent test beds for validating our fluid models, such as SOLPS-
ITER and GRILLIX, due to their higher collisionality compared to D plasmas. For
example, highly collisional conditions are also present in the H-mode pedestal of the
ASDEX Upgrade tokamak (as shown in figure 1.8b). Accurately representing the main
plasma and impurity transport, particularly in the Pfirsch-Schliiter regime, is essential in
our fluid models. When investigating pure-He or He+impurities plasmas, the multi-ion
closure should be applied. Exploring these mixtures could be an interesting avenue for
future studies using our multi-ion fluid models based on the Zhdanov closure.
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A Mistake corrections in the Zhdanov
monograph

The corrections to mistakes, which are discovered in the 8th chapter of the Zhdanov
monograph [18], are performed. The content of this abstract was also published in [91].

It is worth to emphasise that in this Appendix A, the temperature is given in Kelvin
following the system of units, which used in [18].

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

433 Mm% 136mg | 459  32mg | m?
gun _ (433mF 136ms 459 82ma  omE)
oz 2802 T 35 ma T 35 | B mg | omd | Rastezsc (A1)
e The coefficient ¢ in Eq. (8.4.4) is:
5 S(ll) 5 S(ll)
() =~ o B .
= 5Ta TWSC(?)S&H) 7592 3T Toa - (A.2)
e The coefficient ¢t in Eq. (8.4.4) is:
(8) ¢(9) _ ¢(2) ¢(11) (8) ¢(9) _ ¢(2) ¢(11)

T 580 sy Da

Boltzmann constant is added into (8.4.4):

hOcZ Ea — 72 W,
Paz - pj - naTaTao}C((xS) (ZkaT@Z - vaa> " Cg}) (Waz - WOt) (A4)

where 7, ! = Z Mﬁ;ﬁl (the power of 7, is corrected) (A.5)
My
B

Following the analysis given in [154] and using expressions for the partial bracket
integrals provided in [155], the r.h.s. of (8.1.6”) should be changed to:

- WaZ{Gaereslmkm} =

13 14 15 16
L Zk;T Gézﬁ)cﬂ'azrs n Gc(lzﬁ)Cﬂ-BCTS _{_ngzﬁ)ﬁo-azrs_f_agyzb)’go-ﬁCTS
5e Mq + Mg 2 Hap mapaz m%pﬁg DPaz Pa¢

(A.6)
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A Mistake corrections in the Zhdanov monograph

e In Eq. (8.1.7):

(14 _ 24 m
GozZﬁC %7
(16) 24 m

GaZBC 7“&5
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B G-objects, Z-varibles and S-coefficients

The lengthy G-objects and Z-varibles, which are used in the thesis, are presented in this

appendix. The Ggg objects are:

o(n) def Z2no Zjns o)

G, ;= B.1
T Zeppme Zeggne” P B0

The GS?B) relates to the Zhdanov égg as flowing:
GG 95681112 B.2
8 = O Gggneim, " BP O (B2
G =gt e g g B.3
ap af (Zeffne) My Me L » = (B.3)
G g ___ % Mo 5 =3.4,15,16, B.4
ap B (Zospne)my me +mg (B-4)
am — g Cp mp — 13 B.5
o = O g Py m s " (B5)
am — g S M s n=14, B.6
o8 =7 (ZeggmePmymg "t " (0

Where N O(:é) is a different part of each G((:B)
NS Jlag @) Aol g () S My [l (B.7)
afB 5\ my,’ af 5mg ) ma+mg\ my’ '

4 m H 5)def  [(13mg 8 _my Hap
NWdef = Ty  JHaf np(5) def [ ZOTRE O gTa Faf B.8
B Bme +mg\ my ap W0ma 5" ma ) "\ 'm0 (B8

27 [T (8) def 3 [Hap
N(6) def 20 BoP o NO)E_ 2 R B.9
af T 107\ ', TP T T 14\ my, (B-9)
3/(23mz 8 _.m Hap  [Hap (10) def 45 flap  [Pap
N(©) def o 2975 O gTha Pop Jlop U0y et 22 Faf [Fab
af 5\ 28 my * 7 + e me \ mp’ of gl me \l mp’
(B.10)
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B G-objects, Z-varibles and S-coefficients

N +5a ) 2o [ReB (B.11)

(11) def 433mﬁ+136m5 459  32ma  ml\ 5 [flap
280m2 ' 35 ma 35 5 mg  m3

Nélﬁ?>d£f;5n§5ﬁ, N(ilﬁfi)dzef(;i”m@fﬁg) %naﬂ ‘;f: (B.12)
N d:ef_g‘;gzﬁaﬁ ’;‘nﬁ (B.13)
N & %Tzima?—pmgﬂaﬁ l:,jf’ (B.15)

The Z-variables are defined by:

v def Z Zgng 7 def Z Ma,@ 5”5 (B.16)
“ Z2n,,’ a Z2nq
B: mg>mqy T BF#a
D AN P Y VAN U (B.17)
2« m ﬁ ) 8a — m ﬁ .
7 @ 2ng B a 2ng
2
25, Y (14 ey 2 (e ) () e (B.18)
13m 13 \m Mq 72n
Ba A f aMa
zs. def Z 1432 32 mq N 874 (m,l)g <Maﬁ>7/2 igng (B.19)
ot 23mg 23 \'mg Mq Z2n,

def 1088 my 3672 [mg\2 1792 [mg\°
Zs f— —_— — — — —
Ha Z( * 433 mga 433 (mﬁ> 133 mgs *

B#a
1400 N (s Zirs )
433 mg Me Z2n, ’
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Z{rla =
B#a
def
Zﬁa :e
Ba
def 185m
L3 (1 5 m
B#a p

S-coefficients for the heat flux:

(2) def N D Hap=(2) _y [3, 3V2
Sa zﬂ:zma o A“‘”Lﬁ 2 Zza}
() defN~go) _ , [59 13V2
. gGaﬁ A“"‘[40 10 ZM}
2
(8 def N~ 35 (o) =8) _ _ [15 15vV2
S =D 2 \mg, Cas )\O‘a[16+ 4 Z&I}
3
(9) def N\ HaB~(9) _ 417 69V2
5 Zﬁ: aGaﬁ ’\aa[uzo 140 Zga}
(11) def an _ 1677 433v2
i Zﬁ:Gaﬁ )\aa[896 280 Z”“]

part def 89600 Do _
« - N2 T
160413 A2,

154 (mg \>
+— (=) +
51 mg

204376v/2
160413

1la

160413 751l

726702 75 _ 76728+/2
53471

360256

5o

S S

53471
101568
53471

(Z,

Zgat

o)

(B.21)

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)
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S-coefficients for viscous stress tensor:

SOy M gl By 6v2 Z0a]
3 me + Mg 5 5

13) def Pap  —(3) _, 3 18V2 .
S < ;wGaﬁ = A {? + ?Zua}

(15) def Mo =15 _ 53 51V2 .
5 Z ¢ Aw[zsﬁ 35 2204}

caet 0 DF 159v2 . 816V2

_— = _ v —_
167 A2, 167 Mot Tg35 “220
108v2 . 1224 648

Tpar
Da

where from (2.91) and (C.11):

Aap = @naignﬂ, /Haf /mpCp_1
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C Heat flux derivation

C.1 Averaged over charge states

The system of linear algebraic equations for rank-1 moments (4.43) and (4.44) using
(B.2) and (B.3) turns into:

~ H h Mo =(9) T, Ma ~(10) T8
G( ) 4 G( ) JG(Q)A 4 G(
; |: aﬁp B pg b5 Tav aﬁpa Tow of pﬁ]

5 Cp 5 faB ~(2) _
Y/ N .
5" (Zeffne)2mpv g > e G ( -wg) (C.1)

h < (1) Ta m r
160 Re | gauohs | maginFa | ms 02T
; |: p bs Toy of Pa Tav af P/J

35 ( ftas | A()
_26:2(%) Gop(Wa —wWg) (C.2)

The (C.1) and (C.2) is a system of equation 22" x 2o which can be written in
the form of:

> GapXp =ba (C.3)

B=1..2qmaz

where:

Hj _ max
pﬁ,ﬁ =1l.«

Xg=<7F (C.4)
8 —
pB’B = oMaT | 1. 9qMmatr
and the 1.h.s. coefficients are:
a=1..aMm
8 =1.am*
. = (6 . = (10
aaﬁ == G((Xﬁ)7 aa_t'_amazﬁ = 7G£¢B) (05)
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C Heat flux derivation

. Ma ~(10 . mg x(12
Aaf+amaer = 5 nyﬂ)a Gatamaeegamaez = g Ggﬂ) (C.6)
Tcw TG/U
Addition for diagonal elements:
B =1..a™m**
. g = (5 . g (9
agﬁ = CLBIB + Z G(ﬁ'37 alg+amax13 = a6+amawﬁ =+ 72 G/(8'72 (07)

Y v

3 . Mg A9 _ M A(11)
a66+amaz = aﬁﬂ_;’_amaa: —'- fw Z Gﬂv’ aﬁ_l’_amazﬁ_;’_amam = (l[—}_l’_amazﬁ_;’_amam + fw Z Gﬁ'}/
~ Y

(C.8)
and the r.h.s. terms are:
a=1..am
> 5 C I — 5/«1104 ~ 2) S —
by = =ng Ld VT, - > -G ( Wy —W C.9
; 35 (1ap\” a(8)
ba+amaac = — ; ? (W’u) Gaﬁ(wa - WB) (ClO)

The normalized G-objects are defined in appendix B, and the collisional frequency
part is represented by (,, which is defined as:

3

T»§ 4 2

¢, & 3 VMpli (dmeo (C.11)
427 InA e2

The solution of the system of linear algebraic equations (C.3): AX = b can be ex-
pressed via coefficients of the inverse matrix: X = A~1b. Let dqp is an element of A and
Gqp is an element of AL
Then Xz = Zj:l..2amaz dijbj-

It is also convenient to re-normalize a part of the inverted matrix as following;:
a=1.am*"

B =1.2am%"

smd Maq <
a;nﬁf = Taaa+amazﬁ (C12)

av

The averaged heat flux is:
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C.1 Averaged over charge states

5 Cp

g2 VT, —
3" ey ¥

Ha = paXa = Pa Z C:Lory

5 flyB (2 35 (Mg 8 —
PaY > | mw’z G(g)( WB)+am+amaw2< - ) ¢ (w, Wﬂ)] =
v B

My
5 _
ipa effne )2my, ZaawnA/VT +pazzcavﬁ wy —wg) (C.13)
y
where:
(hi%) _ O KB = () 35 1y \" 2(®8)5
Cayg = T35 mﬂ/G Y miﬁ G 3 Gory+amas (C.14)
(h *)

We combine the c, coefficients in the following way:

Z Z cavﬁ Wy — Z Z chﬁ Z Z chﬁ Wa 7) =
Z Z Cavﬁ Z Z Caﬁ'y —Wp) =

S (0~ %5) (zcz@%“zam) S, ) (©

B v ol

where:

hi hix hix
cga w) = Z (C«(mﬂ ) _ c&m )) (C.16)

5

It is convenient to split the heat flux into the T- and w-dependent parts. The averaged
heat flux is:

he=h. +h", (C.17)
where
=T hA —W Ay __
= /0T B =pa Y ) (Wa — W), (C.18)
B B
where
(h4) 5 Gp =
— WBTE- 1
af 2]? (Zeffne) mpa BNB (C 9)

165



C Heat flux derivation

C.2 Charge state corrections

Subtracting (4.41) from (4.43) and (4.42) from (4.44) one can obtain:

5 —~ 72 ()
§na VTOL — ﬁVTaZ = Sa (Wa — WaZ)+

50 <ho< _ haZ) L M g(0) <ra _ faz
Pa Paz Tow ¢ Pa

0 = 519 (W — Waz) +759) <ha _ haz> L Ma g <ra _ rz)

«

Tav

Pa Paz Pa Paz

The system (C.20) and (C.21) has an analytical solution:

haZ Ha 5 S&ll)
— = = —n,

Paz Pa 2 SSS)S&H) — 7(5’&9))2

72 _
(Z‘;VTaz - vn) +
5&9)5((18) . S&Z)S&H)
SIS —7(s9)2

where S-coefficients are defined in appendix B. One can rewrite:

h,z Ha Na  (hB) 72 o hB o
Pz - pia = _rmca T ?gVTaZ - VT, | + CEX W)(WaZ - Wa)a

where:

L) _ 5 S Nae 1397501+ 69282 7%
“ 2 D, 53471 prart

ney SSY) — s s

Cy v = D =
«
31500 1 B 139\/525 _46\/§Z5 +1732\/§ZS N
53471 prert 105 7% 105 0" 1575 THe

559v2 ., 368 _, . 6928

(WaZ - Wa)

> (C.20)

(C.21)

(C.22)

(C.23)

(C.24)

+ Z5a2f1a> (C.25)

210 7% 105789 T 1575

where Z-varibles are defined in appendix B. The heat flux for the each charge state is:
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C.2 Charge state corrections

h,z =hl, +hY, (C.26)

Consequently, the T-dependent heat flux for the each charge state is:

o Ay —~— o B ﬁ —
b, = "2 S T - e () (ZgVTaZ - vn) . (can)
(63 ﬁ o

where:

B B
() _ Balta 1) (C.28)
o
The w-dependent heat flux for the each charge state is:
A o B o
hY, = Paz Z ) (W — W) + paze™ (Waz — Wa) (C.29)

The following combinations are done with a help from A. Stepanenko:

w

A A
—Z — (hB)WaZ - Woz(c(hg) - (B}:x )) - (Boc )Wﬁ -
Paz 3
W — (T Tty el - - -
B B v
c&hw Waz — Zcﬁa’“)wﬂ, (C.30)
B
where:
hw A hA
c(ﬁa ) — 5‘1566 dap Z (hio) 4 cﬁa ) (C.31)

(hw)

Using CBa summation property:

Zc(hw = M) 3 ) +Zch’*> (C.32)

Y

one finally can obtain the w-dependent heat flux for the each charge state:

Yy =Daz ¥ o) (Waz — Wp). (C.33)
B
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D Additional vector moment derivation

D.1 Averaged over charge states

The solution of the system of linear algebraic equations (C.3) for the additional vector
moment:

5 Cp
To = paXa = Pa aoz—i—am‘“ﬂ'y n'y(

7VT —
> Zefne)?myp

VB A 35 (18" A(8) ) —
pazz aa+amaw *miG( )( —WB)+aa+am“7+am“w5 <nzfy> Ggﬁ)(w'y_“’ﬁ)

5 av vmdf e Tov (r *) —
= n VT, + ® - W D.1
gPa (Zeffne mpmaz T pama%: > Conp (Wy —Wg) (D.1)
where:
(%) _ O HB A(2zmar _ 35 (B (8)vmdf
Finally, the averaged additional vector moment is:
T, =T, + 17, (D.3)
where:
T, Ay —~— A
To= N RV, T = pa Y e (Wa — W), (D.4)
B “ B

where, using similar to the heat flux approach (appendix C.1), coefficients are:

(T%) 5 Cp vmdf
Kos = —aParo———g—GOpg N D5
s 27" (Zeppne)?my, CICH (D-5)
(ra) _ (rivs) (rias)
Cha = g (Ca'yﬁ — Cofh ) (D.6)

169



D Additional vector moment derivation

D.2 Charge state corrections

The system (C.20) and (C.21) has an analytical solution:

Tz To 5 Ta —75 z2 ——
Paz a2 ma sPSID _ 7y \ 72" e T Ve ) F

T 7858 — S50
ma SO ST _7(sPyz

where S-coefficients are defined in appendix B. One can rewrite:

raz Ty Na Taw (rE) 72 e Tov (rB) _
Yoz _Ta _  Na Zayr,, VI, 2 - D.8
Doz Do Aer ey Ca 72 aZ al| T M, Co, (WaZ Wa) ( )

“ 2 D, 53471 ppart '
o8y _ 18888 — 588 _
«@ Da
17080 1 276/2 P 417v/2 75 _ 590v/2 78 _
53471 prert 61 "% 61 TP 61 °
130v/2 1104 1040
4 S 2 - G 2 ) (DA0)

where Z-varibles are defined in appendix B. The additional vector moment for the
each charge state is:

Yoz =Tl +17, (D.11)

Consequently, the T-dependent additional vector moment for the each charge state is:

T _  Naz Tow rHom naz Loy (rf) ﬁ vail
O D L (ZE“VTQZ “Via) o (D)
where:
B B
pat) = Pelte (1), (D.13)
)\O[CY
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D.2 Charge state corrections

The w-dependent additional vector moment for the each charge state is:

Tcw (TB)
me

T A _
n;’” ) c(ﬁ’“g)(wa —W3) + Paz (Waz — Wo) =
(e%

B

W
raZ = PaZ

T (rw) -
Paz ,n;l: ;Cgra (WaZ - W,B)v (D14)

where, using similar to the heat flux approach (C.30), the corresponding coefficient is:

Tw rB rA ri
cga) = (5aﬁc(ﬁ - dap Zc(w@v) + c(ﬁa ), (D.15)

v
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E Thermal force derivation

E.1 Summed over charge states

The TF, which is summed over charge states, is:

T T 2 T =T
T Hap=2) [ hg hg Hap\“=6) [ Ta T
R, = Z |:Tav Gaﬂ ( - > + (Tav> Gaﬁ (mana - mangs } (El)

B
or:
N e (B maBs ) L (Has)\ @ ma (Th ma TS
RO[ = Z |:7Gaﬂ —-= < ) Gaﬂi a —_— :| E 2)
5 m p mg pg Ma Tov \ Pa Mg pgs
where from (C.18) and (D.4):
—T T
hs

h, 5 G I 5
L =T % 4qyn, VT, =—
2 (Zeggne)?my ; T ps o 2(Zeggme)

T =T
Ty o Cp Tov Smdf .. o I's 5 Cp Toy smd —
— = Gon? A VT, — == ap ' Ny VT
o 2(Zeggne)*mpma ; T ps 2(Zegne)*my mpg ; e
(E.4)
Thus
- (0%
2 (Zefne)?m, 75 [ ma of Tomg Y
2
HBap \ =08 [ zmd m zmd, T
(njja) Gos <ag;f - (mz> gf> n,VT,. (E.5)
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E Thermal force derivation

Replacing the subscripts 5 <+ v and the summation order, we get:

ZZ

Ho Meq ¢
WG(Q) < (aB — m7a75> +

Koy %(8) [ smdf [ Ma \ smdf =T
(ma) Gy (aaﬁ (mw) 5) ngVTg (E.7)
Finally:
Ay ——
RY = > ngest VT, (E.8)
B
where:
_ONT [ Har ) m tor ) @ (gmar _ (M zmay
ay &(2 oz ay ~(8 m « m
=X [ (s i)+ (5) 8 (W -() ﬂ)]
(E.9)

E.2 Charge state corrections

Using (4.57), one can find the TF for the each charge state:

—T _
Hap 5(2) ( hi, ha> . (ﬂaﬁ) Ma =) (rZZ rZZ)]
af af :

me Paz Pa mMe Tow Paz Pa

Using (B.24) and (B.26), one can get:

T il T =T
2@ (Daz _Ba) | 2 gmma <raZ - ra) . (Ba1)
5 PazZ Pa 35 Ta'u Paz Pa

Also, using (C.23) and (D.8), one can get:

Rl = LR+ 10z )

RaZ = IazR + 1,z

2 3 3 By (72 N
Rg;Z - OéZRg; = 1oz [Aaa [4 \/>Z2a] 2\ C((XhT) (Z(§VTQZ - VTa) +

5
2 152

A Ve, b (Zagr o7, E.12
_g aa [16+ 4 Sa])\aaca ﬁ aZ — a ( : )

Then:
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E.2 Charge state corrections

5 (72 __ 72
R’ I.sRL = —nalozcy ™ ( OV Tz — vn) = g (vnz = ZVTQ> ,

Z? 2
(E.13)
where:
B 3
0300 (Lo oz ) - 2b (s vaz,) -
5 14
9 184
31500 o (1+ "B 2, ) (14 2\/§Zzsa) — 18 (1 188225, ) (1+4v223,)
53471 DRt '
(E.14)
Finally, one can obtain:
RB ﬁ —_—
Rl, = —I.z anc DTy — nglazc <Z‘;‘VTQZ - vn) (E.15)
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F Friction force derivation

F.1 Summed over charge states

For derivation, it is convenient to split the friction force into the two parts:

RY =R + R, RY = GL)(Wa — wp), (F.1)

R =>"

B

0B = h, hy; 0s )\ — Y ry
H BG&? a 8 + Haop GS,B) ' 7B , (F.2)
Tov MaNa  MENg T MaNg  Mgng

Further, we will focus on the foﬂ derivation. We should replace 5 — v to avoid
confusion:

RY? =)

Y

Hay G( ) Hw AL H: + (MQ’Y)2G(8) Ma <I'g _ Mq r’\;’v> (F.3)
ary ary ) .
Mg Pa My Dy Ma Tov \Pa My Dy

where from (C.18) and (D.4):

H;V hA - o HW hA - o
= Y (o ws), =D (W), (F.4)
“ B 7 s
o T ) Yy T, A
—a miz oltv Wo — Wg), pi:m chv’”)(wv—wm, (F.5)
Pa 8 K 7B
Thus:
hA — Ay —
R = X0 [0 3 el 5 )+ A 3 e = )
v B

AY) Z Cﬁ'y Wy — Wg) a'y Z 057 wy —wg)| (F.6)
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F Friction force derivation

where it is covinient to combine G-objects in the following way:

2 2
Koy =(2 3 o Ha —(8 3 [ ta
Aty ey gy (g 3 () e

9 Ma Me 14

2 2
A = My G 5 . e ay My Gy 14 \ m, oy (F.8)

We want to extract (W, —Wg) terms from (F.6). Note, for any Agw) and c(ﬁ ) (here (x)
can be replaced with any superscript) one can derive:

R A
v v B
ZZA ~ W) - ZZA«(Q) Coy (W = Wy) =

Z Z AL} (W — W5) - Z Z Ay (W — Wg) =
B8 8
S W —ws) Y [Aggcgj - Aggcg;;} (F.9)

B o

Therefore (F.6) turns into:

RY? =3 (Wa — Ws) Y [AD + AR -

B v
— (hih) — — i 4) (ra
> (%o —w5) 3 [P — AQ] = D (o~ w5) 3 [ADC — AL) =
B v B v
(r (h3) (r) (3) (h )44 (w)
> (Wa Z( A G+ AD G - [AG D+ AD L+ [ AT+ AL D
B v
,uoaB 1 (ra)
—Na ) (W ( ZT AQ)e +Agx7) o ]
B Taﬂ vy

(rd) 1 ) () | 44 ) ( M1 _
- Z Aag [A(S)Cﬁv 047657 Z )\7 aﬁ Cyg” tAq D -
Y Y

Hap R R#42 RA3
— N Tzi) (Wa Wg)( é ) 4 c( ) + c(ﬁa )) (F.10)
B laB

where the corresponding coefficients are:
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F.1 Summed over charge states

(RA 1 v
I 3 A A0 -
v

fz{éw fiay 23 vc<ha>3(ucw> Flay 231y C(nﬁ)}:
¥ 5 Mo\ Hap ZZTLﬁ pe 14\ 'mq Hap Z2 pe
por [y 23 [3 () _ 3 Moy (r} >] F 11
Zma Lo Z2 5% T 14 m, B | (F.11)

(RA2) Loy () (ri)] _
GREEDY T AG)ef) + AB D] =

S
Zp@ [far 23 Vc(hé)_?’(/%w) [ay Z3my c(rg‘)} _
S 5 My \ fag Zp%”ﬁ o 14\ m, Hap Zg,ng -

72
3 e \/mm [§C(Bhv$)_ 3 @cg;m], (F.12)
S M~ \ Hag Zgng 5 14 My

(RA3) 1 ) L 4 Ma,@ (hi) _ 3 Hag (r})
Cga Zm a,@ 7,8 +Aa6 vﬁ - Z [5 Cys 14 mg Cya ]’ (F.13)
¥

where the following evident relation (from (2.91)) is used:

Aoy _ [l Dy (F.14)
Ao Hap Zﬂng
Z2. A
Subtracting - “W Zlg ;:; [%cg; )—13—4’;1—0% )] terms from (F.11) and (F.12), because
they cancel each other we finally get:
(RAl) /‘ow ucw vn“f [3 (hid) _ 3 Hay (i >]

(RA2) Hay ,Ua'y n’Y 3 (h) 3 Hay ( a4y
Cﬁa Z \/ ZQ [5 €y~ 14m 8y } (F.16)

e

(RA3 Maﬁ () 3 Hap i)
Z [5 W T mg P } (F-17)
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F Friction force derivation

Finally, the FR, which is summed over the charges states, is:

Ra_fnaz (Zh)( )<1+C +C Jrcﬁa )_
B8 Tap
Mo RA —
“na L) (Wo = Wg), (F.18)
B Tap
where:
R4 RA1 2 RA3
cﬁga )—1+C%QW)+C(BQ ) + (Baw ), (F.19)

F.2 Charge state corrections

Using (4.57), one can find the FR for the each charge state:

RY; = LazRY + Lz Y |Gu(Waz — Wa)+
B

pop~2) [y by (Maﬂ) () ( r?.’f)
PGl [ 2oz _ 2o | 4 (Hef ) HafC Ta )| (F.20
My p (paZ Pa ) My T b Paz Pa :| ( )

Using (C.23) and (D.8), one can get:

n _
Ra aZR = aZZ |: aﬂaﬂ WaZ - Wa)+

BMaﬁnaﬂaﬁ( B) — 3 Pap naﬂaﬁ( B) B
5 e T(gh) ) (Woz — Wa) 4 U, (gh)c (Waz wa)} (F.21)

Then:

R

w w — Mo 3 [ha B Moy rB
OzZ_IaZRa = _naIaZ(WaZ_Wa)Z (Zi) [1_77ﬁ ((lh )+ 14 < ﬁ) C( w):| =

5 Tas 5 Mg,
_ 1Y RB
- naIaZ(WaZ - Woz) (gi) C,(Baw)’ (F22)
B8 Tap
where the coefficient c(ﬁig) is:
B 3
cha” =1~ 5P1:ﬁ )+ </::B> oo, (F.23)
(e} (07
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F.2 Charge state corrections

w) (r)

where cahw and co*’ are found according to (C.25) and (D.10), correspondingly. The
FR for the each charge state can be written in the form of:

HaB (R /—  — — 2 R
Nz = Nalaz D Lot (Wa = W5) = nalaz (Waz — Wa) (gﬁ) D (1.24)
B Tap B TaB

Then, we apply similar to the heat flux procedure (C.30):

w

K e FaB  (RE _
—n, aIZ - (gi) C(B )(Wa - Wﬂ) + (;i) C,(/ja )(WaZ - Wa) =
ataZ 3 aﬁ 3 a/j
ILL RA RB A
(gg) [C(ga )WaZ + Cga )Wa - Cga )Wa - C(ﬁa )W,B]
B aﬁ
Hap (R ) — 1% RE RA Hap (RA)
Wos éh) o' = Wa ), (e = i) - (;h) Ce" Wp =
B O‘B Y Ta’}' /8 Oéﬁ
Hol RE) _ (R} Hab (RE) _
Waz ) (Zh [c{Fw) — c{fw)) — Gy e W5 =
B Taﬁ 3 Taﬂ
M T(Zh) B
H B (RE) 2 8 — ay'af RB RA (R )
Waz ﬁ%a —Zﬁwﬁ(aaﬁz:%[gm ) — oED] 4 )y =
B Tap B8 Tap ~ MaBTay
HaB (R HaB  (Ruw)—
WO‘ZZ (gh) o (;h) Coa W5 (F.25)
B Taﬁ B Taﬁ
where:
Ma'yT ﬁ (RA)
Cﬁa =das ) (?Zh) B — R0 + oo’ > (F.26)

v HapTay

and finally one can get:

cﬁa = 0ap Z \ /ZM R cgffﬂ\)] + c(ﬂi’ﬂ). (F.27)
(Ruw)

Using Che summation property:

(Zh)
PaB  (Rw) _ Hap HarTap (RB) (RA) (RA)
(Zh) o = (Zh) 5 Z (Zh ]+05a )*
8 Tap B v HapTay
Hary (RB) _ Hary RA Kap Hap  (RB)
Zh) “ra (Zh +Z (Zh Cﬂa = (Zh)cﬂa , (F.28)
v Tay v Tay B Tap
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F Friction force derivation

one finally can obtain the FR for the each charge state:

K Ry _
v = —nolaz T(gi) C(ﬁa )(Waz - W3) (F.29)
B ap
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G Viscous-stress tensor derivation

G.1 Averaged over charge states

The system of linear algebraic equations for rank-2 moments (4.66) and (4.67) using
(B.4), (B.5) and (B.6) turns into:

8= T %(13)_ 5(14)
GasTors | Gaors | ma G Tars mﬁG(ﬁ)"ﬁ] _

Do b5 Tow Pa Tow bs

2.

B
Cp h. Cp e
S W LW, (G
(Zeffn€)2TaU " P (Zeffne)QTav " ( )
7 Gy Tars | o G Tovs o Coss'Oors o G s | _
2 Pa 2 mpa P T(w Pa Tav b5
7 Cp h
————W_ G.2
2 (Zeffne)QTav e ( )

The (G.1) and (G.2) is a system of equation 2o/ x 2o which can be written in
the form of:

S s =da (@.3)

p=1..2amaz

where:

ﬁggs7 6 = 1..qMmax

Yﬁ - TBrs __ maz max (G4)

, b=« + 1..2«
pg
and the 1.h.s. coefficients are:
a=1..aMm"
B =1..a™m™%
5 “ (4 5 TMa (14
Cocﬂ = thﬁ)’ C()c-l—amazﬁ = §m7;Gg‘ﬁ) (G5)
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G Viscous-stress tensor derivation

Ma MB x(14 . Ma ~(16
Ca/8+a7ILaL = ﬁmiaG((lﬁ)j Ca+a7nawﬁ+a7naw = Taj G(()zﬁ) (G6)

Addition for diagonal elements:
8 =1.am*

y . “(3) . 7 - (13
Cpp = tpp+ 3Gl Earamess = Caramesp + 5 > Gy (G.7)
vy vy

~ -~ m = (15
Cﬁﬁ+amax = Cﬁﬁ+ama$ + —_— Z G,B'Y s Clg+amaacﬁ+amax = Cﬁ+amax/g+amaw =+ TiOé Z G(B’y)
av

(G.8)
and the r.h.s. terms are:
a=1..am¥*
3 Cp R Gp —_—r
dO{ = —W o +pa ;éa’ (Gg)
(Zeffne) T (Zeffne) Tow
; 7 Cp 7
da amazr = *—W . 1
* 2 (Zefgne)*Taw (G-10)

The solution of the system of linear algebraic equations (4.70): CY = d can be
espressed via coefficients of the inverse matrix: ¥ = C~'d. Let Cap is an element of C
and ¢, is an element of c1.

Then Yi = > gqmas Cijdj.

In af terms:

$p

orn = o 2 Bty = o S O oo W
G Z W TG Z -
R —— I max —
TP g Ty 0T TR Gy P £ O

S = _—r < 7~ 7
Po g T | o ConpaWi (s + pasrameWIY | (G11)
A 3

It is convenient to split the viscous-stress tensor into the u- and h-dependent parts.
The averaged viscous-stress tensor is:

ﬁa?“s = ﬁgrs + ﬁgrs’ (G12)
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G.2 Charge state corrections

where
(md) Zhnﬂ u Tors (mit)_(Zh) h
= X e Rl
where:
é(ﬂ—{?) _ 73”@ ngnﬁ gaﬂ é(ﬂ';‘? o Zigf'ﬂLa Zg’nﬁ éaﬂ + %éa,@+amw
T Zepne Zegpme \Jpas/my P Zeppne Zepne  \/ag/my
(G.14)
G.2 Charge state corrections
Subtracting (4.64) from (4.66) and (4.65) from (4.67) one can obtain:
__ oz N
Pa 7}{,9 o ZQpaWuaZ + W _ ZQOtnaZ WTSaZ =
ﬂS( ) <7Tars _ 7Taer> i S(gllg) (O’ars _ O'aer) <G15)
My Pa Paz Pa Paz

7T+ T Z2n 7T, 7 oz 7 oz

Twha _ L Zalta yrhay _ [ lav g(13) [ Tars  MaZrs ) | g(15) (Tars  TaZrs

2" 2 Z2nocZ e 2myg, @ Pa Paz o Pa Paz
(G.16)

The system (G.15) and (G.16) has an analytical solution:

_ (15) )
TTaZrs Tars Ma So Za Ugy —res
o o av g\3) g1o) z (S )

«

Tav g3 g(15) _

«

5&15) ZS 13) ﬁ _
o 2 ot yrhaz —whe | (G.17)
$(57)

(593) 2\ Z?ngz

where S-coefficients are defined in appendix B. One can rewrite:

TaZrs Tors _ By _(Zh 72 o - (7)) _(Zh ﬁ 1 R 1 ha
ooz pa —2c{) 7 W (ZCQMW#S 7 — Wrg >— iz )<Z2 Doz — W Z_pfawrs

(G.18)
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G Viscous-stress tensor derivation

where:

15 .
Se¥ _ 2651+ P75,

=8) _ _ Sa (G.19)
C = = .

(e ao Dg 334 Dgpart

15 13
o = aa Dg T 334 Dgpart ’

where Z-varibles are defined in appendix B. The viscous-stress tensor for the each
charge state is:
TazZrs = ﬂ-gzZ’rs + TFZZTS (G21)

A h) M ? —
TaZrs = Pazzcaﬁ ag nﬁ W“B — 2pazcT i) Zh (Z‘;W,Z‘;Z — W#f;”) (G.22)

Zh 1 h (7rB) h ? h 1 oo
O‘ZTS - pazzc )pa 7’56 — 2pazca h Tég ) ZQp ZW oz ]ZWTS

(G.23)
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H Improved analytical method for the
additional vector moment, the thermal
and friction forces

H.1 Additional vector moment
The (4.89)-(4.90) solution for T, is:

5T, n dgl —
foé:— aUpa o _ _ O¢~ _ VTa+
2Ma Aaa @120021a — 01100224
2
15 ( Hap 5 _ 3 HaB 5
Dev T Z 1 (ma) A11a 2 e Q21
Aaa Mo, 3

Using (4.91) one can write:

Aap(Wa —Wg) |-

01200210 — A11a0220

£, = —PaltaTay 1 (1 23ngga> VT,+

5 po T 1 fios (8 Sptes [ 6OV2 g 60VRhs g V) s, )
A 2 2ma | 16 % 16 mg B\ g

(H.2)

Combining the transport coefficients, one can obtain the final form of the additional
vector moment:

= Dalla (r4) Tov

— T Ay -
Ty = — Ca VT, + pa—2 Z cg(;”)(wa —Wpg) (H.3)
)\oza Mq Mo 8

where:

&r?):g’Al@ 23{ Zga> (H.4)

Bo 24 m, A,

C(Tf’) 3B pap 1 NG Hap Zgnﬂ (§ua5 _ § + 657\@@2 69\[Z ) (H.5)
Me 73”& 2 My, 2 16 m. “5a” T 9% .

«
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H Improved analytical method for the additional vector moment, the thermal and friction forces

H.2 Thermal and Friction forces

Using (E.2) one can obtain:

R =R!'+R]?, (H.6)

T [ @ Ba |, (1a5)* 56 M r?;} (17)
© o tma B D M BTy Do’
Mo [Hag @ Bs [ fap ) (9 Ma Th

Rgz = - Z [ Gaﬁi + Gaﬁ77:|7 (H8)
mg LM 2] mey Tav b5

p#a
With a help from (4.93) and (H.2) the first part of TF can be written as:

o 75 liag Aaj 43312
RI1- " 1o Paf 1 73
o A, ﬁ% [32 Mo daa \ T 360 e

25 [ ftap \” Aap 23v/2
1+ YA T, (H.9
32( ))\w g VIa (H9)
Combining the transport coefficients, one can obtain the first part of the TF:
T1 Bnﬁ
RIt = Zna aﬁ 2 VT, (H.10)
Z2nq
BFa
where:
4y 1 25v2 3/2 433 1 231/2
I = 1 25v2 (pep (14 *fzm Hob (14 \fzga (H.11)
Ca A, 16 Me 2 360 2 ma 8
Similarly, the second part of the TF is:
75 A 433
Rp7 = Y 4| Pteates (1 B2 )
A7 Ap [32mp Agg
25 [ pap\” Mg 23+/2
1 7Z Ts (H.12
32< ﬁ)Aﬁﬁ i 5) |V (H12)
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H.2 Thermal and Friction forces

Combining the transport coefficients, one can obtain the second part of the TF:

T2 a Oé
R, Z ngc ZQ VT (H.13)
Ba "B
The total TF is:
Z ng T2
RI = — Z [nacgﬂT)Z BVT — ngc(ﬁ 7) ‘;‘ “VTj (H.14)
fa Zns
The (H.14) is equivalent to:
in Z2n
R = -3 |n gﬂT)i e =" O‘VT (H.15)
3 Z2n,, Z
The (H.15) can be written in the form of (4.59):
Z ngc VTg, (H.16)
where:
(R (rp) 230y () Z3na
C = 5 C e — C _ (H].?)
af af - a'y Zgéna Ba Zgnﬁ
The FR is derived identically as in appendix F.1, where the coefficients cgf) and cgf)

n (F.15), (F.16) and (F.17) are chosen according to (4.96) and (H.5).
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| Improved analytical method for the
viscous-stress tensor

We neglect the cross terms, which depend on the 7g,s and 73, for 8 # «, in the rank-2
equations (4.66) and (4.67):

—(3)_ —(13)_
Z Tow G((xﬁ)ﬂ-ars n Hagp Gglg)aars n
B2 Mme + Mg Pa Tow Pa
~(3)— ~(4) ~(13)_ ~(14)_
T Gaaﬂ'ars + Gaaﬂ-ars + Haa Gaa Oars + Gaa Oars _ WTESQ +pa/\rﬂs; (11)
2mq Pa Pa T Pa Pa
—(13)_ —(15)_ —(16) _
Tow 7 G&g )Wars Giﬁ )Uav's G((;gﬁ )U,Brs
2 o my (g Teetes g, =+ + +
o e ] aPa Pa bg
—(13)_ —(14)_ —(15)_ —(16)_
Tow |7 Mgy G((Xa)']rars G&a)ﬂ—ars G(ga)o'a'rs G((Xa)aars o 7 Tow h
7Tav7 2 + 2 + + —_— = Wrsa
2mey | 2 2 m&Da miPa Pa Pa 2mg,

(1.2)

Combining G-objects into the coefficients and using Z-variables (appendix B), one can
get:

T T ~ T — —
ﬂ")/llocAaoc ars + 712a)\aaﬂ = W:ga +paWTi’}:Sa (13)
My Pa Pa
T - 7 i G T Tow . 7
ﬂ’)@laAaa —— + 722()4)\0404& == ;ls&v (14)
My Pa Pa 2mg

where A\, is defined according to (2.91) and the .o coefficients are:

_ def 6 6V2 o def T. def 9 9V2 _ def 41 51v2
Ylo = —g - TZflav V2l = 5’}’1204 = 17) + TZED" V22 = —% - 35 (52;(
1.5

The viscous-stress tensorsolution of the (I1.3) and (I.4) is:
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I Improved analytical method for the viscous-stress tensor

Tars 1 ma Y224 "y I mq Y220 — %:}/1204 ha
= = = p = paWrs + — = = = =
Pa Aaa Taw Y11aV22a + V120721 Aaa Taw Y11aV22a + V120721

(L6)

It is convenient to define:

x der 204 108 205v/2 102v2 54v2
AZ 39 ~a Z110%320 — 39 —— 7%+ 178 e Zl1a t 39 oo %320 — Wzna +1, (L7)
then:
267
N1aV22a Y120 aziAg- L.8
Y1laV22a T V122721 175 (I.8)

Combining the transport coefficients, one can obtain the final form of the viscous-stress
tensor:

Tars 1 ma (ﬂ'A) Il I mg ( M ih.
=-—° N (0 1.9
pa )\ pa )\aoc TCL'U " ( )
where coefficients are:
(rAy def Y220 1025 1 204+/2
Ca “= -z ~ ~ ~ - AT 1 ZZQQ (110)
Y1aV22a + V120¥21a 1068 AT 205
(7)) def 220 — 120 1655 1 204v2 . 2522
Ca ™ = 772 A 1 o %5+ o Za ). (111)
M1aV22a + F120721a 1068 AT 331 331
The viscous-stress tensor (1.9) can be written in the form of (4.72):
o (rA s (mA h
Tars = — Z C((;rgu )T(igh)pﬁvvﬁsﬂ - Z C((:ﬂh )Tégh) Wrsﬂ7 (112)
B B
if the transport coefficients are written as:
7TA ™
&) = 25,5, TR = 265 (L13)
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J Zhdanov closure for SOLPS-ITER
(additional content)

J.1 Electron transport coefficients

The relation between the SOLPS-ITER electron transport coefficients and the Eq. (8.2.8)
in [18] are considered.

The cgl) is used in the electron conductivity O'|(|CL) (3.27), which is then used in the
electron-ion FR (3.24) and in the Ohm’s law (3.63). The relation between ¢ and Q|

in Eq. (8.2.8) in [18] is:

1 _ (1 + 0.24Zeff)(1 =+ 0.93Zeff) ~1 0.22 + 0.73/Zeff

T 02562 )(1+029Zpp) 031+ 1.20/Zegs + 04122,

= a” (Jl)
The céQ)zeff/ (zefr +v/2/2) (3.35) is used in the electron TF coefficient alfH (3.27),
which is then used in the electron-ion TF (3.23) and in the Ohm’s law (3.63). Besides,

the cg)zeff/ (zeff +v/2/2) used in cor1 (3.47), which is then used in the electron w-

dependent part of the heat flux (3.38). The relation between cémzeff/ (zeff + \/5/2)
and B in Eq. (8.2.8) in [18] is:

@ Zeosy L (L LAZepp) (140527, ) V275

Ce' a5 N ~
© (V2/2+ Zegy) (14 2.56Zcsp)(1+0.29Zcss) (1+ V27, 57)
0.47 + 0.94/Zs¢
0.31 4 1.20/Zcsp + 0.41/ 22,

The fi, (zerf) is used in the electron heat conductivity HEQL) (3.46), which than used
in the electron T-dependent part of the heat flux (3.38). The relation between fy, (zefr)

and ) in Eq. (8.2.8) in [18] is:

= 6” (J.Q)

3.9+ 2.3/Zeff

) _ J.3
Sre (zepf) 0.31+1.20/Zcss +0.41/Z2;; !l Y

J.2 Electron and ion heat sources

Using (4.20) one can re-write the corresponding heat sources in collisions (3.58) and
(3.50) as following;:
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Qr,, = — Y _Waz| (Raz + Riy) =
aZ

- (Z Va|| (S?}",a + S%nherm,a) - VYH Z (S?;L“,ea + S?herm,ea)) ) (J4)

a

Fe; — BHZZRQZ -

oaZ 7

Vi
‘/e|| (Z (S;Z;L“,ea + Sg}herm,ea) V (S}r;“,ea + S?herm,ea)) ’ <J5)

a

where:
wa = Vay =V, Zpa R Zpa, Pa = Mana. (7.6)

J.3 Viscous-stress tensor divergence

Using (5.9), we extract the u,z| dependence as following:

4 0 by n
U N = ——p B2 LaZ | a(mi) (Zh) VB
(V aZ)H 3b$B haOx B2 N |:Co¢o¢ Tao paZh Oz < uaZ)
aa oza Zpach ox <” uad) anﬂ aﬂ Zpﬁgh ox ( uﬁC”)
(#Z B#o

2eTE) (2 (Ialz—l) o <fuazn>
. (Zh)zpacha (\Fuaq,)“. (J.7)

(#Z

Then, the terms are combined as:

(V- Toz) = (V- Tog)i? + (V- Tt (J:8)

(V- i =
4

0
_ 3/2_Y
Bbe hz0x

b”aZ() @5y (L _ (Zh) 9
|: —|—20 Iy 1 Taa pothzax \/EUCZZH
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J.3 Viscous-stress tensor divergence

(V- i =

0
heOx

_ %befi/?
3

b:v Naz V(ﬂl‘?) (Zh) 0
B2 [anﬁ Tas 2 PR g \ VBl )+
¢ Lpta ¢ v

(mA B 0
(Cgovf) — 2C&u))7'o(¢§h) ZpaCh%(\/Euag)H (JlO)
(#Z v

The (J.9) can be written in the form of:

4 0 1 0
Sou aZ 3/2 (cL) \/
(V- T = —5h B 5 [naz"” B, hx8x< BU“Z)] o

(cr)

where the coefficient 7,

is defined as following:

(cr) _ ony [l al® Naz
o =la—aZl=n,0 = |——+—— |7 —1 Da, (J.12)

Pa Do loz a

i) (u; B)
where “;; and "O‘;a are defined as following:
na T b2 na/j . naﬂ o é(ﬂ;? T(Zh)' ngL:LE ) o b2 néu ) nc(lu : — 2C(W5)7-(Zh)

B ’ — TaB aB - Yz ) - “*a aa

Pa Pa Pa Pa Pa Pa
(J.13)

Using V-B = 0 and % = aBaizyhz = 0 the (J.11) can be split into the diffusive
and convective terms in the divergent part of the (V - Wg Z)WZ

which is implemented as a source.

and the remaining part,

(V- RU)07 = (V- T i)l + (V-7 (7.14)

v vdiv L0 (hi\/g4 (cr)Olnh, h:y/g4 (cr)OUaz)
(V Waz)” =

-2 = 715
hoy/g 0z \ hy 3078 hop AT T, 3z hx8x> (3.15)

1
19 [hevgd enOhP?) (n-5%) B3 J.16
NaZz 1 uOéZH ( . )
h.\/g 0z hy 3 B3 h,0x

(V- R =
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Thus, the momentum flux is:

or C nh, Va
m _ V||aFC + 3776(LJ:L) 8hl a’; V||a — Nax hmgmu za #0
Loz (J.17)
maVHang ~ Nax éH)(;’ 2 =0
res ai )
|| (VR (VR (VR Ao
Sm=— <v . yga) _ || || ||
: 0, 2 =10
(J.18)
Vi\ Tes 1 o h 4 OJln (h B2>
<V 9 [ hv94
\% a Naz 1 B2‘/H (J 19)
I hz/g Ox hy 3 B2h,0x

(uiA)
L naz Noga 0
377 hgOx | B, na {Z Pa Zpﬁfhmax (\/§u54>+

<77(<$;1> WB))ZPQCha (fua(;l')H. (J.20)

Pa Pa 2z

hi
The (V . <7_r>a >|| is derived in subsection 5.1.4.

J.4 Viscous-drift currents

Following [88, 83|, the drift currents, which depend on the velocity-dependent part of
the viscous-stress tensor, which previously were written only for the main ion species
(3.69) and (3.70), are written in this thesis for any ion species a for z, # 0:

e 58 (2) 8 )

3By hyOy \ B?) hy0x
Nz [ oty 9 i) )
== > psc— | VBug |+ Y Paci—- | VBua
Na Do hxax Pa Pa h a
Bra ¢ A2

(J.21)
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J.4 Viscous-drift currents

= B0 ) 5 s )

3B, hyox \ B2 ) hyoz |Te%e
Naz a,@x i 77&139104) 77((;?(;2 )
|3 S (VBusa )+ M ) S (VB )|
o Liza “ ¢/ ¢tz
(J.22)

Following [88, 83|, the drift currents, which depend on the heat-flux-dependent part
of the viscous-stress tensor, which previously were written only for the main ion species
(3.75) and (3.76), are written in this thesis for any ion species a for z, # 0:

J =la—aZ]=
(hiA) 77-0)

2B; 0 1 0 o afx z
5 SB hy 0y hz0x | ng 3 Do hiO0x
(h:B) (0) 7*(0)
Naz i 0 \/EhaZ:v . 9 fhaz
Pa Ioz hxax bgc hz&v bz

38 = [a — aZ] =

. (J.23)

2BVE 0 (1) 0 [naz an’gﬁ P \/Eh*(o) N
5 3B, hz0x \B?) h,0x| ne 5 Pa h,0x b,

(h:B) (0) 7+(0)
Nax i a h’aZaz _ 8 hCVI
Da (Iaz h,0x <\/§ b, h,Ox VB b, » (J.24)

where in the poloidal heat fluxes, the parallel heat conductivity and the diamagnetic
contributions are taken into account according to (5.19) and (5.20).
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