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Abstract — The requirement for a reduction of the tritium inventory of the European demonstration fusion 
reactor (EU-DEMO) has led to the active research and development of a continuously working pumping process 
termed “KALPUREX.” This process foresees the direct recycling of a large fraction of the unburnt hydrogen 
isotopologues via superpermeation in metal foil pumps during the burn phase. The remaining exhaust gas 
mixture is pumped by continuously operating, mercury-driven linear diffusion pumps. Diffusion pumps are kinetic 
high vacuum pumps whose pumping principle is based on the momentum transfer from a supersonic mercury 
vapor jet to the pumped gas mixture. Like many high vacuum pumps, they feature species-dependent pumping 
speeds. In the present work, we develop a simplified hybrid model of the high vacuum pumping train in order to 
estimate the effective pumping speed of the integrated system. The results of this model and its implications on the 
further development of the vacuum system are discussed for the burn and dwell phases of EU-DEMO.

Keywords — Fusion reactor, torus exhaust pumping, high vacuum. 

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Unburnt fuel, composed of the hydrogen isotopolo-
gues Q2,a makes up for about 98% of the exhaust gas 
mixture. The remaining about 2% is mainly comprised of 
helium, the ash of the fusion reaction, and plasma 
enhancement gases (PEGs), like xenon or argon (in EU- 
DEMO). Furthermore, small quantities of other impuri-
ties, like water (Q2O) and hydrocarbons (e.g., CQ4), are 
expected in the exhaust gas mixture. The exact 

composition is not known at this time and is subject to 
change due to design and operating condition changes.

The exhaust gases are extracted from the fusion 
reactor torus via pumping ports that are attached below 
the divertor (DIV). Because of the large amount of 
unburnt fuel, it is very beneficial to recycle a large frac-
tion of it directly, a concept termed direct internal recy-
cling (DIR).[1] The KALPUREX process is an 
implementation of the DIR concept using metal foil 
pumps (MFPs) for separation and primary pumping of 
the unburnt fuel and mercury-driven linear diffusion 
pumps (LDPs) for the primary pumping of the remaining 
part of the exhaust gases.[2–4] A combination of mercury- 
driven booster pumps and liquid ring pumps is used as 
backing pumps (BPs). The separation of the exhaust gas 
mixture results in two loops that are referred to as the 
direct internal recycling loop (DIRL) for the recycled 
stream carrying pure hydrogenic species and the inner 
tritium plant loop (INTL) for the unseparated stream.[4] 

An overview of the system is depicted in Fig. 1.
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During the burn phase, both loops are active and the 
flow rate in the DIRL is higher than in the INTL. 
However, during the dwell phase, the MFPs are not oper-
ated, and therefore, the dwell pumping is supplied by the 
high vacuum system of the INTL. The present work aims 
to build a simplified model of the high vacuum system of 
the INTL. The central idea is to combine sophisticated 
models for the individual subsystems in the form of 
a hybrid model to estimate the integrated performance. 
This is extremely important to identify optimization poten-
tials in the system during operation of the fusion reactor. 
While the vacuum system has to fulfill several roles, e.g., 
during off-normal events and maintenance, we focus on 
the two most important operating states (i.e., plasma burn 
and dwell phases) in the present work.

II. THEORY AND METHOD

II.A. Vacuum Terminology and Definitions

High vacuum pumps are characterized by the so- 
called pumping speed S, which corresponds to the volu-
metric flow rate that is pumped through the inlet of the 
pump. Another commonly used quantity is the dimen-
sionless capture coefficient ς,[5] which is defined as

where 
·N  = pumped number flow rate

Ain  = inlet cross section of the pump

kB = Boltzmann constant

T = temperature

pin = pressure in the recipient

vth ¼

ffiffiffiffiffiffiffiffiffi
8�kB�T

π�m

q

= thermal velocity of the gas with 
molecular mass m.

For many high vacuum pumps, the pumping speed and 
capture coefficient are approximately constant for a given 
gas species irrespective of the chosen BP and for a wide 
range (order of magnitudes) of inlet pressures.

The available pumping speed or capture coefficient 
at an arbitrarily chosen cross section in the vacuum 
system connected to a vacuum pump is referred to as 
the effective pumping speed or capture coefficient. It is 
by definition smaller than the nominal pumping speed of 
the pump due to the limited conductance C of the pip-
ing. Similar to the pumping speed, the conductance 
corresponds to a volumetric flow rate. Its dimensionless 
counterpart is called transmission probability ω and is 
defined as

The important distinction to the capture coefficient [see 
Eq. (1)] is that the transmission probability is calculated 
under the assumption that a perfect vacuum pump, 
responsible for the flow rate ·N0, is connected to the 
outlet of the system. Analytical expressions for the 
transmission probability exist only for very simple com-
ponents, e.g., circular tubes. For geometrically complex 
structures (e.g., the EU-DEMO pumping duct), the stan-
dard procedure is to use the “test particle Monte Carlo” 
(TPMC) method, which works by tracing computational 
test particles through the component and simulating 
their interaction with the walls. Each simulated particle 
will either leave the component through the inlet or 
outlet surfaces. The transmission probability is then 
readily computed as the ratio of particles pumped 
(counted at outlet) to injected particles. The results for 
standard components (e.g., elbows) are available in 
tabulated form in the literature.[6] The TPMC method 
is based on the assumption that the gas is in the free 
molecular regime, thus neglecting intermolecular colli-
sions. If this assumption is not valid, the “direct simula-
tion Monte Carlo” (DSMC) method[7] can be employed. 
Similar to TPMC, DSMC is a statistic particle method. 
However, intermolecular collisions are also considered 
by discretizing time and space.

Fig. 1. Simplified sketch of the KALPUREX exhaust 
pumping process (based on Refs. [2,3,4]). Abbreviations 
of the subsystems are explained in the text. The flow in the 
DIRL (dashed) is only active during the burn phase. 
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II.B. Ansatz of Oatley

The effective capture coefficient of complex 
vacuum systems can either be determined by simulating 
the entire system or estimated based on the properties of 
the involved subsystems. While the former approach 
yields more accurate results, the latter has the distinct 
advantage that the subsystems can be simulated and 
optimized individually using smaller, more efficient 
models. The “Ansatz of Oatley” is an established 
method to estimate the effective capture coefficient of 
complex vacuum systems.[8–11] Conceptually, the 
Ansatz of Oatley is similar to the regular treatment of 
a series connection of resistances (as known from elec-
tric circuits) with the important inclusion of the flow 
direction and the corresponding interface inflow resis-
tances. The effective capture coefficient ςeff at the inlet 
of a complex vacuum system, which is composed of 
N � 1 subsystems and connected to a vacuum pump 
(subsystem N), can be estimated for an isothermal sys-
tem using the generalized Ansatz of Oatley:

where Ai;in and Ai;out refer to the inlet and outlet cross 
sections of the individual subsystems, respectively. The 
first two terms on the right side account for the flow 
resistance of the involved subsystems. The last term on 
the right side of Eq. (3) accounts for reductions in the cross 
sections in the flow direction by considering them as 
orifices. Due to the assumptions made in the derivation 
of the Ansatz of Oatley, the subsystem transmission prob-
abilities have to include the inflow resistance of the respec-
tive parts. In the free molecular regime, this corresponds to 
assuming a Maxwell-Boltzmann particle velocity distribu-
tion function at the inlet of the respective subsystems. 
Physically speaking, this corresponds to assuming that 
a large reservoir is connected at the inlet of the subsystem.

III. MODELING

III.A. Related Work and Overview

The Ansatz of Oatley and similar approaches are 
commonly used to describe complex vacuum systems. 

In the context of nuclear fusion, ITERVAC has been 
used to describe the complex vacuum system of ITER 
as a network of interconnected simpler elements.[12] For 
these simpler elements, semi-empirical relations are used 
to describe their conductance in all flow regimes. 
Recently, Karpov et al.[13] used a similar approach to 
model the vacuum pumping system of tokamak with 
reactor technologies (TRT). The estimations in the afore-
mentioned work were performed in the molecular regime, 
as the conductances are lower in that regime. Similar to 
ITERVAC, the complex conductance of the vacuum duct 
was estimated from expressions for simple elements.

Similar to Karpov et al.,[13] we rely on a fully free 
molecular description of the integrated vacuum system 
in the present work, as this is considered to be conser-
vative. However, we propose to use sophisticated simu-
lations results (TPMC and DSMC) for entire subsystems 
instead of describing them as a collection of simpler 
geometric parts as has been done in the past. On the 
one hand, computational resources have become so 
cheap that TPMC simulations of even extremely com-
plex three-dimensional geometries can now be per-
formed in acceptable time spans. On the other hand, 
most of these simulations exist already because they 
are required to optimize the individual subsystems 
(e.g., baffles, pumps, etc.). For example, an initial 
study of the duct and MFP transmission probability 
was conducted in Giegerich et al.[3] If not, at least three- 
dimensional computer-aided design (CAD) models 
usually exist for which TPMC simulations can be set 
up. The individual simulation models are then mathe-
matically connected using the Ansatz of Oatley [Eq. (3)] 
to obtain a loosely coupled hybrid model of the whole 
pumping system that can be used to estimate the perfor-
mance for different subsystem configurations and oper-
ating conditions.

III.B. Subsystems

An exploded three-dimensional CAD drawing of 
a single pumping port with an installed high vacuum pump-
ing system is depicted in Fig. 2. The subsystems are indi-
cated by the different colors. In the present work, we 
estimate the effective pumping speed at the inlet of the 
pumping duct. This implies that the conductance of the 
DIV is not considered here. Thus, the results are valid for 
the sub-DIV volume and not for the plasma chamber. In 
total, three subsystems were considered, each by an indivi-
dual model. The first subsystem was composed of the pump-
ing duct and the MFPs (see blue in Fig. 2). The second 
considered system was the mercury baffle adapter (MBA), 
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(see pink in Fig. 2). The last system was comprised of three 
mercury-driven LDPs (see green in Fig. 2) in parallel. The 
following sections describe the models and results for the 
individual subsystems in more detail.

III.B.1. Duct and MFPs

The duct and MFPs were combined into a single model 
because the number and size of the MFPs is not yet fixed. 
Therefore, no straightforward interface between the duct and 
MFPs exists, where the geometry could be split. The MFP 
working principle is based on superpermeation of atomic 
hydrogen through a metal foil with a surface oxygen layer, 
with the atomic hydrogen produced on the upstream side 
using a plasma source.[14] While not fixed, a cylindrical 
shape is currently assumed for the MFPs.[3,15] The plasma 
source was represented by a small cylindrical tube in the 
centerline. In the present work, the number and size of 
MFPs was varied to test the impact of these changes on the 
performance. The three-dimensional model of the duct was 
slightly simplified by truncating the two vertical channels 
below the MFPs (only one is visible in Fig. 2 due to the cut).

The combination of duct and MFPs was simulated 
using the TPMC method. The transmission probability 
was derived by injecting test particles at the interface 
between the duct and sub-DIV volume based on 
a Maxwell-Boltzmann distribution function. At the inter-
face between the MFPs and MBA, a sticking coefficient of 
unity was assigned. In the present work, we are only deal-
ing with the INTL vacuum system. Therefore, it is legit-
imate to consider the cylindrical MFP membrane as an 
impermeable surface while reducing the throughput during 

burn accordingly. (For the treatment of the DIRL, the reader 
is referred to Giegerich et al.[3] where a similar approach 
has been used but with considering the membranes as 
permeable for hydrogenic species.) The simulations were 
performed using ProVac3D,[3,16,17] which is an in-house, 
parallelized, validated, three-dimensional TPMC code. The 
relevant system dimensions, interfaces, and numerical 
results of the transmission probability are summarized in 
Table I.

III.B.2. Mercury Baffle Adapter

The MBA is located between the MFPs and the 
LDPs. It is responsible for mitigating the diffusion of 
mercury vapor against the main flow direction. For this 
reason, cooled baffles are installed in such a way that the 
direct line of sight between the MFP and LDP is blocked. 
In order to recycle as much mercury as possible, it is 
currently foreseen to include two baffle stages[2]: the first 
baffle stage (from the LDP side) would be cooled to 
a temperature slightly above the mercury triple point at 
234 K (e.g., 240 K) in order to condense incident mercury 
vapor. The second stage (farther away from the LDP) 
would be cooled to even lower temperatures ( < 200 K) 
to sublimate the remaining mercury vapor. It is not yet 
fixed whether the first baffle stage will be integrated into 
the LDPs directly or be part of the MBA.

In the present study, both stages were considered in 
the numerical model of the MBA (see Fig. 2). As the 
MBA has to be regenerated within machine maintenance, 
a high vacuum valve is required to seal the MBA from 
the MFPs. In the preliminary design, this was considered 
as a gate valve upstream of the second baffle stage. Two 
different MBA configurations were investigated in the 
present work, with a comparison available in Fig. 3.

Figure 3a shows the MBA with classic, vertical 
mounting of the LDPs, which requires that the MBA 
include a 90-deg bend. We also investigate a second, opti-
mized configuration, shown in Fig. 3b, where the LDPs 
are mounted in an inclined fashion. This removes the 90- 
deg bend and reduces the overall length of the flow path, 
which both contribute to an increase in conductance. The 
important properties of both configurations are listed in 
Table II. The transmission probability of both configura-
tions was determined using the open-source, three- 
dimensional TPMC code MOLFLOW+.[18] Particles were 
inserted at the MBA inlet based on a Maxwell-Boltzmann 
distribution function. It is noted that the simplified MBA 
configuration (Fig. 3b) leads to an increase in the transmis-
sion probability of about 6%.

Fig. 2. Exploded and cut three-dimensional CAD model 
of the EU-DEMO high vacuum pumping system in an 
exemplary pumping port (preconceptual design state). 
Different colors are used for the subsystems: purple: 
DIV, blue: pumping duct and MFPs, pink: MBA, and 
green: LDPs. 
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III.B.3. Linear Diffusion Pumps

The LDPs are the high vacuum pumps installed in 
the INTL. Currently, three LDPs are considered to be 
installed in parallel per pumping port. The operating 
principle of diffusion pumps is based on the momentum 
transfer from a mercury vapor jet to the pumped gas. 
The mercury vapor jet is created by boiling mercury in 
an external boiler (e.g., using available process heat 
from the DIV cooling loop). The mercury vapor is 
then guided to the LDPs via a distribution system. 
Inside the LDP, one or multiple linear nozzle pipes are 
used to expand the mercury vapor into the pump body. 

The expansion through the nozzle creates a supersonic 
mercury vapor jet that is directed in the pumping direc-
tion. Gas molecules diffuse into the jet(s) (the epon-
ymous process), and on average, receive a positive 
momentum in the pumping direction by means of inter-
molecular collisions with the vapor. At the outlet, a BP 
is connected to remove the gas. Thermalization of the 
mercury vapor is prevented by actively cooling the outer 
walls of the LDP in order to condense incident mercury 
vapor. Like many other high vacuum pumps, diffusion 
pumps feature gas-type dependent pumping speeds. The 
main reason lies in the mass dependence of the thermal 
gas velocities.

TABLE I 

Properties of the Subsystem Containing the Duct and MFPs for the Four Configurations Investigated 

Property Symbol Unit

Configuration and Value

A B C D

Inlet cross section (interface to DIV) A1;in m2 5.62

Outlet cross section (interface to MBA) A1;out m2 3.04

Diameter of plasma source d m 0.1

Number of MFP tubes NMFP 1 8 6

MFP diameter DMFP m 0.25 0.45 0.25 0.45
Total MFP inlet cross section AMFP m2 0.330 1.21 0.247 0.907
Transmission probability (TPMC, ProVac3D) ω1 1 0.00481 0.0309 0.00362 0.0237

Fig. 3. Cut three-dimensional CAD model of the two preliminary MBA configurations: (a) LDPs mounted vertically and (b) 
LDPs mounted inclined. 
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A two-dimensional DSMC model of these pumps was 
established in previous work (see Teichmann and Day[19] and 
Teichmann, Giegerich, and Day[20]). The most important gas 
species in the exhaust gas mixture were simulated in 
Teichmann and Day[19], and relative differences in the order 
of magnitude of about 10% were found between T2 and D2. 
For this reason, individual simulations were performed for 
each of the four most abundant gas species in the exhaust gas 
mixture, namely, He and the hydrogen isotopologues D2, DT, 
and T2. Two-dimensional DSMC simulations of 
a preliminary DEMO LDP design were performed under 
conditions estimated for the dwell and burn phases, respec-
tively. An in-house modified version of the open-source code 
SPARTA[21] was used to perform the DSMC simulations. 
Further details on the modifications are available in 
Teichmann, Giegerich, and Day.[20] The actual performance 
of the three-dimensional pump was then estimated by simply 
scaling the two-dimensional results with the length of the 
LDP. The main properties and results are listed in Table III.

III.C. Hybrid Model

A loosely coupled hybrid model of the INTL high 
vacuum pumping system can be established by combining 
the subsystem simulation results using the Ansatz of Oatley 
as “mathematical glue.” Loosely coupled here means that 
the interaction between the subsystems is only considered in 
their mathematical combination using the Ansatz of Oatley 
and no feedback is interchanged between the simulations. 
Hybrid means that different calculation methods (TPMC 
and DSMC) are combined. Under the assumption of iso-
thermal flow, the hybrid model prediction of the effective 
capture coefficient reads

where the transmission probabilities ωi and the LDP 
capture coefficient ς3 depend on the subsystem config-
urations (MFP, MBA) and operating states (LDP), 
respectively.

IV. RESULTS

IV.A. Summary

A core benefit of the loosely coupled hybrid model is 
that a change in any subsystem configuration and corre-
sponding performance only influences said subsystem 
and none of the other subsystems. Thus, the number of 
computations reduces to the sum of all subsystem con-
figurations, whereas a tightly coupled model would 
require the computing of all system configurations indi-
vidually. Transferred to the configurations investigated in 
the present work, this corresponds to 14 subsystem con-
figurations (four MFPs, two MBAs, and eight LDPs) that 
have to be computed using TPMC or DSMC, respec-
tively, whereas the total of 64 system configurations 
(4� 2� 8) follows from the mathematical coupling [see 
Eq. (4)] with only minimal additional computational 
effort. The total computational effort is therefore reduced 
by a factor of at least 4.6, and this efficiency gain is 
improved for an increasing number of subsystem config-
urations (as one would expect further along the subsys-
tem design process).

The computed effective capture coefficients for all 
system configurations are collected in Table IV. 
Generally speaking, it can be seen that performance 
changes in the MBA (configurations a and b) and LDPs 
(depending on the gas type and operating phase) are 
dampened in the integrated system. The 6% improvement 
of the optimized MBA configuration b over the standard 
configuration a corresponds to an improvement of at most 
about 3% in the integrated system. The 8% difference 

TABLE II 

Properties of the MBA Subsystem for Two Investigated Configurations 

Property Symbol Unit

Configuration and Value

Vertical 
Mounting (a)

Inclined 
Mounting (b)

Inlet cross section (interface to MFPs) A2;in m2 3.04

Outlet cross section (interface to LDPs) A2;out m2 1.68

Transmission probability (TPMC, MOLFLOW+) ω2 1 0.0523 0.0556
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between the LDP capture coefficients for T2 and D2 is 
reduced to at most 2.5%. The dampening effect is ampli-
fied for system configurations that include MFP tubes 
with smaller diameters (configurations A and C). In 
order to identify the subsystems that bottleneck the inte-
grated system, it is important to understand the relative 
sensitivities of the subsystems.

IV.B. Sensitivity Study

Due to the analytical coupling used to construct the 
hybrid model, it is possible to analyze the sensitivity of 
the system to its subsystems mathematically. Under the 
assumption that the layout of the system (i.e., the inter-
faces between subsystems) are fixed, which is reasonable 
as the space in the pumping ports is very limited, the 
transmission probabilities are the only determining fac-
tors. Therefore, the sensitivity of the system with respect 
to the property χi ¼ ωi; ςif g of subsystem i follows as the 
partial derivative, namely,

The relative sensitivity around a reference point 0, char-
acterized by the respective system configuration given by 
MFP and MBA configurations and gas species, is 
obtained by normalizing the partial derivative [Eq. 5)] 
according to

The relative sensitivities for all eight configurations of 
MFP and MBA during burn and dwell for DT as the 
pumped gas are depicted in Fig. 4.

As the species-dependent capture coefficients of the 
LDPs (see Table III) are dampened in the integrated 
system (see Table IV), the results can be considered 
representative for all gases in the exhaust mixture. The 
following discussion is equally true for burn (Fig. 4a) and 
dwell (Fig. 4b) as the subsystem sensitivities are nearly 
identical. Comparison of the relative sensitivities gives 
insight into the optimization potential of the individual 
subsystems.

For systems with MFP configurations A and C, 
which feature MFPs with smaller diameters, it is obvious 
that the system performance can basically only be 
improved by increasing the transmission probability 
(i.e., conductance) of the MFPs. The relative sensitivity 
of the subsystem containing the MFPs is more than five 
times higher than that of the other two subsystems in 
these configurations (A-a, A-b, C-a, and C-b), so that 
improvements of the other subsystems are practically 
nullified and are thus not worthwhile from an economic 
point of view. This is confirmed when comparing with 
MFP configurations B and D, which feature MFPs with 
larger diameters. In these cases the relative sensitivities of 
the subsystems are much closer, which implies that 
improvements of the subsystems can also have 
a significant impact on the integrated system.

In all configurations, the LDP capture coefficient is 
the least sensitive, which explains the dampening of the 
species dependency in the effective system capture coef-
ficient. However, this also implies that there is little 
optimization potential for the LDPs, as illustrated in 

TABLE III 

Properties and Performance of the LDP Subsystems Under Dwell- and Burn-Like Conditions with Respect to the Pumped Species 

Property Symbol Unit

Pumped Gas and Value

He D2 DT T2

Inlet cross section per LDP A3;in;LDP m2 0.56

Total inlet cross section (interface to MBA) A3;in m2 1:68 (¼ 3 � A3;in;LDP)

Terminal dwell inlet pressure (estimated) p3;in;dwell Pa 2.5 × 10−4

Dwell compression ratio (approximate) κdwell 1 4400 4400 4600 4800
Dwell capture coefficient (DSMC, SPARTA) ς3;dwell 1 0.243 0.238 0.249 0.258

Burn inlet pressure (estimated) p3;in;burn Pa 0:5

Burn compression ratio (approximate) κburn 1 17 16 17 18
Burn capture coefficient (DSMC, SPARTA) ς3;burn 1 0.208 0.199 0.208 0.215

STUDY OF EU-DEMO TORUS EXHAUST PUMPING SYSTEM · TEICHMANN et al. 7

FUSION SCIENCE AND TECHNOLOGY · VOLUME 00 · XXXX 2023                                                                            



more detail in Fig. 5. Even for the more favorable MFP 
configurations B and D (larger tubes), the effective sys-
tem capture coefficient only changes by approximately 
16% (B) and 14% (D), respectively, if a LDP capture 
coefficient of unity is assumed (which is a theoretical 
boundary case much above practically achievable values) 
and by approximately 10% (B) and 9% (D), respectively, 
when assuming ς3 ¼ 0:5.

It is emphasized here again that the previous consid-
erations are only valid under the assumption of free 
molecular flow that is taken in the TPMC models and 
the application of the Ansatz of Oatley. As this assump-
tion leads to conservative estimations of the performance, 

it is expected that the system performance will be 
improved in the transitional and viscous flow regimes 
and that the subsystem sensitivities will be more evenly 
distributed. With regard to the tokamak phases, this 
means that the earlier results should be considered realis-
tic during dwell, but taken as lower limits during burn.

IV.C. Performance During Burn

During the tokamak burn phase, the DT fusion reaction 
is performed in the plasma in the torus. Both the DIRL and 
INTL pumping systems are active during this time. Within 
the existing uncertainties at the present design stage of EU- 

TABLE IV 

Effective Capture Coefficient of the INTL High Vacuum Pumping Train for Different Burn and Dwell Operating Conditions, 
Subsystem Configurations, and Pumped Gases 

Tokamak 
Phase

MFP 
Configuration

MBA 
Configuration

ςeff Depending on Pumped Gas

He D2 DT T2

Dwell A a 0.00397 0.00397 0.00398 0.00398
b 0.004 0.004 0.00401 0.00402

B a 0.0131 0.0131 0.0132 0.0132
b 0.0135 0.0134 0.0135 0.0136

C a 0.00312 0.00312 0.00313 0.00313
b 0.00314 0.00314 0.00315 0.00315

D a 0.0116 0.0116 0.0117 0.0117
b 0.0119 0.0119 0.0119 0.012

Burn A a 0.00393 0.00392 0.00393 0.00394
b 0.00397 0.00396 0.00397 0.00398

B a 0.0127 0.0126 0.0127 0.0128
b 0.0131 0.0129 0.0131 0.0132

C a 0.0031 0.00309 0.0031 0.00311
b 0.00312 0.00311 0.00312 0.00313

D a 0.0113 0.0112 0.0113 0.0114
b 0.0116 0.0115 0.0116 0.0117

Fig. 4. Relative sensitivities of the subsystems on the effective system capture coefficient ςeff for DT during (a) burn and (b) 
dwell. 
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DEMO, an indication of the upper bounds of the throughput 
that has to be handled by the vacuum systems during burn 
are given in Day et al.[4]. We assume the total throughput is 
about Q�total � 431Pa m3 s� 1 ( � : at reference temperature 
273.15 K) with a composition of xQ2 � 0:99 and xinert �

0:008 (mostly helium ash). Under the assumption of a DIR 
recycling efficiency of 80%, about Q�DIRL � 341Pa m3 s� 1 

of pure Q2 are separated by the MFPs. Therefore Q�INTL �

90 Pa m3 s� 1 have to be pumped by the INTL pumping 
system. Due to the extraction of pure Q2 by the MFPs, the 
INTL composition changes to xQ2 � 0:96 and xinert � 0:04.

Based on the throughput, the required effective 
pumping speed per port can be estimated according to

where Nports ¼ 10 is the number of assumed pumping ports, 
QINTL � 188Pa m3 s� 1 (calculated from the reference value 
Q�INTL at the expected DIV temperature of 570 K) and 
pburn ¼ 3 Pa[3] is the assumed burn pressure in the sub-DIV 
region. It is emphasized here that there are still substantial 
uncertainties regarding the number of available pumping ports 
and the DIV performance, which is currently under reevalua-
tion. The assumed values for Nports and pburn are examples to 
demonstrate the workflow, but might have to be revisited once 
more information on the DIV performance is known.

Now, the effective pumping speeds of the INTL pump-
ing train can be estimated from the hybrid model results for 
the effective capture coefficient by means of Eq. (1). By 
inspection of Eq. (1), it is clear that the pumping speed is 

proportional to 
ffiffiffiffi
m
p

, where m is the molecular mass of the 
considered species. When assuming thermal equilibrium 
between the hydrogen isotopologues, the INTL gas mixture 
during burn is composed of about 48% DT, 24% D2 and 
T2, respectively, and 4% He (neglecting PEGs). For this 
reason, we estimate that assuming DT as the gas will give 
a good estimation for the entire mixture.

The effective pumping speeds for the different system 
configurations at 570 K are listed in Table V. Based on the 
hybrid model results, all MFP configurations are capable of 
providing the required effective pumping speed (per port) 
of 6.3 m3 s−1. Configurations B ( � 28 m3 s� 1) and 
D ( � 25 m3 s� 1) include a comfortable safety factor in 
the range of 4 to 4.5. However, as stated before, the hybrid 
model is based on the assumption of free molecular flow. It 
therefore is likely that the actual pumping speeds would be 
higher during burn conditions, as the flow regime is in the 
transitional to viscous regime.

IV.D. Performance During Dwell

Contrary to the burn phase, the dwell phase is tran-
sient. The torus is pumped down from burn conditions to 
the terminal dwell pressure. This pressure has to be sig-
nificantly lower than the burn pressure in order to prepare 
for the next plasma ignition. For the MFPs, the most 
likely scenario is that they can support the INTL pumping 
system at the beginning of the pump-down phase. 
However, in order to provide a conservative estimation, 
we will assume that only the INTL pumping train is 
active during dwell. Similar to the considerations for the 
burn phase, we assume that the effective pumping speed 
of DT is a good estimate of the mixture pumping speed. 
The results of the hybrid model are given in Table V.

The pump-down can then be described by the differ-
ential equation

where V � 6400 m3 is the torus volume[22] and Qdwell is 
the gas load during dwell. Equation (8) can be integrated 
between the start/burn p0 and terminal p1 pressures to 
obtain an expression for the pump-down time Δt:

Fig. 5. Effective system capture coefficient ςeff as 
a function of the LDP capture coefficient ς3 for different 
system configurations. 
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The pressures in the sub-DIV volume are assumed as 
p0 ¼ 3Pa and p1 = 2 × 10−3 Pa.[3] We emphasize here that 
these are subject to change due to the uncertainties 
regarding the DIV performance. The gas load during 
dwell is comprised of two main sources: outgassing 
from the first wall and leakage into the torus. It is 
expected that the former will dominate the outgassing 
rate. Day et al.[4] estimated an integral protium outgas-
sing rate for tungsten of approximately 0.15 Pa m3 s−1 (at 
573.15 K). However, as also noted by them, this does not 
include plasma-driven implantation and neutron damage, 
which are expected to alter the magnitude and composi-
tion of the outgassing gas over the lifetime of the 
machine. Therefore, it should be considered as a lower 
limit. Due to these uncertainties, we kept the outgassing 
rate as a free parameter and studied its influence on the 
pump-down time. The results for the different system 
configurations are depicted in Fig. 6.

The targeted pump-down time of Δt < 600 s (see 
Day et al.[4]) is only realistically achieved for system 
configurations B-{a,b} and D-{a,b}. Configurations 
C-{a,b} cannot meet the target time even in the unphysi-
cal limit of no gas load (Qdwell ¼ 0). While configurations 
A-{a,b} can meet the target pump-down time theoreti-
cally, this is only possible for outgassing rates signifi-
cantly below the lower limit represented by the expected 
protium outgassing rate.

Furthermore, Fig. 6 illustrates that there is 
a parameter window in which, after a critical outgassing 
rate is exceeded, it is impossible to pump down to the 

targeted terminal pressure even when relaxing the pump- 
down time requirement. This critical outgassing rate is 
found by solving Eq. (8) in steady state (i.e., setting 
dp=dt ¼ 0). For the present system architectures, this 
limit lies at approximately 0.58 Pa m3 s−1 and 0.51 Pa 
m3 s−1 for MFP configurations B and D, respectively. It is 
therefore of vital importance that better estimations of the 
outgassing rate and the necessary terminal dwell pressure 
become available. Additionally, a different arrangement 
of the pumps may have to be considered (e.g., switching 
MFP and LDP positions) so as to provide a higher con-
ductance, and by that, to move the operational 
constraints.

V. SUMMARY AND OUTLOOK

We introduced a hybrid model of the EU-DEMO 
INTL high vacuum pumping system. The hybrid model 
was developed based on the loose coupling of individual 
models of three subsystems: duct including MFPs, MBA, 
and LDPs. The coupling was achieved by applying the 
Ansatz of Oatley. While not expected to be as accurate as 
a direct simulation of the combined INTL high vacuum 
system, the presented hybrid model has distinct advan-
tages, as illustrated. First, usage of individual simulation 
models for the subsystems allows for employing the most 
suitable method and tool for the individual subsystems, 
which enables more efficient parametric optimization of 
these systems. Second, coupling by the analytical Ansatz 

TABLE V 

Effective DT Pumping Speed Seff ;DT of the INTL High Vacuum Pumping Train for Different Subsystem Configurations During 
Dwell and Burn Phases at T = 570 K 

Tokamak Phase MFP Configuration MBA Configuration Seff ;DT (m3 s−1)

Dwell A a 8.65
b 8.73

B a 28.7
b 29.5

C a 6.80
b 6.85

D a 25.4
b 26.0

Burn A a 8.56
b 8.63

B a 27.7
b 28.4

C a 6.75
b 6.79

D a 24.6
b 25.2
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of Oatley creates the possibility of analyzing the sensitiv-
ities of the subsystem performances on the system per-
formance mathematically. This gives insight into 
bottleneck subsystems, which have the highest optimiza-
tion potential and optimization limitations.

In the present work, two different three-dimensional 
TPMC programs were used to simulate the transmission 
probabilities of the duct and baffle adapter, while two- 
dimensional DSMC was used to estimate the capture 
coefficient of the LDPs. Four different MFP configura-
tions were compared. The impact of the inherent spe-
cies-dependent performance of the LDPs on the 
effective system performance was analyzed. We found 
that the effective system performance was not very 
sensitive to the LDP performance in the configurations 
investigated.

The hybrid model was then exploited to predict the 
performance of the integrated INTL pumping system 
during the tokamak operating phases (burn and dwell) 
with respect to four different MFP configurations and two 
different MBA configurations. Comparing the effective 
pumping speed to the upper limits of the required pump-
ing speed during burn, we found that all eight configura-
tions performed as required (four even with a comfortable 
safety factor). Regarding the dwell phase, we used the 
model to estimate the pump-down time as a function of 
the gas load (assumed to be dominated by outgassing 
from the first wall). We found that the same four config-
urations can meet the required pump-down time. 
However, it was also found that the critical outgassing 
rate, above which the targeted terminal pressure cannot 
be reached, lies in the same order of magnitude as the 
expected protium outgassing rate alone.

The following points should be addressed in future 
research. It has to be tested if and how the DIV can be 
included in the hybrid model to extend the predictions 
from the sub-DIV volume to the actual plasma chamber. 
Additionally, the study can be extended by considering 
further exhaust gas mixture constituents (e.g., PEGs) 
once more reliable information on the expected amounts 
becomes available. Furthermore, the results of the loosely 
coupled hybrid model should, if possible, be compared to 
a full simulation of the INTL system. However, it is noted 
that this is currently not feasible because it would require 
a full three-dimensional DSMC model of the system, 
which cannot be computed in reasonable timescales 
even on up-to-date supercomputers, not to mention that 
the full model would have to reflect an existing three- 
dimensional design, which is not existing at the current 
concept design stage.

Ad interim, the approach shown in this paper serves 
to provide a helpful and consistent description to sup-
port design development. Regarding the performance 
during dwell, it is recommended to establish/improve 
the estimation of the outgassing rate and the terminal 
dwell pressure. Last, it is recommended to perform 
a broader study with a systematic variation of the 
pump arrangements to asses if the dwell performance 
can be improved.
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