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Abstract

The present work presents a 2D and 3D modeling of the neutral gas flow in the sub-divertor
region of the W7-X. The investigations have been done using the DIVGAS code. The complex
2D and 3D geometries of the divertor components in the sub-divertor region have been
considered and the Standard and High-Iota magnetic configurations have been numerically
simulated. The main objective of this study is to investigate the dynamics of neutral particles in
the sub-divertor region including the effects due to geometry and toroidal and poloidal leakages
located at the divertor targets and baffles on the achieved pumping efficiency. A sensitivity
analysis has been performed for the effect of various geometrical and flow parameters on the
pumping performance, under different plasma scenarios. The considered incoming fluxes in the
sub-divertor range between 10?° to 10?2 (H, s~!). The main conclusions, which can be extracted
from the present numerical analysis could be summarized as follows; a large fraction of
incoming neutral particle flux i.e. >70% on the low iota side and >40% for the high iota side is
leaked back to the main divertor region, while higher incoming neutral fluxes facilitate the
increase of the pumped flux as well as the decrease of the outflux. It has been estimated that a
small fraction ~3%—4% of the incoming neutral flux is being pumped via the turbo-molecular
pumps. The closure of the toroidal leakages as well as the inclination of the pumping gap panel
by 9° facilitate the increase of the pumped flux, but considering the all the engineering
constraints, the latter option seems to be more easy to be implemented. For low incoming
neutral fluxes (~10%° H, s~!) and for the case of AEH section, free molecular flow conditions
are estimated and therefore neutral-neutral collisions could be neglected. For higher incoming
neutral fluxes and for both AEH and AEP sections neutral-neutral collisions play a significant
role in the flow establishment. A comparison with available experimental measurements of the
neutral pressure in the sub-divertor has been performed for Standard and High-Iota plasma
discharges. The 3D DIVGAS simulations predict qualitatively the experimental data with
relative deviation between 25 and 63%. All the above numerical findings will actively support
the optimization of the W7-X particle exhaust, in view of the experimental campaign OP2.

2 See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the W7-X Team.
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1. Introduction

The Wendelstein 7-X (W7-X) is an advanced stellarator device
to provide the proof of principle that the stellarator (HELIAS)
concept can meet the requirements of a future fusion reactor
by demonstration of high-performance, steady-state operation.
The improvement of the neutral gas exhaust and the achieved
pumping efficiency, which is essential for density control in
long pulse operations, is the main driver of this analysis. It
should be demonstrated that the efficient high gas exhaust,
which depends strongly on the individual component design
and overall configuration of the divertor and sub-divertor com-
ponents (targets, baffles, closure plates), can be met by optim-
ization of the current setup. It is therefore essential to sup-
port the design activities as well as the plasma simulations
by extended modeling of the neutral gas dynamics in the sub-
divertor area.

A first attempt to model the particle exhaust of W7-X using
the 3D standalone EIRENE neutral particle code was per-
formed in [1], in which a simplified model was applied and the
neutral particle balance in the sub-divertor area was provided.
More recently, in [2], EMC3-EIRENE simulations have been
performed for modeling detached plasma scenarios without
considering the sub-divertor area, while in [3], an experimental
approach to estimate the particle balance in the sub-divertor
area is described. In all these studies, the influence of the sub-
divertor neutral gas dynamics in the divertor plasma conditions
is not taken into account and therefore the importance and the
need of the present work are very well justified.

Within the above framework, the present work mainly
focuses on the modeling of the neutral single gas flow of
hydrogen molecules in the sub-divertor region of the W7-
X (i.e. no plasma impurities are considered). The introduced
geometry reflects the operational phase OP 1.2b. The particle
based flow analysis for the sub-divertor region has been invest-
igated by using the DIVGAS code. The DIVGAS code has
been developed at Karlsruhe Institute of Technology (KIT)
and is based on the Direct Simulation Monte Carlo (DSMC)
method [4]. The aim of this code is to investigate and reli-
ably describe the flow conditions in the particle exhaust of
a fusion device by considering the neutral-neutral collisions,
which in the case of high densities play an important role in
the flow field establishment. In addition, DIVGAS takes into
account all the physics and engineering aspects of plasma-
wall interactions (i.e. volumetric and surface recombination)
in the divertor area, which influence the generation of neutral
particles at the targets and consequently the overall flow beha-
vior of the particle exhaust, including the attached vacuum
system. Currently, within EUROfusion, the DIVGAS code,
represents the most effective numerical tool for modeling the

particle exhaust system for tokamak fusion devices. For val-
idation purposes, the DIVGAS code has already been imple-
mented to model the neutral gas flow in the JET sub-divertor
[5, 6]. Moreover, DIVGAS has been applied for simulating the
particle exhaust of ITER [7], JT60SA [8], EU-DEMO [9-15]
and recently DTT [16] tokamaks.

The gas flow in the sub-divertor volume of a tokamak or
a stellarator depending on the upstream plasma conditions
may cover a wide range of the Knudsen number starting from
near viscous flow conditions close to the interface with the
plasma until the case of free molecular flow (i.e. collision-
less flow) close to the vacuum pumps. Consequently, the use
of a reliable as well as robust numerical tool, which is able
to describe accurately all the aforementioned flow regimes, is
fully justified.

The core of the present work consists of the simulation
of the 2D and 3D complex sub-divertor region of the W7-X
including, additional sub-divertor components, which increase
the geometry complexity and influence the flow conditions,
namely the turbo-molecular pumps (TMPs), the support struc-
ture of the target modules and the related poloidal and toroidal
closures. Furthermore, the study is focused on the effect of
the leakages as well as further flow and geometrical paramet-
ers on the achieved pumping efficiency. Finally, a sensitivity
analysis of the effect of various geometrical and flow paramet-
ers on the pumping performance, under different plasma and
pumping scenarios is performed.

This work, which is focused on large scale simulations,
is being performed for the first time and acts as of a door
opener for future design and optimization of stellarator related
particle exhaust systems. Without this work, the realistic 3D
flow effects, which dominate the flow behavior and hence
the pumping efficiency of a stellarator cannot be thoroughly
investigated.

The present paper is organized as follows. The particle
exhaust system of W7-X including the vacuum system as well
as the description of the sub-divertor geometry, are presen-
ted in section 2, the applied numerical method as well as the
imposed boundary conditions are described in section 3, fol-
lowed by the obtained numerical results for the 2D and 3D con-
figurations in section 4. Finally, the conclusions of this study
are discussed in section 5.

2. W7-X vacuum system and sub-divertor geometry

The plasma vessel vacuum system of W7-X is located behind
the 10 test divertor units (TDUs). Each unit is divided to the
‘Low-Iota’ (AEH) and ‘High-Iota’ (AEP) sections, as depic-
ted in figure 1, these sections correspond to the sides of the
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Figure 1. W7-X plasma vessel pumping ports at the AEH and AEP sections in one of the ten divertor units.

divertor on which the strike lines are located for the Low Iota
and High Iota magnetic configurations. AEH and AEP are the
pumping ports located behind the low iota and high iota sides
of the divertor respectively. For the standard magnetic config-
urations the strike lines are along the low iota side as well.
Each divertor unit is equipped with three TMPs; two TMPs
are located at the AEH section and one TMP is located at
the AEP section (see figure 1). The nominal pumping speed
at the inlet of each TMP is equal to 3.73 m?® s~!. The effective
pumping speed at the cross-sections CSagy and CSagp (see
figure 1), based on Monte Carlo simulations has been estim-
ated to be 3.20 m® s~! and 1.46 m? s~! in the AEH and in the
AEP section respectively [1]. Both values are used as input
parameters in the present DIVGAS simulations. Based on the
assumption of a Maxwellian distribution function for the gas
particles at the cross-sections CS zgyy and CS agp as well as col-
lisionless conditions, the following expression, which relates
the capture coefficient £ and the effective pumping speed Se¢r
at the cross-section can be applied

8kgTyv

1
Sefr = —EA
cff 45 Tm

ey

where A is the area of the corresponding cross-section (i.e.
CSagn and CSagp), namely A = wd?/4 with d = 0.4 m the
diameter of both cross-sections, kg the Boltzmann constant,
m is the molecular mass (kg) and Tvy = 303 K the temperat-
ure of the vacuum vessel. In principle, the capture coefficient
¢ is the probability of a particle to be pumped and takes val-
ues between 0 < & < 1. The capture coefficient indicates the

efficiency of the vacuum pump. In all the present simulations,
£ is an input parameter. The corresponding values of capture
coefficient £, which are deduced by using the aforementioned
values of the actual effective pumping speed S, at the cross-
sections CS sgg and CS Agp, are as follows: for the AEH section
& = 0.06 and for the AEP section £ = 0.0264.

The present 2D and 3D DIVGAS geometries of the AEH
and AEP sections have been extracted from the correspond-
ing detailed 3D CATIA models. The 2D configurations, have
been extracted by taking corresponding slices in the AEH and
AEP sections (as shown in figure 2). For both 2D and 3D
configuration considered here, the resulting simplified model
geometries, are shown in figures 3 and 4 respectively. The
two sections AEH and AEP are studied separately due to the
fact that during the Operation Phase 1.2b, the two volumes
were separated with a metallic plate. More specifically, the
2D and 3D models of the AEH and AEP sections include the
baffles and targets, the corresponding supporting structures
(see figures 3 and 4(b), (d)), the pumping gap panel found
only in the AEH section (see figures 3(a) and (b)), the vacuum
vessel, the pumping gap and the corresponding pumping sur-
faces CSapy and CSapp. Additionally, the toroidal and pol-
oidal leakages between the baffle and target tiles as well as the
baffles and the vacuum vessel, through which the neutrals can
penetrate the plasma area are considered. In figures 3 and 4
the numbering/naming of each toroidal and poloidal leakage
considered here, are highlighted. These leakages correspond
to the gaps between the installed components i.e. divertor tar-
gets modules, baffles, toroidal and poloidal divertor closers. In
the case of the 2D configurations, 10 and 13 poloidal leakages
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Cutting positions

Figure 2. Cutting positions for the extraction of the corresponding
2D geometry of the AEH and AEP sections.

in the AEH and AEP sections have been identified, respect-
ively (see figure 3). The individual poloidal length for each
case is given in table 1. In the case of 3D configurations 13 and
9 poloidal and toroidal leakages in the AEH and AEP sections
have been identified, respectively (see figure 4), while their
individual area is given in table 2. It is noted that in both 2D
and 3D configurations simplification assumptions have been
introduced, regarding the leakage representation. For instance,
all the leakages, which are located at the targets have been
replaced by one leakage, whose poloidal length (in 2D) or area
(in 3D) is the sum of all the individual leakages at the corres-
ponding target. This idea allows to extract a simplified model,
which includes the geometrical effects originated by the leak-
ages and additionally does not require special attention to the
mesh generation/adaptation, which consequently increases the
computational cost.

3. Numerical model of W7-X sub-divertor and
boundary conditions

In the present study, the flow behavior in the W7-X
particle exhaust system is described by the integro-differential
Boltzmann equation (BE), which is used to determine the
distribution of particles in physical and molecular velocity
space, as well as in time. The most well-known and com-
monly applied numerical method, which is able to repro-
duce the solution of the BE, is the DSMC method. The
stochastic DSMC method, is a numerical technique for sim-
ulation of rarefied gas flows, in which the mean free path
of the molecules is of the same order (or greater) of a
representative physical length scale. In the DSMC method,
simulation molecules, which represent a large number of
real molecules, are used. Simulation molecules are moved
through a simulation of physical space in a realistic manner
that is directly coupled to physical time such that unsteady

flow characteristics can be modeled. Intermolecular collisions
and molecule-surface collisions are calculated using prob-
abilistic, phenomenological models. The DSMC method has
been applied successfully to simulate classical fundamental
heat and mass transfer problems [17-20] and additionally
has been successfully validated against corresponding exper-
imental results [17, 20]. In addition, it is noted that, in [21],
it has been proved that the DSMC solution is equivalent to
solving the BE itself for an adequate large number of model
particles.

The detailed description of the DSMC method is omit-
ted, but the reader may consult publication [4] for further
details. In brief, in the 2D as well as in the 3D simula-
tions molecular hydrogen, with molecular diameter equal to
d =292 x 107'° m is modeled.

In the present work, the effective collision scheme called
No-Time-Counter (NTC) supplemented by the hard sphere
(HS) intermolecular potential model, proposed by Bird [4],
as well as an optimum value of time step At = 0.1 us, have
been applied. The average number of model particles in each
simulation ranges between 5-7 x 107 and 1-2 x 10® for the
2D and 3D simulations respectively. Those numbers assure
that the statistical scattering of macroscopic quantities along
the computational domain is less than 5%. In order to achieve
the aforementioned convergence criterion, a time averaging of
macroscopic quantities over 6-9 x 10° time steps has been
performed. The code uses a Cartesian hierarchical grid. The
DIVGAS code uses a ‘ray-trace’ method to move particles
through the grid one cell at a time, by determining particle
intersections with cell-faces. If a surface mesh ‘cuts’ through
aflow field cell, the portion of the volume cell accessible by the
DSMC particles is reduced. This flow volume is calculated for
each intersected cell in order to be used during the neutral gas-
surface collisions, as it is typically encountered in the DSMC
method. In addition, in the case that the intersecting surfaces
are divided into two or more sub-volumes the corresponding
calculation of the volume is performed. In the present simula-
tions, the polygon hidden line removal algorithm proposed by
Weiler and Atherton algorithm [22] is applied. The number of
grid cells is equal to 2 x 10° and 107 for the 2D and 3D sim-
ulations respectively. The applied grid was chosen such that
the cell size is smaller than the one third of the local mean free
path. This work was performed on a HPC with 256 CPUs and
1536 CPUs for the 2D and 3D simulations respectively. The
typical time for reaching steady state conditions was 3—5 d and
almost 30 d for the 2D and 3D simulations respectively. It is
noted that the number of particles per cell remains constant
by varying the grid cell number. For all simulated cases, the
particle balance of the total incoming and outgoing particles
in the flow domain is fully satisfied. In general, the particle
balance in the sub-divertor area is described by the following
expression

Fin = Fpump + Foutﬂux + Z Fleakage, is (2)

L

in which T, is the incoming neutral flux to the sub-divertor
from the plasma side, I'pymp is the pumped flux, Ioufux 1S
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Figure 3. 2D simplified geometry of the (a) AEH and (b) AEP sections including the pumping gap, the horizontal and vertical targets, the

baffles, the pumping port and the considered poloidal leakages.

the neutral flux through the pumping gap directed towards the
plasma side, while I'jeakage,; 1 the flux through the individual
toroidal and poloidal leakages directed towards the plasma
side as well.

The imposed boundary conditions assume that molecu-
lar hydrogen enters the sub-divertor area through the pump-
ing gap with a given particle flux I'j, and reference tem-
perature 79 = 600 K. The particle fluxes I'oufiux, I'pump
and ), I'eakage, i Would be estimated as an outcome of the
DIVGAS simulation. By assuming Maxwellian distribution
of incoming neutrals with zero bulk velocity, the following
expression, which relates the incoming flux I'y, with the refer-
ence neutral density ng, imposed at the pumping gap, can be
applied

1 8kg T,
Iy = —Ang B0
4 mm

3

where A is the area (in m?) of the surface, from which neut-
rals are injected in the sub-divertor i.e. pumping gap. Here,
the incoming flux I'j;, consists of an open input parameter
and ranges between 10%° and 10** (H, s~'), mimicking low
to high plasma density scenarios. Moreover, this incoming
neutral flux range ensures that the gas collisionality in the
sub-divertor area covers the whole Knudsen range, namely
from free molecular to viscous flow regime. In table 3, the
assumed incoming fluxes, the corresponding number dens-
ity ng at the pumping gap as well as the estimated pumping
gap area A, based on the 3D CAD files, are provided. It is
noted that in the present work the atomic and molecular pro-
cesses in the gas phase as well as on the stationary walls have

not been taken into account. Within the gas-surface interac-
tion process, hydrogen molecules, when impacting a surface,
are re-emitted following a Maxwellian distribution function,
based on the surface temperature. It is noted that the target and
baffle temperature equals to Ttg = 400 K (see figures 3(a)
and (b)). Finally, it is assumed that the particles leaving
the sub-divertor volume through the target modules, undergo
immediate ionization and are deleted from the computational
domain. Moreover, deletion of particles is performed in the
case of particles escaping the sub-divertor through the tor-
oidal leakages (leakages F and only partly through C and E of
figure 4(a)). In this case, the neutral particles are going back
to the main chamber and they can also be considered as ‘lost’
particles.

4. Results and discussion

The numerical results obtained from the DIVGAS calcula-
tions for both 2D and 3D simplified sub-divertor configura-
tions are presented and discussed in detail. For both configur-
ations, a parametric analysis by varying various flow as well
as geometrical parameters is performed. The main goal is to
quantify their influence on the overall particle balance in the
sub-divertor area. The main factors, which are considered to
have a significant impact on the overall particle balance are; (i)
the capture coefficient &, (ii) the temperature Tp of the targets
and baffles, (iii) the existence of the pumping gap panel, (iv)
the closure of the poloidal/toroidal leakages and (v) the incom-
ing neutral particle flux I'j,. Moreover, the present analysis
aims to quantify macroscopic quantities of practical interest,
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Figure 4. 3D simplified models of the (@) AEH section including the considered poloidal and toroidal leakages, (b) AEH section
highlighting the position of the pumping gap panel and the supporting structures, (c) AEP section including the considered poloidal and
toroidal leakages and (d) AEP section highlighting the supporting structures.

as for instance the pressure, the local mean free path and the
velocity streamlines. Finally, an attempt to perform a compar-
ison between available experimental and numerical results is
performed.

4.1. Numerical results for the 2D ‘Low-lota’ and ‘High-lota’
sections

In this section, a parametric study devoted to the simplified
2D configurations is presented. The main rationale for initially

adopting a 2D approximation is the reduction of the computa-
tional effort needed to complete the wide parametric scan.

4.1.1. Influence of the incoming neutral particle flux. In
figures 5(a) and (b), the percentage of total incoming particle
flux T'y,, which goes through each of the individual leakages
and openings, in terms of the incoming particle flux I'j,, for
the case of AEH and AEP respectively, is presented. The case
of the capture coefficient equal to £ = 0.1 is considered. It is
seen, that in both AEH and AEP sections, as I, increases the
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Table 1. Poloidal length of each individual leakage/opening considered in the AEH and AEP sections, based on the 2D assumption.

Leakage/opening in AEH section A (m) Leakage/opening in AEP section A (m)

#1 1.00 x 1072 #1 1.00 x 1072
#2 6.53 x 1073 #2 6.34 x 1073
#3 1.23 x 1073 #3 1.54 x 1073
#4 1.02 x 1073 #4 1.52 x 1073
#5 191 x 1073 #5 1.55 x 1073
#6 1.50 x 1073 #6 1.50 x 1073
#7 1.50 x 1072 #7 490 x 1073
#3 1.58 x 1073 #3 4.68 x 1073
#9 3.00 x 1073 #9 1.02 x 1073
#10 1.00 x 1072 #10 1.20 x 1073
— — #11 1.15 x 1073
— — #12 1.52 x 1073
— — #13 1.00 x 1072
Pumping gap 7.83 x 1072 Pumping gap 3.68 x 1072
Pumping surface (CSagn) 0.4 Pumping surface (CSagp) 0.4

Table 2. Area of each individual leakage/opening considered in the AEH and AEP sections.

Leakage/opening in AEH section A (m?) Leakage/opening in AEP section A (m?)

I 1.97 x 1073 J 3.02 x 1073
DI 5.79 x 1073 11 3.83 x 1073
D2 5.71 x 1073 12 4.11 x 1073
D3 541 x 1073 13 3.58 x 1073
H1 1.1 x 1073 J4 3.39 x 1073
H2 7.81 x 1073 J5 478 x 1073
H3 7.44 x 1073 C 1.44 x 1072
H4 7.14 x 1073 E 1.25 x 1072
H5 6.21 x 1073 F 5.59 x 1073
C 1.03 x 1072 — —

E 1.09 x 1072 — —

F 3.77 x 1073 — —

G 3.47 x 1073 — —
Pumping gap 1.53 x 107! Pumping gap 4.50 x 1072
Pumping surface (CSagn) 1.24 x 107! Pumping surface (CSagp) 1.24 x 107!

Table 3. Reference number density ng, which is imposed at the pumping gap, through which neutrals penetrate the sub-divertor, for the

AEH and AEP sections.
no (m™=?)
Tin (s™H AEH section (A = 0.1535 m?) AEP section (A = 0.045 m?)
10%° 1.037 x 10" 3.535 x 10'®
10%! 1.037 x 10" 3.535 x 10"
10?? 1.037 x 10%° 3.535 x 10%°

pumped flux denoted as ‘Pump’ increases, while the neutral
outflux, namely the neutral flux which goes back to the plasma
side through the pumping gap, denoted as ‘Outflux’, decreases.
More specifically, in the AEH section two orders of magnitude
increase in I'j, results in a factor of x 1.1 decrease of out-
flux and a factor of x1.4 increase in the pumped flux. The

same behavior is observed at the AEP section, the corres-
ponding values are a factor of x1.3 decrease in outflux and
a factor of x1.2 increase in pumped flux. Qualitatively, the
general conclusion, which can be extracted is that for low
incoming neutral fluxes the flow regime in the sub-divertor is
free molecular and therefore the interaction of particles with
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Figure 5. Percentage of total incoming particle flux I'j,, which flows through each of the individual leakages and openings, in terms of the
incoming particle flux 'y, in the case of (a) AEH and (b) AEP sections and & = 0.1.
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the stationary walls, as for instance the pumping gap panel,
is more significant compared to the case of higher fluxes,
in which the dominant phenomenon is the intermolecular
collisions. This conclusion will be quantitatively justified in
the following section 4.2.3.

4.1.2. Influence of the capture coefficient.  In figures 6(a)
and (b), the percentage of the total incoming particle flux I'j,,
which flows through each of the individual leakages and open-
ings, in terms of the capture coefficient &, for the case of
AEH and AEP sections respectively, is presented. For both
cases, the incoming neutral flux I'j, was chosen to be equal
to 10%° (H, s~"). For both configurations, it is seen, that as
the capture coefficient £ increases, the neutral pumped flux,
increases in a non-linear manner. Similarly, the neutral flux,
through the individual leakages as well as the neutral outflux,
decrease as £ increases.

Moreover, in figure 6(a), it is observed that in both
sections neutral outflux is always higher than the correspond-
ing pumped flux. Indicatively, for £ = 0.06, 75% of Ty, is

directed back to the plasma (i.e. outflux), while the pumped
flux is 8.4% of I'j,. The remaining percentage of I', is dis-
tributed along the poloidal leakages. In the AEP section (see
figure 6(b)), the above behavior is observed only in the case of
small values of &, namely for £ = 0.0264 and 0.1. In the case
where & equals to 0.3 and 0.5, the pumped flux becomes larger
than the outflux. By comparing both sections, it is deduced that
in the AEH section the percentage of incoming neutral flux,
which returns to the plasma chamber (i.e. outflux) is always
higher than the one of the AEP section. The main reason is
the existence of the pumping gap panel, which interacts with
the incoming neutrals and forces them to move backward and
towards the plasma side. It is noted that in the section 4.1.4
a more detailed assessment on the influence of the pumping
gap panel on the overall particle balance will be performed. In
addition, the pumped flux in the AEP section is higher than
the one of the AEH section and indicatively in the case of
& = 0.1, the AEP pumped flux is approximately five times
higher than the one of AEH assuming the same incoming flux
I'in. Concluding, the capture coefficient & has a strong influ-
ence on the pumped flux as well as on the outflux, in both
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Figure 7. Percentage of total incoming particle flux I'i,, which
flows through each of the individual leakages and openings, in the
case of AEH section, for & = 0.1 and various values of target and
baffle surface temperatures. The incoming particle flux is equal to
Tin = 10%° (Ho/s).

AEH and AEP sections. Nevertheless, the value of £ is lim-
ited by engineering constrains, namely the nominal pumping
speed of the installed vacuum pump as well as the additional
conductance of the connecting pipes.

4.1.3. Influence of the temperature at the targets and baffles.
In figure 7, the percentage of the total incoming particle flux
I'in, which goes through each of the individual leakages and
openings, for the case of AEH section and for various target
and baffle surface temperatures, is presented. The incoming
neutral flux Ty, is equal to 10%° (H,/s) and the capture coeffi-
cient is equal to ¢ = 0.1. It is clearly seen that by increasing
the surface temperature of the targets and baffles from 400 K
to 1000 K, there is almost no influence on the particle flux
through the individual leakages and openings. The same con-
clusion could be extracted for the case of the AEP section (not
presented here). The main explanation of this effect is based
on the behavior of the product of the gas velocity u times the
local number density n, namely u x n, which defines the neutral
flux through a leakage. By increasing the surface temperature,
indeed the velocity of the gas increases, but the reduction of
the local number density (due to the assumption that particles
crossing a leakage are immediately ionized and removed from
the computational domain) compensates the velocity increase
and leads to an almost constant value of the product u x n.
Consequently, it can be deduced that the surface temperature
has a weak influence on the overall particle balance in the sub-
divertor volume.

4.14. Influence of the pumping gap panel. In figure 8, the
percentage of the total incoming particle flux I';,, which goes
through each of the individual leakages and openings, for
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Figure 8. Percentage of total incoming particle flux I'j,, which
flows through each of the individual leakages and openings, in the
case of AEH section, for & = 0.1 and the cases with and without
pumping gap panel as well as an inclined pumping gap panel by 9°.
The incoming particle flux is equal to Iy, = 10%° (Hy/s).

the case of AEH section and for the case with and without
pumping gap panel as well as the case with inclined panel, is
presented. The pumping gap panel is inclined by 9° towards
the vacuum vessel (maximum inclination angle to avoid col-
lision with the vacuum vessel). The incoming neutral flux I,
is kept equal to 10%° (H, s~!) and the capture coefficient is
equal to £ = 0.1. It is seen that by completely removing the
pumping gap panel (assumed as a limit case) a decrease in the
outflux by a factor of x 1.12 is achieved, while the pumped flux
is increased by a factor of x1.33, compared to the case with
the pumping gap panel. This is in line with what was men-
tioned earlier in the section 4.2.1, where it is stated that the
existence of the pumping gap panel pushes back the incom-
ing neutral particles in the plasma side through the pumping
gap. Furthermore, it is noted that the role of pumping gap
panel is to protect the vacuum vessel from plasma radiation
and high heat loads due to neutral particles. Therefore, its
existence is crucial and instead of completely removing it, it
is recommended to tilt it by a given angle. In the case of an
inclined pumping gap panel by 9° towards the vacuum ves-
sel, the corresponding decrease in the outflux is by a factor of
x 1.08, while a factor of x1.26 increase in the pumped flux is
observed.

In figure 9, the same quantity is plotted, considering now a
40% smaller (symmetrically towards both directions) in size
pumping gap panel, allowing for wider range of inclination
angles to be achieved. In this case, the inclination angle ranges
between 0° and 27° (direction towards the vacuum vessel).
It is seen that by increasing the inclination angle the outflux
decreases, while the pumped flux increases. It is noted that
the case with 27° inclination angle has the same quantitative
behavior in terms of outflux and pumped flux as in the case
without the pumping gap panel. Finally, it is expected that
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Figure 9. Percentage of total incoming particle flux I'j,, which
flows through each of the individual leakages and openings, in the
case of AEH section, for & = 0.1 assuming 40% smaller pumping
gap panel and various inclination angles. The incoming particle flux
is equal to T, = 102 (Hy/s).

in the case of higher incoming fluxes, the influence of the
pumping gap panel is expected to be weak. The main reason
is that by increasing the incoming neutral flux the average
Knudsen number decreases and the gas-surface interaction is
not any more the dominant characteristic of the flow. Instead,
the neutral-neutral collisions is the main factor, which influ-
ence the gas flow behavior.

4.1.5. Influence of the closure of the poloidal leakages. In
figure 10, the percentage of total incoming particle flux ',
which flows through each of the individual leakages and open-
ings, for the case of AEH section, for £ = 0.1 and assuming the
following cases: (i) all leakages are closed, (ii) only #1 and #10
(being one of the largest) leakages are closed and (iii) all leak-
ages are open, is presented. The incoming neutral flux Ty, is
kept equal to 10%° (Hy/s) and the capture coefficient is equal to
& =0.1.Itis clearly seen, that by closing all the leakages (limit
case) an increase in the pumped flux and in the neutral outflux
by a factor of x1.6 and x1.1 respectively, is observed com-
pared to the case with all leakages open. In the case that only
leakages #1 and #10 are closed then compared with the case
with all the leakages open, an increase in the pumped flux and
in the neutral outflux by a factor of x1.2 and x1.04 respect-
ively, is observed. Qualitatively, the main conclusion is that in
general the closure of the leakages facilitates the increase of
the pumped flux and consequently the pumping efficiency of
the sub-divertor, but additionally a significant increase in the
neutral outflux should be expected. In reality, the limit case,
where all leakages are closed, is difficult to be implemented
due to engineering constraints, therefore it is recommended to
focus only on the closure of the leakages #1 and #10, which as
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Figure 10. Percentage of total incoming particle flux I',, which
flows through each of the individual leakages and openings, in the
case of AEH section, for & = 0.1 and assuming all leakages are
closed, only #1 and #10 leakages are closed and all leakages are
open. The incoming particle flux is equal to Iy, = 10%° (Hy/s).

mentioned before, the estimated increase of the pumped flux
is more pronounced compared to the increase of the outflux.

4.2. Numerical results for the 3D ‘Low-lota’ and ‘High-lota’
sections

In this Section, the 3D effects, which describe in a more real-
istic manner the flow behavior in the W7-X sub-divertor are
taken into account by modeling the corresponding 3D mod-
els. It is noted that for these cases, except from the estimation
of the overall particle balance, the outcome of each simulation
includes the macroscopic quantities of practical interest, as for
instance the neutral gas pressure, the velocity streamlines and
the local mean free path.

4.2.1. Influence of the incoming neutral particle flux. In
figures 11(a) and (b), the percentage of total incoming particle
flux T'j,, which goes through each of the individual leakages
and openings (as presented in figures 4(a) and (c)), in terms
of the incoming particle flux I'j,, for the case of AEH and
AEP respectively, is presented. It is seen, that in both AEH and
AEP sections as 'y, increases the pumped flux increases, while
the neutral outflux decreases. Moreover, for both sections the
pumped flux is a small fraction of the incoming flux I';, com-
pared to the total flux through the leakages. By comparing the
values of the pumped flux in the 2D and 3D approximations,
it is observed that in the former approach the pumped flux is
always a higher percentage of I'j, than in the latter one. The
main reason is the consideration of the toroidal leakages in the
3D model, which cannot be correctly represented in a corres-
ponding 2D model.
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Figure 11. Percentage of total incoming particle flux I'i,, which flows through each of the individual poloidal and toroidal leakages and
openings, in terms of the incoming particle flux I'iy, in the case of (a) AEH section and & = 0.06 and (b) AEP section and & = 0.0264.

From quantitative point of view, for the AEH the outflux
and the pumped flux range between 72%-77% and 1.9%—
2.7% of T, respectively, while for AEP the outflux and the
pumped flux range between 38%-49% and 3%—4% of Iy,
respectively. It is noted that in both sections the leakages C and
E have the highest neutral flux compared to the other leakages,
which is explained by the fact that these two leakages have the
largest cross-section area (see table 3) compared to the others.
Finally, it is noted that in the AEH section two orders of mag-
nitude increase in I';, results to a factor of x1.1 decrease of
outflux and x 1.4 increase in pumped flux. In the AEP section,
the corresponding values are x1.3 decrease of outflux and
x 1.3 increase of pumped flux. The qualitative behavior of the
outflux and the pumped flux in both AEH and AEP sections is
almost identical compared to the 2D approximation, presented
in the section 4.1.4. Finally,

4.2.2. Influence of the closure of the toroidal leakages. In
figures 12(a) and (), the percentage of total incoming particle
flux T'j,, which goes through each of the individual leakages
and openings, for the case of AEH and AEP sections respect-
ively and assuming all leakages closed, only C, E and F tor-
oidal leakages closed and all leakages open, is presented. The
incoming neutral flux T, is equal to 10%° (H, s—1). It is clearly
seen, that by closing all the leakages (limit case) for AEH an
increase in the pumped flux and in the outflux by a factor of
x1.9 and x 1.2 respectively is observed. On the other hand,
for AEP an increase for both pumped flux and outflux by a
factor of x1.9, is estimated. In the case that only the toroidal
leakages C, E and F are closed then compared with the case
with all the leakages open, for AEH an increase in the pumped
flux and outflux by a factor of x 1.2 and x1.03 respectively, is
observed. Similar factors have been obtained for the 2D con-
figuration presented in section 4.1.5. For AEP, the correspond-
ing increase for both pumped flux and outflux is x1.35.
Summarizing, the quantitative results of the 3D model lead
to the same conclusions as in the 2D model, previously presen-
ted in section 4.1.5. More specifically, due to the engineering
constraints more effort should be made to closing the toroidal

leakages, where a more pronounced increase of the pumped
flux compared to the increase of the outflux is observed.

4.2.3. Macroscopic quantities—pressure contours, velocity
streamlines and mean free path.  This section is devoted
to the estimation of the macroscopic parameters in the sub-
divertor area, as for instance the pressure, the velocity stream-
lines as well as the mean free path A, for both AEH and AEP
sections. Due to the complexity of the 3D geometry, four slices
in the toroidal direction have been chosen for presenting all
the estimated quantities. The position as well as the name of
each slice are presented in figures 13(a) and (b). Moreover, it
is noted that the mean free path A has been estimated, based
on the expression

1

V2nw 2 @
in which n is the local number density and d is the molecular
diameter of hydrogen. This expression is valid in the case of
a Hard-Sphere intermolecular potential and applied in all the
present DIVGAS simulations. To characterize the degree of
rarefaction the Knudsen number is introduced and is defined as
Kn= %. The quantity /A is chosen as a characteristic length
of the flow and equals to the square root of the corresponding
pumping gap area, namely /A equals to 0.39 for AEH and
0.21 for AEP sections respectively. It is possible to distinguish
several regimes of gas flows with respect to the Knudsen num-
ber. More specifically, when Kn < 0.001 the mean free path
is much smaller than the characteristic length of the flow and
the hydrodynamic Navier—Stokes—Fourier (NSF) equation is
applicable. In this case, the flow regime is called viscous or
hydrodynamic. When 0.001 < Kn < 0.1, the slip flow regime
is met, in which still the continuum medium approach is valid
and the NSF equation is subject to slip boundary conditions.
When 0.1 < Kn < 10, the so-called transitional regime is
met, while for Kn > 10 molecules move without any colli-
sion between them. This regime is called free-molecular or
collisionless.
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Figure 12. Percentage of total incoming particle flux I';,, which flows through each of the individual leakages and openings, in the case of
(a) AEH and (b) AEP sections and assuming all leakages are closed, only C, E and F toroidal leakages are closed and all leakages are open.

The incoming particle flux is equal to T, = 10%° (H, s ).
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Figure 13. (a) AEH and (b) AEP sections have been split to four slices in the toroidal direction, including their corresponding naming.

In figures 14 and 15, the corresponding molecular hydrogen
pressure contours overlaid by velocity stream lines as well as
the mean free path based on expression (4) are plotted, for each
AEH slice and for two values of incoming particle flux T,
namely 10%° and 10?? (H, s~ '), respectively. Figures 16 and 17
show the analogous results for the AEP configuration.

Looking at figure 14, it is seen that as we move along the
toroidal (Y) (from slice Al to A4) direction the pressure dis-
tribution seems to be uniform in the largest part of the sub-
divertor area. The only exception is the zone area between the
pumping gap and the pumping gap panel, in which higher neut-
ral pressure compared to the rest of the volume is observed.
Regarding the mean free path ), itis seen that mean free path in
poloidal (Z) direction is smaller close to the pumping gap and
then increases as we move further in the sub-divertor volume.
On the other hand, moving toroidally (from slice Al to A4),
the mean free path close to the pumping gap vicinity decreases.
In the rest of the sub-divertor volume no significant variations
of mean free path are observed.

An indicative estimation of the average Knudsen number
could be performed in the case of slice A3, in which the

average value of mean free path is ~4 m. In this case, the
estimated average Knudsen number equals to ~10, thus for
T, = 102 (H, s~ 1), free molecular flow regime could be
assumed.

Looking at figure 15 qualitatively, the pressure distribution
in the toroidal (Y) direction does not have large deviations and
is almost uniform. In the poloidal direction, as in the previ-
ous case, higher neutral pressure compared to the rest of the
volume is observed in the zone area between the pumping gap
and the pumping gap panel. Quantitatively, the pressure in gen-
eral increases compared to the case with I';, = 102 (Hy s ).
Moreover, in Slices A1 and A3 some vortices are observed
between the pumping gap panel and the vacuum vessel. The
mean free path qualitatively has the same behavior as before,
in the poloidal direction while in the toroidal direction (Y)
strong variations are observed. Quantitatively, a decrease of
A is observed compared to the case with I';; = 102 (H, s
and by performing the same estimation of the average Knudsen
number for slice A3, it is deduced that the average value of
mean free path is 0.03 m. In this case, the estimated Knudsen
number equals to ~0.07, thus for I'y, = 102 (H, s, slip flow
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Figure 14. Pressure contour overlaid by the velocity streamlines (left column) as well as the mean free path A (right column) for each of the
four slices of section AEH (see figure 13(a)). The incoming particle flux is equal to 'y, = 10%° (Ha/s).
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Figure 15. Pressure contour overlaid by the velocity streamlines (left column) as well as the mean free path A (right column) for each of the
four slices of section AEH (see figure 13(a)). The incoming particle flux is equal to 'y, = 10%% (Ha/s).
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Figure 16. Pressure contour overlaid by the velocity streamlines (left column) as well as the mean free path A (right column) for each of the
four slices of section AEP (see figure 13(b)). The incoming particle flux is equal to [';, = 107 (Ha/s).
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Figure 17. Pressure contour overlaid by the velocity streamlines (left column) as well as the mean free path A (right column) for each of the
four slices of section AEP (see figure 13(b)). The incoming particle flux is equal to I';, = 10?% (Ho/s).
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Table 4. Comparison between DIVGAS obtained sub-divertor neutral pressure and experimental values for Standard and High-Iota plasma

scenarios.

Discharge 20 181 010.08

Discharge 20 180904.31

AEH section

AEP section

AEH section AEP section

Flow regime Transition Kn ~ O(1)

Incoming neutral part flux through ~ 3.23 x 10%°

the pumping gap I'in (™) [23]

Measured pressure Pexp (Pa) [23] 0.014

Estimated ANSYS pressure Not valid in this flow
Pansys (Pa) [23] regime

Estimated DIVGAS pressure 0.0093

Pprvcas (Pa)

Free molecular

Free molecular Transition Kn ~ O(1)

Kn ~ O(10) Kn ~ O(10)
2.66 x 10" 1.15 x 10% 2.78 x 10%

0.0082 0.0024 0.041

0.0041 0.0018 Not valid in this flow regime
0.0029 0.0033 0.031

conditions could be assumed. In this case the neutral-neutral
collisions play a significant role in the establishment of the
flow field. The same estimation of the Knudsen number has
been performed in the case of I'y, = 102! (H, s—!) (corres-
ponding contours are not presented here) at the same slice A3.
In this case, the average mean free path equals to 0.4 m, there-
fore the estimated Knudsen number is ~1, thus transition flow
regime could be assumed.

Looking at figure 16, it is observed that qualitatively for
the case of I'y, = 10%° (H, s—') the pressure distribution in
both toroidal (from slice B1 to B4) and poloidal directions is
quite uniform. Quantitatively, the pressure in general is higher
compared to the AEH section. As we move in both toroidal and
poloidal directions, quantitatively the mean free path does not
have a uniform behavior. For slice B2, the average mean free
path equals to 1.1 m. Consequently, the estimated Knudsen
number is ~5.2, which points to the transition flow regime.

By increasing the Iy, = 10?? (H, s~ !) (see figure 17), quant-
itatively the pressures remain uniform in both toroidal and pol-
oidal directions, but a significant increase of an order of mag-
nitude is observed compared to the case with I';, = 10?° (Hy/s).
Here, vortices in one side of the pumping gap are observed in
slices B1 to B3, a behavior which is associated with the viscous
character of the flow. In the poloidal direction, the mean free
path decreases as we move deeper in the sub-divertor, while
in the toroidal direction A\ has a non-uniform distribution and
is decreased by two orders of magnitude compared to the case
with Ty, = 10%° (H, s~!). For slice B2, the average mean free
path equals to ~0.01 m. Consequently, the estimated Knudsen
number is ~0.047, thus slip flow regime could be assumed. As
before, the same estimation of the Knudsen number has been
performed in the case of I'y, = 10*' (H, s~!) (corresponding
contours are not presented here) at the same slice B2. In this
case, the average mean free path equals to 0.1 m, therefore
the estimated Knudsen number is ~0.47, thus transition flow
regime could be assumed.

4.2.4. Comparison with experiments and ANSYS free molecu-
lar simulations. A direct comparison between experimental
and the present 3D numerical results has been performed using
the experimental data as well as the ANSYS numerical data,

reported in [23]. It is noted that the ANSYS simulations are
based on the similarity between photons and neutral particles
in the absence of collisions. In that specific collisionless case,
the ANSYS steady-state thermal package, simulates photon
emission and reflection from material components for three
dimensional geometries.

Two different plasma discharges of the operational phase
OP1.2b are considered, with discharge numbers 20 181 010.08
and 20 180904.31 respectively. The former discharge corres-
ponds to a Standard plasma configuration, while the latter to
a High-Iota plasma configuration. For each case, the meas-
ured pressure at the sub-divertor Py, is provided as well as the
related incoming neutral flux I'j,, obtained by related EMC3-
EIRENE simulations (see tables 2 and 3 of [23]). This inform-
ation together with the ANSY'S simulations, presented in table
5 of [23], have been used in the current work to perform a com-
parison with the corresponding 3D DIVGAS simulations. The
detailed comparison is presented in table 4.

By comparing the DIVGAS simulations with ANSYS sim-
ulations, valid only in the free molecular range and presen-
ted in [23], the obtained relative deviation, defined as 100 x

Ppivgas —Pansys
PpivGas

fact that the numerical uncertainty of ANSYS simulations
is within ~30% [23] and of the DIVGAS ones is of the
order of ~5% (based on the chosen number of particles, grid
cells and time step), the agreement between both numerical
approaches is considered to be very good. Moreover, in the
case of the Standard plasma configuration, the DIVGAS sim-
ulations provide lower pressure values than the ANSYS sim-
ulations, for both AEH and AEP sections, while in the High-
Iota plasma configuration, the DIVGAS pressure values for
both AEH and AEP sections are higher than the correspond-
ing ANSYS ones and still closer to the experimental values.
In general, it is observed that the relative error between
experimental measurements and DIVGAS simulations,

defined as 100 x ’w , ranges between 24% and 63%
exp

for all cases. This comparison is in line with the previous
work related to the numerical modeling of the JET sub-
divertor, in which ~50% deviation between DIVGAS and
JET experimental results was observed [5]. For all the exper-
imental measurements an uncertainty of 15% is assumed,

‘, ranges between 37% and 48%. Based on the
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according to [3, 24]. More specifically, in the case of the
Standard plasma configuration the relative deviation between
DIVGAS and experimental results in both AEH and AEP
sub-divertor sections is higher compared to the case of the
High-Iota plasma configuration.

Overall, the present comparison with experiments demon-
strates qualitative agreement. In the future and in a more sys-
tematic way, this work will be extended to cases with lower
Knudsen numbers (i.e. higher incoming neutral fluxes), in
which the neutral-neutral collisions dominate the flow beha-
vior and aim to a quantitative comparison with corresponding
experimental measurements.

5. Summary and conclusions

In the present work the DIVGAS code has been successfully
applied for modeling the 2D and 3D neutral gas flow in the
sub-divertor region of the W7-X, for the case of Standard
(AEH) and High-Iota (AEP) configurations. The main conclu-
sions, which can be extracted from the above numerical ana-
lysis could be summarized as follows; both 2D and 3D simu-
lations show that a large fraction of incoming neutral particle
flux i.e. >70% on the low iota (AEH port) side and >40%
for the high iota (AEP port) side is leaked back to the main
divertor region, the 2D simulations show that higher incoming
neutral fluxes facilitate the increase of the pumped flux as well
as the decrease of the outflux. The same conclusion is valid for
the 3D simulations. More specifically, in the AEH section two
orders of magnitude increase in ['j, results to a factor of x 1.1
decrease of outflux and x 1.4 increase in pumped flux. In the
AEP section, the corresponding values are x 1.3 decrease of
outflux and x 1.3 increase of pumped flux.

In both 2D and 3D simulations, the closure of the toroidal
leakages facilitates the increase of the pumped flux as well as
the neutral outflux towards the plasma. In general, it is recom-
mended that due to the engineering limitations more effort
should be made to closing the toroidal leakages, since a pro-
nounced increase of the pumped flux compared to the corres-
ponding increase of the outflux is obtained.

The increase of target and baffle surface temperature has
a weak influence on the fluxes in the sub-divertor vicinity
and therefore in current and future operational campaigns an
increase in plasma power and consequently an increase of the
target/baffle surface temperature will not influence the overall
particle balance in the sub-divertor.

The inclination of the pumping gap panel has influence on
the pumped flux and reduces the neutral outflux towards the
plasma. By tilting the pumping gap panel by 9°, in the dir-
ection of the vacuum vessel, the outflux can be reduced by a
factor of x1.08, while the pumped flux can be increased by a
factor of x1.26. In general, it is believed that from the engin-
eering point of view, it is easier to adjust accordingly the angle
of the pumping gap panel, compared to the closure of the indi-
vidual leakages, which might be difficult to perform.

From the 3D realistic models, it is deduced that small frac-
tion ~3%—4% of the incoming neutral flux is being pumped in
both AEH and AEP configurations. Therefore, a sub-divertor

geometry optimization is necessary considering the inclination
of the pumping gap panel to be the easiest modification from
engineering as well as pumping efficiency point of view.

The pressure distribution in the toroidal and poloidal dir-
ection for both AEH and AEP section is uniform. A non-
uniform behavior is observed only in the case of AEH section
and in the zone area between pumping gap and pumping gap
panel. Formation of vortices are observed in both AEH and
AEP sections for the case of high incoming neutral flux (i.e.
1022 H, s~ ') due to viscous characteristics of the flow. For
low incoming neutral fluxes (i.e. 10?° H, s~!) and for the case
of AEH section, free molecular flow conditions are expec-
ted and therefore neutral-neutral collisions could be neglected.
In all the other cases of incoming neutral flux (i.e. 10>! and
10?2 H, s~ ') for both AEH and AEP sections, neutral-neutral
collisions play a significant role in the sub-divertor area.

A comparison with available experimental measurements
of the neutral sub-divertor pressure has been performed for a
Standard and High-Iota plasma discharges. The 3D DIVGAS
simulations are able to predict qualitatively the experimental
results with an obtained relative deviation between simulations
and experiments to be 25%—-63%.

All the above numerical findings will actively support the
optimization of the W7-X particle exhaust, in view of the next
experimental campaign OP 2.
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