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Abstract

The particle exhaust system plays a pivotal role in fusion reactors and is essential for
ensuring both the feasibility and sustained operation of the fusion reaction. For the suc-
cessful development of such a system, density control is of great importance and some key
design parameters include the neutral gas pressure and the resulting particle fluxes. This
study presents a simplified conductance-based model for estimating neutral gas pressure
distributions in the particle exhaust system of fusion reactors, focusing specifically on
the sub-divertor region. In the proposed model, the pumping region is represented as an
interconnected set of reservoirs and channels. Mass conservation and conductance relations,
appropriate for all flow regimes, are applied. The model was benchmarked against complex
3D DIVGAS simulations across representative operating scenarios of the Wendelstein 7-X
(W7-X) stellarator. Despite geometric simplifications, the model is capable of predicting
pressure values at several key locations inside the particle exhaust area of W7-X, as well
as various types of particle fluxes. The developed model is computationally efficient for
large-scale parametric studies, exhibiting an average deviation of approximately 20%,
which indicates reasonable predictive accuracy considering the model simplifications and
the flow problem complexity. Its application may assist early-stage engineering design,
pumping performance improvement, and operational planning for W7-X and other future
fusion reactors.

Keywords: fusion technology; particle exhaust system; conductance; W7-X

1. Introduction

Fusion energy is rapidly becoming an important topic in the worldwide industry. It is
considered a promising solution for long-term sustainable energy production. In recent
years, research activity around magnetic confinement fusion has increased significantly.
Various designs are being explored, from conventional tokamaks [1-4] to more complex stel-
larator systems [5-7]. A standout example in this category is Wendelstein 7-X (W7-X) [8,9],
one of the most advanced stellarator projects in operation today, hosted by the Max Planck
Institute for Plasma Physics (IPP) in Greifswald, Germany.

The divertor is an important subsystem of the particle exhaust in any large or small
fusion reactor. The divertor design must meet multiple requirements, including neutron
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shielding, efficient heat removal, and effective particle exhaust. Reliable modeling of
divertor behavior is essential for predicting operational limits and designing reactor-scale
devices. As plasma pulses become longer and higher in performance, the development of
accurate and computationally efficient divertor modeling tools is becoming more critical.
Modeling the divertor region presents significant challenges due to its complex geometry
and the wide range of gas flow regimes encountered very often in the particle exhaust area
of fusion machines. Depending on the device size and operating conditions, the neutral
gas dynamics can span the full spectrum of rarefaction. As a result, accurately describing
this behavior requires solving the Boltzmann equation, an inherently complex task that
can only be addressed using computationally intensive numerical methods such as Direct
Simulation Monte Carlo (DSMC) [10] and the Discrete Velocity Method (DVM) [11].

At the Karlsruhe Institute of Technology (KIT), the Divertor Gas Simulator (DIV-
GAS) has been developed to simulate 2D /3D multispecies gas flows in the divertor and
sub-divertor regions of tokamaks and stellarators. DIVGAS is a powerful computational
workflow based on DSMC and DVM, providing detailed analysis of neutral gas dynamics
inside the particle exhaust area of fusion reactors. It has been successfully applied to
devices such as W7-X [12], DTT [13,14], DEMO [15,16], and others, especially in design-
ing and validating particle exhaust and pumping systems, and has been validated with
experimental results [17,18].

Neutral transport in divertor and sub-divertor regions has been widely studied, with
previous works focusing on empirical scaling, 2D modeling, or 3D simulations of neutral
pressures and fluxes [12-16,19,20]. However, due to the 3D complexity of divertor geome-
tries and the high computational cost of such simulations, there is strong motivation to
develop simplified models that can provide fast and physically meaningful estimates of
pressure distributions in exhaust systems [21,22]. These models typically represent the vol-
ume as a combination of channels and reservoirs. In [22], their accuracy was evaluated by
comparison with experimental results from a single linear plasma device. The formulation
based on interconnected reservoirs, conductance relations, and mass-balance equations
is a well-established and long-standing approach in vacuum network modeling [23-26].
The goal of our manuscript is to provide a simplified and application-oriented model
specifically adapted to the W7-X divertor configuration, while drawing upon the broad
methodological heritage of conductance-based vacuum system analysis. The applied model
is based on the mass conservation principle and represents the sub-divertor pumping area
as a collection of interconnected reservoirs linked by channels. The behavior of models
with two-, three-, and four-reservoir representations is studied, and the validity of the
model is examined against numerical data for pressure and particle fluxes obtained from
3D DIVGAS simulations [12].

2. Conductance Model for W7-X Sub-Divertor

In this work, the sub-divertor is modeled using a simplified arrangement of reservoirs
and connecting channels, representing selected areas of interest while avoiding the com-
plexity of a full-scale model [12,18]. The channels are characterized by their individual gas
conductance, which quantify the ease with which the gas can flow between the different
regions. Each reservoir corresponds to a localized region where the gas pressure is assumed
to be approximately uniform. The model applies the principle of mass conservation to
establish relationships between pressures and flow rates throughout the entire network.
The presentation of the proposed model is organized into the following three subsections.
Section 2.1 describes the simplification of the W7-X sub-divertor geometry into reservoirs
and connecting channels. In Section 2.2, the formulation of the 2-, 3-, and 4-reservoir
models based on mass conservation is introduced. This is followed by the applied through-
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put and conductance relations, presented in Sections 2.3 and 2.4, respectively, which are
incorporated into the model equations.

2.1. W7-X Geometry Simplification

Figure 1 provides an overview of one of the divertor units of W7-X. Each divertor unit
can be divided into two main parts, the low-iota (AEH) and high-iota (AEP) sections. The
low iota section includes the horizontal and vertical target elements and the large pumping
gap on the inboard side. In the high iota section, the small pumping gap is located on the
outboard side next to the horizontal target elements. In total, there are 10 divertor units
in W7-X.

Low Iota High Iota
section (AEH) section (AEP)

3 Horizontal
P
AEH / Vertical gaps

pl[lﬂpillg gap 9/

Pumping Pumping
duct \ Toroidal gaps /duct
Pumping - .
port ;_> / \ ] Pumping
To the TMPs Tothe TMPs 0"

Figure 1. The sub-divertor of W7-X, showing the AEH and AEP pumping sections, the location of the
turbomolecular pumps and cryopump, and the leakage openings.

The divertor unit is equipped with turbomolecular pumps (TMPs), positioned at the
AEH and AEP sections following the pumping ports, and with a cryopump (CVP), which
lies beneath the AEH horizontal target modules. Specifically, the cryopump consists of two
modules, referred to as the big and small modules according to their size. Further details
on the TMPs and CVP can be found in Ref. [27]. The neutral gas particles enter the W7-X
sub-divertor area through the AEH and AEP pumping gaps. Then they can be pumped out
via the pumping ports towards the TMPs or via the CVP, while others may return back to
the plasma vessel through the leakage openings/gaps and the pumping gaps. In Figure 1,
the different types of leakage gaps are shown (horizontal, vertical, toroidal, and poloidal).
(For a more detailed visualization, see Ref. [12].) In this work, the leakages are divided into
two main categories: one corresponding to the entire AEH section and the other to the AEP
section. The present divertor geometry has been extracted from the corresponding detailed
CATIA model and has been processed using the open-source SALOME suite [28]. The
main assumption of the proposed simplified model is that the complex divertor geometry
is broken down into reservoirs connected by cylindrical channels with known lengths (L)
and diameters (D). Specifically, the geometry was represented using 2, 3, or 4 reservoirs.
The number and position of reservoirs were chosen to correspond to physically distinct
sub-divertor regions of W7-X, rather than being arbitrary numerical subdivisions. As a
representative example, the configuration of the connected channels and reservoirs for the
3-reservoir model will be explained. Figure 2 serves as a guide to understand the model
construction process for the 3-reservoir model, while in Figure 3 the three different model
configurations are shown. Firstly, the three reservoirs were positioned at their respective
locations within the divertor volume and are represented by the spheres R, Ry, and R3
in Figure 2.
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Representative
cross sections

Figure 2. Representation of how the geometrical characteristics are derived for the 3-reservoir
conductance model.

The reservoirs are connected in series by cylindrical channels, with one channel
connecting Ry and R; and another connecting R, and R3. The channel lengths (L1, and
Lp3) correspond to the distances between the reservoirs, derived from the CATIA model.
The diameter of the channels was determined with the help of cross-sections extracted at
multiple locations throughout the divertor, as illustrated in Figure 2. More specifically,
between the spheres, several cross-sections have been considered and from their surface
the diameter was calculated. The surface area of each cross-section was obtained from the
processing of the geometry files, and the circular diameter (D.) was subsequently derived

from these areas as
4x A
DC - T 7 (1)

where A is the surface in m2. The average diameter across all cross-sections between the
two spheres is then calculated, and the resulting channel diameter for two channels is
DC'11+DC’1Z+"'+DC'1" and Dy3 = D”'21+D”'2,21+"'+DC'2". Additional details
regarding the geometric characteristics of the channels for each model are provided in

Section 2.2.

expressed as D1y =

2.2. Different Types of Examined Conductance Models: 2-, 3-, and 4-Reservoir Models

Several set-ups were studied in the present work. Specifically, in order to explore the
balance between simplicity and accuracy, the following models are considered and shown
in Figure 3: a 2-reservoir model, 3-reservoir model, and 4-reservoir model.
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Figure 3. Visual representation of the 2-reservoir (a), 3-reservoir (b), and 4-reservoir (c) models.
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Each reservoir has an input, a pumped-out throughput, and losses due to leakages.
The simplest 2-reservoir model treats R; and Rj from Figure 2 as the only two reservoirs,
connected by a single channel, which has diameter Dj; = 0.61 m and length L1, =4 m
(here, the diameter is determined as described in Section 2.1, while the length corresponds
to the actual distance between the reservoirs). Table 1 summarizes the geometrical input
parameters used in the conductance models. This configuration gives a basic estimate of
the pressure at the AEH and AEP sections but tends to oversimplify the internal pressure
distribution. The system of equations for this model, derived from the principle of mass
conservation, which corresponds to Figure 3a is given as

in1 — Gleakage,1 — C12 X (P1— P2) — Gpump1 = 0, 2
Jin2 — Yleakage,2 + Cqp X (pl - Pz) — Gpump2 = 0,

where g, is the net incoming throughput (Pa m?3/s) for the AEH and AEP regions, leqkage
is the throughput through the leakages that returns to the plasma region, gpump is the
throughput resulting from the pumping, Cy; is the conductance (m?/s) of the channel
between the two reservoirs of Figure 3a, and p is the pressure (Pa). The net incoming
throughput is derived from the total incoming neutral flux entering the divertor through
the pumping gaps, minus the portion of the flux that returns to the plasma region via the
same gaps (outflux). Based on the direction of the flow (to the right or to the left), the value
of C1p x (p1 — p2) can be positive or negative.

Table 1. Geometrical input parameters used in the conductance model.

Model Channel Channel Diameter D (m) Channel Length L (m)
2-reservoir Ri-Ry 0.61 4.0
3-reservoir Ri-Ry 0.625 1.7
3-reservoir Ry-Rj 0.56 2.3
4-reservoir Ri-Ry 0.625 1.7
4-reservoir Ry-R3 0.60 1.0
4-reservoir R3-Ry 0.56 1.3

To improve accuracy, a reservoir between the AEH and AEP sections is introduced,
providing a more realistic pressure gradient across the sub-divertor. This is the 3-reservoir
model shown both in Figures 2 and 3b. This configuration includes two channels as
described in Section 2.1, with diameters D1 = 0.625 m and D3 = 0.56 m and lengths
Lip =1.7mand Ly3 = 2.3 m. In this case, the system of equations becomes

Gind — Yleakage1 — Ci2 x (p1— pa) — Jpump1 = 0,
din3 — qleakage,B + Cp3 X (PZ - P3) — Jpump3 = 0, 3)
Ci2 X (p1—p2) —C3 X (p2 —p3) =0,

Finally, a model with four reservoirs is considered to achieve better pressure resolution
between the AEH and AEP sections. In this configuration, an additional reservoir is added
between the reservoirs R, and R3 of Figure 2, while the remaining three reservoirs retain
their original positions. In Figure 3c, a schematic representation of this model is shown.
The diameter and length of the channel between the R; and R; reservoir is Djp = 0.625 m
and L1, = 1.7 m, between the second and the additional third reservoir Dy3 = 0.6 m and
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L3 = 1 m, and between the third and fourth reservoir D3y = 0.56 m and L3y = 1.3 m. The
new system of equations is described as

qin1 — qleakage,l - C12 X (Pl - pZ) - qpump,l =0,

Jin,4 — Gleakages + Cas X (p3— py) — Jpumpa = 0, @)
Ci2 X (p1—p2) —C3 x (p2—p3) =0,
Ca3 X (p2 — p3) — Caa X (p3 — pa) = 0.

To close the system of equations, the expressions for the throughput and conductance
must be specified. The relevant formulas are provided in Sections 2.3 and 2.4. The Newton—
Raphson method is employed to numerically solve the system of equations for each model,
yielding the pressure values and the leakage fluxes. The computational cost of this method
is negligible, with solutions obtained within a few seconds on a standard laptop. This
makes the approach well-suited for fast calculations, even with limited computational
resources. This efficiency makes the conductance model particularly advantageous for
parametric studies or sensitivity analyses, where numerous simulations are required. The
model cannot fully replace comprehensive 3D simulations. However, it offers a practical
alternative with acceptable uncertainty, capturing essential pressure distribution features
at a much lower computational cost.

2.3. Throughput Formulas

Within the system of equations presented in Section 2.2, the throughputs correspond-
ing to leakage, pumping, and net incoming flux must be defined. These throughput terms
provide the necessary closure for the system, along with the conductance formula, enabling
the calculation of pressure and neutral flux values. For the definition of the throughput at
the leakages, the following approximation is used [10]:

1 8 x kg X Tieux
QIeakage =B x Z X Alcakage X p X \/ — mea age/ (5)
where
B =exp|—s* x cos@z} + /7T x s X cos 8 x [1+erf(sx cosf)], (6)

where kp is the Boltzmann constant, m is the molar mass of hydrogen (3.34 x 107% kg
for Hp), and Ajegpage is the surface of the leakages. The Ajgppqge for the AEH section is
7.7 x 1072 m? and for the AEP section it is 5.52 x 1072 m2. Also, Teakage is the tempera-
ture around the leakage gaps. Specifically, the temperature employed in the calculations
corresponds to the temperature of the vessel, and it is equal to 303 K (from Ref. [12]). The
throughput was calculated by assuming a Maxwellian distribution [10]. Specifically, the
fluxes were modeled using a shifted Maxwellian distribution (a Maxwellian distribution
with an imposed bulk flow velocity) B, as this approach is generally expected to yield
more accurate results. The shift parameter s in Equation (6) was applied based on D.C.
Wadsworth'’s theory [29] applying the free molecular assumption: s = 0.5/+/7t. The angle
6 defines the orientation of the velocity relative to the major axis of the orbit. In this work,
it is assumed to be equal to 0°.

The pumping throughput includes the pumped particle flux at the pumping ports
going to the turbomolecular pumps and the pumping through the cryopump. In the cases
studied, summarized in Table 2, different pump configurations are considered: with either
both types of pumps or only one active.

https:/ /doi.org/10.3390/computation14010024


https://doi.org/10.3390/computation14010024

Computation 2026, 14, 24 7 of 19
Table 2. The cases studied for the conductance model.
Cases AEH Flux AEP Flux CVP Status TMP Status
1 1 x 10%° 1 x 10% ON ON
2 1 x 102 1 x 1020 ON ON
3 1 x 10% 1 x 102 ON ON
4 1 x 102 1 x 102 ON ON
5 1 x 1020 1 x 102! OFF ON
6 1 x 102 1 x 1020 OFF ON
7 1 x 10% 1 x 10% OFF ON
8 1 x 10% 1 x 10%2 OFF ON
9 1 x 10%° 1 x 10% ON OFF
10 1 x 102 1 x 1020 ON OFF
11 1 x 10% 1 x 102 ON OFF
12 1 x 102 1 x 102 ON OFF
13 1 x 1020 1 x 1020 ON ON
14 1 x 102 1 x 10% ON ON
15 1 x 10% 1 x 1022 ON ON
16 1 x 10%2 1 x 108 ON ON
17 1 x 108 1 x 1022 ON ON
For the turbomolecular pumps, the throughput is defined as
ATMP = Seff X P, @)

1 8><kB><T ;
Seff = 7 X 6TMP X Apors X \/T , ©

where s,¢¢ is the pumping speed at the ports, Tyesser is the temperature of the vessel (303 K),
and ¢rpp is the capture coefficient. The capture coefficient {7sp represents the probability
of a particle being pumped and serves as a measure of the vacuum pump efficiency. In all
simulations presented here, it is an input parameter as in Ref. [12]. The {rpsp for the AEH
port is 0.06 and for the AEP port it is 0.0264. The surface of the pumping port A is the
same for the AEH and AEP section (see Figure 1), and it is equal to 0.124 m?.

For the cases in which the cryopump is considered, the throughput through the
cryopump, gy, is calculated as

1 18 x kg x T,
ep = Z X (gcp,small X ACp,small) + (gcp,big X Acp,big)} Tmcp p, (9)

where Acpgman = 0.09 m?, Agypie = 018 m?, &y an = 0.092/0.12, and &eppig
0.096/0.12 [12], for the small and large modules of the cryopump for incoming flux of
1029102, 1021-10%2 /10%2-10%3, respectively, and T, is the temperature at the entrance of
the cryopump (300 K as in Ref. [12]).

The net incoming throughput for the AEH and AEP sections is evaluated using three
approaches (scenarios A, B, and C). The purpose of this comparison is to evaluate the extent
to which the model can be formulated independently of adjustable input parameters, as
well as to quantify the deviations that arise at varying levels of such independence. The
scenarios differ in the method used to estimate the net incoming throughput, which is
defined as the total neutral flux entering the divertor through the pumping gaps minus
the flux that returns to the plasma region through the same gaps (outflux). The incoming
flux through the AEP and AEH sections is shown in Table 2. Scenario A corresponds to
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the calculation of the net incoming throughput which exactly matches the net throughput
values predicted by DIVGAS, as in

Gin = Fin X To x kp — Four x Ty X kg, (10)

where F;, (H, s71) is the incoming flux (shown in Table 1 for all of the different cases
studied for the AEH and AEP sections), Tj is the temperature at the inlet AEH and AEP
areas (600 K as in [12]), and F,,; (H, s~ 1) is the outflux that returns to the plasma region
through the AEH and AEP pumping gaps. It is noted that in the DIVGAS simulations, the
incoming flux is provided as an input parameter, while the outflux is obtained as part of
the DIVGAS solution. In scenario A, the exact DIVGAS outflux is used in the conductance
model. Thus, scenario A is mainly incorporated in this study and is used as a baseline
for comparison with the other two scenarios. In all cases, it was observed that the net
incoming flux at the AEH section became negative whenever the incoming flux at the AEP
section exceeded that at the AEH section. This observation was considered as the baseline
assumption for scenario B. In scenario B, the cases were divided into two groups based
on the incoming flux: one group with cases where the net incoming flux through the AEP
section is higher than the incoming flux through the AEH section and one group with the
other cases studied. For each of the two groups, using the DIVGAS results [12], the ratio
of outflux to incoming flux was calculated separately for the AEH and AEP sections. The
average values of these ratios, computed over the different cases studied, were used as
representative values in place of the individual outfluxes. Specifically, for the cases with
higher incoming flux at the AEP section, the final ratios were 1.92 and 0.317 for the AEH
and AEP sections, respectively. For the other cases, the corresponding values were 0.729
and 0.595 for the AEH and AEP sections, respectively. It is evident that scenario B does
not require the exact outflux for each case; instead, the outflux in the conductance model
is obtained using calibrated values derived from DIVGAS. Scenario C does not use the
outflux values from DIVGAS, making the model fully independent. In this scenario, the
free molecular flow assumption is applied, as in the throughput through the leakage gaps
in Equation (5), with the temperature at the inlet, Ty, and the surface of the AEH and AEP
pumping gaps (Aapy = 0.153 m?and A pp = 0.0450 m?).

2.4. Conductance Formula

To connect the reservoirs in the different types of conductance models (2-, 3-, and
4-reservoirs), the formula that connects each channel needs to be defined. The conductance
of the channels depends on the geometry of the connecting channels (length, diameter,
and cross-section) and the flow regime, which is typically characterized by the Knudsen
number (Kn). The Kn number, which is defined as the ratio of the mean free path over a
representative characteristic length, is calculated using the hard-sphere gas model as

1

Kn = , 11
V2xmxnxd:xl (1

where 7 is the density (kg/m?), d the diameter for hydrogen (which is taken from Ref. [12]
for comparative purposes equal to 2.92 x 1071 m), and ! the characteristic length (m).
In this work, [ is the diameter at the AEH and AEP cross-sections of the sub-divertor
area. Table 2 summarizes all the cases investigated in this work, covering a wide range
of flow regimes. The cases are characterized by Knudsen numbers between 0.005 and 14,
which cover the whole range of rarefaction from continuum to free molecular regime. For
the problem under investigation, the Knudsen numbers correspond to neutral pressures
ranging from approximately 0.002 to 7.9 Pa.
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In general, in the sub-divertor region of W7-X, the gas flow often falls within the
transitional regime, between free molecular flow and viscous laminar flow. Therefore, a
conductance formula also applicable to this regime is required. It is important to note
that various empirical and analytical formulas exist in the literature for estimating gas
conductance under different conditions [22,30,31]. Considering the specific geometry of the
sub-divertor and the transitional nature of the flow, the formulation presented in Ref. [31]
was selected and adapted to the conductance model of this work for its applicability and
its ability to provide a good balance between simplicity and accuracy within the relevant
parameter space. The conductance formula applied in the model is defined as follows [31]:

IMK
(pu — pa)’
with

C:

(12)

==

1+ /2 x
kp X Tyessel

qvL X qTB X (qCF ~ 142%)

X

qMK =

7 P
\/ﬂVLz < qre? + qr8® x (qcr — 1845)" + (acr — 15%)" x qui?

+ 9um ~
141235 x|\ Jesf— <

where p, and p; are the upstream and downstream pressures for a specific channel, gk is
the throughput (Pa m?/s) obtained by the Modified Knudsen equation [31], p is the mean
pressure between the channel ends, and y is the viscosity of the working gas. Equation (12)
is incorporated into the algebraic systems (2), (3), and (4) corresponding to the models
with two, three, and four reservoirs, respectively, in order to describe the conductance
channels between the reservoirs. The quantities qyr, 918, gcr, qm are the throughputs
when calculated assuming viscous laminar flow, turbulent flow, compressible flow, and
molecular flow, respectively, and are defined as in Ref. [31]. To enable a direct comparison
between the results of the conductance model and the corresponding results from DIV-
GAS, the viscosity of hydrogen was calculated using the hard-sphere model, assuming a
molecular diameter of 2.92 x 1071 m. The approximate Formula (12) blends the viscous
and molecular contributions to conductance and is valid over a wide range of Knudsen
numbers, particularly useful in transitional flow.

To evaluate the accuracy of the approximate conductance formula used in this study,
it was benchmarked against DSMC data available in the literature [32], focusing on the
transitional flow regime. Following Ref. [32], the benchmark problem that was considered
is a simple case of gas flow through a straight channel with a circular cross-section. The
comparison is shown in Figure 4, for a length-to-radius ratio L/R =2, 5, and 10 and for
different values of the local rarefaction parameter J (6 ~ 1/Kn), showing that the analytical
approximation aligns closely with DSMC-based results.

p/p=0.1 p/p,=0.5 p/p,=0.7
10°FLIR 2 5 10 10°FL/R 2 5 10 10°CFLIR 2 5 10
o 0O ¢ DSMC results A O ¢ DSMC results r & O O DSMC results
A ®m & Modified Knudsen Equation 4 ® ¢ Modified Knudsen Equation 4 ®m ¢ Modified Knudsen Equation
g 3] 3]
= =] =t
3 5 =
£l Bl o102k
S10°k S0 S0
=] < | < |
= =] =]
< o 5]
- J N / U /
101 1 1 1 i 1 J ]01 L T R EETETRETHT EENErET | sl A | ]01 1 1 1 1 1 J
10° w0 10° 100 100 100 10 107 107 10" 1w 10t 100 1t 07 10w 1w o100 10t 10
o ) 0
(a) (b) (0)

Figure 4. Conductance comparison between DSMC results [32] and the Modified Knudsen equation
for (a) ps/pu =0.1,(b) ps/pu =0.5,and (c) p;/ pu=0.7.
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In general, small deviations were observed (Figure 4). For the W7-X geometry, where
the typical L/R is around 3-13 based on the different implemented conductance models
(with 2-, 3-, and 4-reservoirs) and J values vary between 0.1 and 200, the agreement between
the approximate formula and DSMC results is good with maximum deviations of 14%.
Given the good performance of the simplified conductance formula (Equation (12)), its
use to describe the conductance of each channel in the simplified conductance models (see
Section 2.2) is well justified.

3. Results and Discussion

To evaluate the performance of the simplified conductance model, it was tested across
a series of 17 cases, as shown in Table 2, representative of actual operating conditions in the
W?7-X sub-divertor. These included varying incoming neutral fluxes at the AEH and AEP
sections and different pumping configurations (TMP and CVP modules switched on/ off).
The results were compared to detailed 3D DIVGAS simulations [12]. Although scenario A
(see Section 2.3) served as the baseline for studying the conductance model, the model was
evaluated across all three scenarios from Section 2.3, namely A, B, and C.

Firstly, a comparison between the two-, three-, and four-reservoir configurations was
carried out, shown in Figure 5, for scenario A. For each one of the three configurations, the
deviation between the DIVGAS pressure results and the conductance model was calculated.
The deviation is calculated as Deviation(%) = 100 X (|pPprvcas — Pcond.Model|)/ PDIVGAS-
In Figure 5, only the results for the AEH section are shown because similar trends among
the three models were observed for the AEP section. As shown, the overall trend indicates
that the three- and four-reservoir models yield a smaller average deviation compared to
the two-reservoir model. The additional resolution introduced by the third reservoir allows
for a more accurate representation of the pressure distribution across the sub-divertor area
with an average deviation of 43%, whereas the model with two reservoirs shows an average
deviation of 47%. It is also noteworthy that, while the maximum deviation among the
17 cases for the three-reservoir model is 93%, it increases to 113% for the two-reservoir
model. While the four-reservoir model offers more geometrical accuracy, the difference
between three and four reservoirs is generally minimal (less than 5%). Nevertheless, the
four-reservoir model remains useful in cases where pressure values at an additional point
are required.
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Figure 5. Comparison of pressure deviation between DIVGAS results and simplified conductance
models with 2, 3, and 4 reservoirs under scenario A.
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The comparison of the pressures between the conductance model with three reservoirs
and DIVGAS simulations, using scenario A, is shown for the three main reservoirs in
Figure 6: the AEH section (R1), the region between AEH and AEP (R2), and the AEP section
(R3). The deviation in pressure prediction across all 17 test cases is presented for each
reservoir, with corresponding error bars. These error bars account for the spatial variation
in pressure observed within each reservoir area, based on spherical regions extracted from
the DIVGAS simulations at the locations of the reservoirs (as shown in Figure 2). The
pressure is not perfectly uniform inside these spherical zones, and the error bars reflect this
variation and provide a more realistic image of the expected uncertainty.

The average deviation between the conductance model and DIVGAS is also shown in
Figure 6 with a dashed line for each reservoir: 43% in the AEH section, 31% between the
AEH and AEP areas, and 15% in the AEP section. Although not negligible, the observed
deviations are deemed acceptable. This is especially true given the simplified conductance
model and the highly complex three-dimensional sub-divertor geometry. The maximum
deviation noticed is 93%, 78%, and 57% for the R1, R2, and R3 reservoirs, respectively,
whereas the minimum deviation is around 4% among the three positions. The averaged
deviation among all reservoirs is 32%. The overall agreement demonstrates that the
conductance-based approach provides reasonable and reliable estimates for neutral gas
pressure in the sub-divertor, even in the presence of localized pressure variations, with the
majority of the cases to overestimate the DIVGAS results. Due to the simplified nature of
the model, deviations cannot be uniquely attributed to individual physical mechanisms
on a case-by-case basis, but instead reflect the cumulative impact of spatial averaging and
geometric simplification.

Figure 7 also presents the deviations between DIVGAS and the conductance model at
the additional location of the four-reservoir model, explained in Section 2.2. It also shows
good agreement within an average error of 25%.

In addition, we tried to demonstrate the equivalence between the three-reservoir
and two-reservoir models, using scenario A as a base. For this purpose, the equivalent
conductance for the two channels in the three-reservoir model was calculated. Since the
channels are connected in series, the equivalent conductance was obtained using the relation
Ceq = Ci2 * Co3/(Cr2 + Cp3), where Cyp and Co3 are the conductance values of the chan-
nels connecting the reservoirs R;1-R; and Rp-R3, respectively, as shown in Figures 2 and 3.
The equivalent conductance and the pressures from the three-reservoir model were then
inserted into Equation (12), together with the channel length of the two-reservoir model
(see Section 2.2), to determine an equivalent diameter. This procedure was repeated for all
17 cases considered, resulting in 17 equivalent diameters for the two-reservoir model. The
average of these values, 0.56 m, was adopted as the representative equivalent diameter in
the two-reservoir model. In Figure 8, a comparison between the deviations of the three-
reservoir model and the two-reservoir model with the equivalent diameter is presented,
relative to the DIVGAS results for the AEH section (a similar comparison was obtained for
the AEP section). The application of the equivalent diameter substantially improved the
performance of the two-reservoir model: the maximum deviation with respect to DIVGAS
decreases from 113% (original two-reservoir model) to 88%, while the maximum deviation
between the two-reservoir model with equivalent diameter and the three-reservoir models
is mostly under 10%. The equivalent-diameter approach enables the simpler two-reservoir
model to reproduce results that are much closer to those of the more detailed three-reservoir
configuration at the same positions.
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Figure 6. Pressure deviations between DIVGAS simulations and the conductance model at the three
reservoirs: (a) R1 (AEH section), (b) R2 (between AEH and AEP), and (c) R3 (AEP section), for
scenario A.
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Figure 7. The pressure deviations between DIVGAS and the conductance model for the additional
location at the 4-reservoir model.
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Figure 8. Comparison of the deviations with the DIVGAS results for the 3-reservoir model and the
2-reservoir model with the equivalent diameter.

In addition to scenario A, in Figure 9, the corresponding pressure deviations for sce-
narios B and C (as explained in Section 2.3) are presented. This study provides a useful
reference for assessing the consistency and sensitivity of the results. Scenario B shows an
average deviation with DIVGAS of 43%, 32%, and 18% at R1, R2, and R3, respectively. Sce-
nario C shows an average deviation with DIVGAS of 52%, 34%, and 15% at R1, R2, and R3,
respectively. Notably, even in the case that the outflux is calculated based on Equation (5),
the deviation from the DIVGAS-based results remains relatively near, suggesting that
the simplified model still captures the essential behavior of the system. The deviations
remain relatively small even as the model becomes more independent (scenarios B and
(), indicating that the simplified conductance model retains good predictive capability
without heavy reliance on detailed simulation data.
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Figure 9. The pressure deviations between DIVGAS and the conductance model at the three reservoirs
R1 (a,b), R2 (c,d), and R3 (e,f), for scenarios B (a,c,e) and C (b,d,f).

To improve the agreement between the conductance model pressures and the corre-
sponding DIVGAS pressures, individual scaling factors were determined for each of the
17 cases. For a given case i (from the 17 cases), the optimal scaling factor (k) was computed
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as the ratio between the DIVGAS value and the conductance model value from scenario B.
The scaling factors at the three positions R1, R2, and R3 are defined as

PDIVGAS,1,i PDIVGAS2,i PDIVGAS,3,i
kij=——""", kyi=———"""—, k3= ———"", (13)
PCond.Model 1,i PcCond.Model 2,i PCond.Model 3,i

Next, an overall average scaling factor was obtained by averaging all of the individual
scaling factors across the corresponding cases. Thus, an average k value was obtained:
k = 0.884. The conductance model is subsequently calibrated by using the normalized
pressures, p/k, instead of the absolute p. After implementing this normalization, the overall
average deviation across the 3 positions and the 17 cases was 23%. More specifically, the
average deviation with DIVGAS is 30%, 22%, and 17% at R1, R2, and R3, respectively.

The validation of the conductance model (scenario B) with the scaling factors is further
extended in Figure 10. In Ref. [12], DIVGAS simulations were coupled with EMC3-EIRENE
plasma simulations, in which DIVGAS receives the distribution of the incoming neutral
fluxes at AEP (small) and AEH (large) pumping gaps as input from the plasma simulations.
In addition, in Ref. [12], correlations between the sub-divertor pressure and the incoming
flux at the AEH and AEP sections were proposed (fitting correlations). In Figure 10, a
comparison between the correlations, the coupled DIVGAS+EMC3-EIRENE results from
Ref. [12], and the calibrated conductance model is shown. As seen, good agreement is
observed between the conductance model, the DIVGAS simulations coupled with EMC3-
EIRENE plasma data, and the fitting correlations from Ref. [12]. The DIVGAS simulations
coupled to EMC3-EIRENE plasma calculations correspond to operating points different
from the 17 benchmark cases considered in this study. Therefore, Figure 10 serves as an
additional validation of the conductance model beyond the benchmarked scenarios.

2
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Figure 10. Neutral gas pressures at the AEH and AEP sections as a function of the incoming neutral
flux at the respective openings, as predicted by the calibrated conductance model, compared with
DIVGAS-EMCB3-EIRENE results and fitting correlations from Ref. [12].

In addition to the pressure comparison, the deviation in leakage fluxes between the
conductance model and DIVGAS simulations was analyzed to further evaluate the perfor-
mance of the simplified approach in terms of leakage fluxes. In Figure 11, the deviations of
the fluxes are shown for both the AEH and AEP sections using scenario A. The results show
that the prediction of leakage fluxes is generally more challenging than pressure estimation,
leading to larger deviations. This may be attributed to the strong sensitivity of the leakage
flux to local geometric details, surface areas, and temperature variations at the leakage loca-
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tions, factors that are difficult to fully capture in a simplified, reduced-order conductance
model. Across all analyzed cases, the average leakage flux deviation near the AEH section
was approximately 94%, which is considered acceptable given the complexity of the system
and the level of simplification applied. However, the error increases significantly near
the AEP section, reaching an average of around 160%. The large deviations observed in
the leakage flux predictions highlight the limitations of the simplified conductance model,
particularly for quantities such as pressure that are highly sensitive to local geometrical
effects. Leakage fluxes depend strongly on many parameters such as three-dimensional
effects, temperature variations, etc., all of which are fully captured in the DIVGAS sim-
ulations but are only approximated or averaged in the simplified model. To improve
predictive accuracy, future work could focus on implementing complex network channel
representations with increased geometric fidelity, incorporating advanced optimization
and artificial-intelligence-driven calibration strategies, or developing hybrid multi-fidelity
approaches that combine the conductance model with high-fidelity simulations. These
strategies are expected to enhance pressure and flux predictions while retaining computa-
tional efficiency. Despite these challenges, it is important to emphasize that the conductance
model still captures the general trend and order of magnitude of the leakage fluxes, pro-
viding useful insights for engineering design and parametric studies. Nevertheless, these
findings highlight that while the simplified conductance model offers good predictive
capability for pressure distributions, greater caution is required when interpreting leakage
flux results. Notably, applying scenario B with the scaling factors reduces the deviations to
69% and 120% for the AEH and AEP sections, respectively, demonstrating an improvement
in model accuracy.
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Figure 11. Comparison of leakage fluxes derived from DIVGAS simulations and the conductance
model at the AEH and AEP sections for scenario A.

An additional analysis was conducted to evaluate the effect of the shifted Maxwellian
distribution B from Equation (6) on the pressures and fluxes. Since the optimal case is
scenario B with the scaling factors, it was used to recalculate all the values with the non-
shifted Maxwellian. The results indicate that the average pressure deviations increase to
88%, 67%, and 40% at R1, R2, and R3, respectively. Conversely, the flux deviations decrease
to 62% and 101% for the AEH and AEP sections, respectively.

4. Conclusions

In this study, a simplified conductance-based model was developed and applied
to estimate neutral gas pressures and leakage fluxes in the sub-divertor region of the
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W7-X stellarator. In the model, the complex sub-divertor area is replaced by virtual
reservoirs which are connected by straight pipes, with the conductance for each channel
being approximated by a formula valid across a wide range of Knudsen numbers. The
conductance model was tested across 17 different operating scenarios, varying neutral
fluxes and pumping configurations, and the results were compared to DIVGAS simulations.

In conclusion, the simplified conductance model developed and benchmarked here
offers a practical tool for estimating pressure distributions and neutral particle fluxes, two
important quantities that play a vital role in assessing pumping efficiency in the W7-X
divertor. In the best case (scenario B with scaling factors), the simplified model predicted
pressures with a mean deviation of 23% relative to the DIVGAS results. Nonetheless,
greater deviations are shown in flux predictions. The higher deviation may be attributed
to the simplified geometry considerations in the model. This level of agreement can be
considered reasonable for engineering applications and preliminary design studies. This
conductance model is particularly suitable for parametric scans where rapid feedback is
required, given the low computational cost of the model. Several different model types
were studied, however, for a more independent approach; scenario B with the scaling
factors applied is recommended for future studies. Future work includes applying this
simplified model to other fusion devices with more complex divertor geometries, as well as
continuing the development of a more advanced network code. The proposed conductance
models could be integrated to codes such as EMC3-EIRENE and support the optimization
of W7-X and future fusion machines’ pumping system performance.
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