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The main objective is that the stellarator 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 and He exhaust, is the main driver of this analysis.

A recent numerical study focusing on 2D and 3D W7-X sub-divertor geometries related to the experimental
campaign OP 1.2b has been published [1].

The primary goal of the present study is to extend numerical simulations for Standard magnetic configuration,
from low to high-density plasma scenarios and to create a database that correlates exhaust neutral
parameters, such as sub-divertor neutral pressure, with upstream plasma parameters like the incoming
neutral flux through the pumping gap. This approach aims to better integrate plasma behavior with exhaust
optimization, in view of reactor relevant operational conditions.

The 3D sub-divertor model is related to the OP 2.x in which the “Low-lota” and “High-lota” sections are
merged into one large volume.

The DSMC solver of the DIVGAS workflow has been employed.

[1] S. Varoutis et al., Nuclear Fusion, 64, 076011, 2024.
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W7-X particle exhaust ﬂ(".
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® Gas: H,, H, T;,=0.05 - 4 eV ® Low-lota section: 2 TMPs with S_4=3.2 m3/s— ¢=0.06 and a
° Ttarget eiem.= 400 K, T, =303 K Cryo-vacuum pump.
* I (through pumping gap) = 10 — 1024 (s1) ® High-lota section: 1 TMP with S4=1.46 m3/s — §=0.0264

May 26, 2025 S. Varoutis ITEP, VAK, FCP



W7-X sub-divertor model ﬂ(".
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(AEP)
Pumping gap
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Pumping ga
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Pumping gap
® A 3D representative flow domain has been extracted
from CATIA files. A detailed sub-divertor geometry
aen  including internal structures (i.e. cooling pipes, support
structures, leakages etc) has been considered.

,High-lota “
Pumping gap
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Estimation of the capture coef. for the CVP
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In the low-pressure range, namely 10-° — 0.1 Pa, the capture
coefficient remains constant and is directly linked with the
free molecular flow conditions met in this range.

The relative difference between the DIVGAS simulated
values and analytical solutions in the free molecular flow
regime equals to ~16%.

As the pressure in front of the cryo-vacuum pump increases,
the capture coefficient also rises, reaching a peak at
approximately 10 Pa.

At higher neutral pressures, the capture coefficient of the
CVP decreases, due to choked-flow conditions.
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Correlations for Py, & I,

10% ¢
i [
10 F 7 ,
- ../' - 7
ol 7 7
10 = /
[ ./ ’
- .
| V4
10" | i X
g /-/C /
- /A
2| B,
10 ’ m  AEH
: R\ m  AEP
5l u’ A AEH, Coupled Sim.
107 A AEP, Coupled Sim.
: — — — — Fitting, AEH
i —————— Fitting, AEP
10 Lol EEE | ] ]

May 26, 2025

AT AR T

r, (s

S. Varoutis

1623 107 10%

AT

Karlsruhe Institute of Technology

Plasma scenarios:

A. 3 MW of heating power and ng ;. = 7x10°, CVP ON, TMP ON
B. 3 MW of heating power and n, ;. = 10%°, CVP ON, TMP ON
C. 5 MW of heating power and n,;. = 102, CVP ON, TMP ON

® In log-log scale, the sub-divertor neutral pressure is
proportional to the incoming particle flux in both AEH and

AEP sections. S
® The 3 plasma scenarios lie within the more general

scan matrix.

® The correlations which are deduced are:
Paivapn = 5x107250,7%7%7  R2 = 0,999

Paiv agp = 4x10724L;, 10779 R? = 0.998
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Correlations for Py, & I
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10%
i 1 ® In log-log scale, the sub-divertor neutral pressure
10"k ,7 IS proportional to the total pumped flux in both
E 7 AEH and AEP sections, with the effective
) ) f} pumping speed to be a constant of proportionality.
10 3 ,50 ® The estimated effective pumping speed:
‘5"‘ N 7.7
g_.__ i =/ _ Tpumptot _ 3
%10 2_ f; Seff'AEH B Ndiv,AEH 17.2 =19 ms
} 2[ éc S = lpumptot ~ H4 3 _ 287 m3s
10 3 ,;‘ A | AEH ST AEP = nywagp '
- ;.’ [ AEP
0L 2 & Qgg’ggﬂgl'zg Sm. ® The deduced correlations are:
- — — — — Fitting, AEH ot .
T T Fitting, AEP Paivaen = 10722 Dy or R“ =0.999
10'4 | o ol ol ol
1 018 1 019 1 020 1 021 1 02?1 1 023 1 024 1025 Pdlv'AEP — 6x10—23[‘pump't0t10193 RZ — 0.998
1qpump, tot (S )
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Influence of switching off the CVP A\‘(IT
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o i 8 ® The CVP has a moderate effect on the sub-
107 & divertor neutral pressure.
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F/Fin,H+H2 (%)

Particle balance for plasma scenarios A,B & C A\‘(IT

100

920 -

80 -

70 -

60 -

50 -

40 -

30 -

20 -

10 -

0

miln ERT

Scenario A
Scenario B pummm

Scenario C mmmm

‘ﬁllﬂ-mllﬂ__m — m

Out AEH Out AEP HI1-HS

May 26, 2025 S. Varoutis

G

LD1-D3  J-J5
Leakage

E,F,C TM-AEH TM-AEP CVP

® Scenario C with the highest heating
power (i.e 5 MW) is the one, which has a
higher pumping efficiency (~8% of the
total incoming particle flux).

® Scenario C has the highest total incoming
neutral flux to the sub-divertor.

® Through the toroidal as well as the
leakages at the horizontal targets, the
neutral flux is the highest compared to the
other considered leakages.
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Estimation of albedo coef. at the pumping gaps A\‘(IT
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At the AEH pumping gap, as [},, increases, the albedo
coefficient slightly decreases. This is primarily due to
the transition from free molecular flow to viscous flow,
which reduces direct reflection from the pumping gap
panel.

Increasing I;,,by four orders of magnitude results in a
17.3% decrease in the albedo.

The AEP pumping gap exhibits an increase in the
albedo coefficient by approximately 17.8%, attributed to
the absence of a pumping gap panel in the AEP
section.

The estimated albedo coefficient can be utilized as an
input parameter in future plasma simulations. This
approach allows for plasma simulations to account for
the sub-divertor geometry, neutral gas dynamics and
the corresponding pumping scenario, while reducing
the required computational effort.
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The DSMC solver of the DIVGAS workflow has been successfully applied for modelling the 3D neutral gas
flow in the W7-X sub-divertor region, for the case of the Standard magnetic configuration and a wide range
of incoming neutral particle flux i.e 101° — 1024 s,

Three plasma scenarios have been considered, for which is observed that by increasing the heating power,
the neutral pressure as well as the resulting pumping efficiency is increased.

Under steady-state conditions, the sub-divertor neutral pressure is proportional to the incoming neutral
particle flux in both AEH and AEP sections, with the effective pumping speed to be a constant of
proportionality.

Such a proportional behavior of the sub-divertor pressure in terms of the incoming neutral flux allows for
disentangling the flow conditions in the gas exhaust of W7-X with the upstream plasma parameters.

The influence of switching off the cryo-vacuum pump on the sub-divertor pressure is rather modest and an
increase of the neutral pressure in the AEH and AEP sub-divertor sections by ~15% and ~9% respectively
has been estimated.

Closed-form correlations of the sub-divertor pressure with the total incoming particle flux as well as the total
pumped flux at each of the AEH and AEP sections have been proposed.

The influence of the incoming neutral particle flux on the albedo coefficient at the pumping gaps is relative
weak. The albedo database can potentially accelerate future plasma simulations, by replacing the sub-
divertor area, while adequately considering all neutral gas dynamics and pumping conditions.
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