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An integrated s/w for modeling complex rareﬁed gas distribution systems is presented.
Analysis is based on kinetic theory of gases.
Code effectiveness is demonstrated by simulating the ITER divertor pumping system.
The present s/w has the potential to support design work in large vacuum systems.
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a b s t r a c t
An integrated software tool for modeling and simulation of complex gas distribution systems operating
under any vacuum conditions is presented and validated. The algorithm structure includes (a) the input
geometrical and operational data of the network, (b) the deﬁnition of the fundamental set of network
loops and pseudoloops, (c) the formulation and solution of the mass and energy conservation equations,
(d) the kinetic data base of the ﬂow rates for channels of any length in the whole range of the Knudsen number, supporting, in an explicit manner, the solution of the conservation equations and (e) the
network output data (mainly node pressures and channel ﬂow rates/conductance). The code validity is
benchmarked under rough vacuum conditions by comparison with hydrodynamic solutions in the slip
regime. Then, its feasibility, effectiveness and potential are demonstrated by simulating the ITER torus
vacuum system with the six direct pumps based on the 2012 design of the ITER divertor. Detailed results
of the ﬂow patterns and paths in the cassettes, in the gaps between the cassettes and along the divertor
ring, as well as of the total throughput for various pumping scenarios and dome pressures are provided.
A comparison with previous results available in the literature is included.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Modeling and simulation of complex gas distribution systems
operating in a wide range of the Knudsen number is a demanding
computational task. An example of such systems is the pumping
system of ITER which is considered as one of the largest, most complex and technologically diverse and advanced vacuum systems
[1,2].
In the viscous regime, computational algorithms dedicated
to the hydraulic/thermal design and optimization of gas pipe
networks (e.g., compressed air, natural gas, etc.), based on the classical compressible Navier–Stokes equations, are well developed
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[3–5] and widely available [6]. On the contrary, corresponding
simulation tools for systems operating under low, medium and
rough vacuum conditions are very limited. Reliable simulations
in all ﬂow regimes require kinetic modeling realized by solving the Boltzmann equation or kinetic model equations either
stochastically based on the DSMC method [7,8] or deterministically mainly based on discrete velocity (DV) algorithms [9]. These
approaches have been extensively used in the simulation of rareﬁed gas ﬂows through single pipe elements of various lengths and
cross sections driven by small and large pressure differences. Very
accurate results have been obtained in the whole range of the Knudsen number with signiﬁcant but manageable computational effort
[10–14]. However, simulating an assembly of hundreds or thousands of pipe elements, operating in all ﬂow regimes, directly by
the DSMC or the DV methods requires formidable computational
resources.
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The main pitfall is the ﬂow simulation in the transition regime.
Thus, a more pragmatic way is to interpolate between available
solutions in the free molecular and viscous regimes in order to
develop reliable expressions in the transition regime and then
apply these correlations to model gas pumping systems operating under various vacuum conditions. This methodology has been
elaborated in the development of the ITERVAC code, built at the
Karlsruhe Institute of Technology [15,16]. ITERVAC models complex vacuum systems by representing the ﬂow system as a network
of channels with predeﬁned geometry and has been successfully
employed to model the ITER torus pumping system providing reliable results in the burn and dwell phases [17,18]. In [17,18] the
ITER torus vacuum system is simulated on the basis of the 2008
and 2012 designs of the ITER divertor respectively.
A more generic methodology has been proposed in [19,20]. In
these works, the mass ﬂow rates for rareﬁed ﬂows through channels computed via kinetic algorithms have been stored in a data
base, which is accordingly integrated into a typical network solver
for the whole distribution system. The approach is based on solid
theoretical background since the data base includes the computed
kinetic ﬂow rates in a wide range of the Knudsen number and no
empirical correlations are introduced. The methodology has been
also extended in networks with rareﬁed gas mixtures [21]. However, all analysis so far, is performed via linear kinetic theory and
therefore the applicability of the algorithm is limited to low-speed
gas distribution systems of long or moderate long channels.
In the present work this algorithm is generalized by enlarging
the kinetic data base to include ﬂow through channels of any length
and is upgraded by implementing an advanced routine of ﬁnding the loops and pseudoloops of geometrically complex networks.
These developments along with the application of more general
boundary conditions result to an enhanced powerful algorithm
capable of modeling gas distribution systems of any geometrical complexity operating under any vacuum conditions. The code
validity is benchmarked under rough vacuum conditions by comparison with hydrodynamic solutions in the slip regime and then
its feasibility is demonstrated by simulating the 2012 ITER divertor
pumping system. A comparison with corresponding results in [18]
is also provided.

2. Flow rates in tubes of various lengths due to small and
large pressure differences in a wide range of the Knudsen
number based on kinetic analysis
The proposed methodology of simulating gas distribution systems operating under rareﬁed conditions includes the computed
mass ﬂow rates through single pipe elements of various lengths
via DSMC and discrete velocity kinetic codes, which are stored in
a data base for the needs of the network algorithm. An overview
of the pursued approaches in reproducing the ﬂow rates from the
free molecular to viscous regimes is presented. Although some of
the material is included in [19,20], it is repeated here for clarity and
completeness purposes.
The ﬂow of rareﬁed gases through tubes of various lengths in the
whole range of the Knudsen number is a fundamental problem in
rareﬁed gas dynamics and has been (and still is) the subject of many
theoretical, computational and experimental investigations. The
available literature is very extensive and only papers directly connected to the present work are cited here, while extensive reviews
on this topic may be found in [22–25].
Consider the pressure driven ﬂow of a rareﬁed gas through a
tube of length L and radius R with the tube inlet and outlet pressures
maintained at P1 and P2 respectively (P1 > P2 ). In general, the ﬂow is
prescribed by three dimensionless parameters namely (a) the geometrical ratio L/R, (b) the pressure ratio P2 /P1 and c) the reference

Knudsen number (Kn) or alternatively the reference rarefaction
parameter (ı), which are deﬁned as
√
RP
 1
ı=
=
(1)

2 Kn
In Eq. (1), P is a reference pressure, R is the tube radius which is
taken as the characteristic length,
 is the gas viscosity at a refer
ence temperature T and  =
2Rg T is the most probable molecular
velocity (Rg = kB /m is the gas constant with kB being the Boltzmann
constant and m the molecular mass) which is taken as the characteristic velocity.
The case of a tube much longer than its radius (R/L «1) with a
small pressure difference between the tube inlet and outlet is the
most widely considered. It is tackled by the inﬁnite capillary theory
where the ﬂow is considered as fully developed, the pressure varies
only in the ﬂow direction
  and end effects are neglected. Once the
reduced ﬂow rate G ı , which is a function only of ı at each cross
section, is known, the mass ﬂow rate is obtained by [22]
ṀFD = G∗

R3 P1 − P2
0
L

(2)

where
G∗ =

1
ı1 − ı2

ı2

 

G ı dı

(3)

ı1

 

is computed by integrating G ı between the inlet and outlet rarefaction parameters ı1 and ı2 respectively accordingly deﬁned by
the corresponding pressures
  P1 and P2 . In the network algorithm
the reduced ﬂow rate G ı is computed by implementing the
recently introduced interpolation formula [26]

 

G ı =

1.505 + 0.0524ı0.75 ln ı
+
1 + 0.738ı0.78





ı
+ 1.018
4

ı
1.073 + ı

(4)

This inﬁnite length expression interpolates the numerical data
based on the solution of the linear BGK kinetic model equation via
the discrete velocity method within the uncertainty of 0.2% in a
wide range of the Knudsen number.
To extend the range of applicability of the inﬁnite capillary
theory, which is computationally very efﬁcient, from very long
channels to channels of moderate length, the end effect correction
concept is incorporated in the network algorithm. Following the
end effect theory the overall reduced ﬂow rate G*, given by Eq. (3),
is revised according to [27,28]
G = 
∗

1

1
1 + L1 /L + L2 /L ı1 − ı2



ı2

 

G ı dı

(5)

ı1

where L1 /L and L2 /L are the additional lengths at the inlet
and outlet of the channel correcting the real length of the channel by taking into account the end effects. The corrective lengths
introduced in the code are provided in Table 1 [28]. As pointed out
in [27], the consideration of the end effect correction, compared
to the case of no end effect consideration, will always improve the
accuracy of the simulations and therefore, it is always applied in
the network algorithm. The values of G*, according to Eq. (5) are
introduced into Eq. (2) to deduce by taking into consideration the
end effects the corrected values of the mass ﬂow rate ṀEE .
The great advantage of the inﬁnite capillary and end effect theories is that the dimensionless solutions solely depend on the gas
rarefaction parameter (they do not depend on L/R and P2 /P1 ). However, they are both based on linear kinetic analysis and are valid
when the Mach number of the ﬂow is sufﬁciently small [29]. To
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Table 1
Length increment L/R for various values of the rarefaction parameter ı [28].
ı
L/R
ı
L/R

0.005
2.22
4
0.735

0.05
1.72
6
0.704

0.1
1.52
8
0.688

0.2
1.33
10
0.682

Table 2
Flow rate WLIN through a tube for various values of the rarefaction parameter ı
and dimensionless length L/R, based on the linear BGK kinetic model with diffuse
boundary conditions [30].
L/R

0
1
5
10

ı
0

0.1

1

2

5

10

0.999
0.672
0.311
0.191

1.04
0.696
0.316
0.192

1.37
0.892
0.373
0.217

1.72
1.10
0.440
0.251

2.77
1.70
0.642
0.362

4.35
2.63
0.988
0.554

√
WLIN R2 (P1 − P2 )

(6)

0

where the dimensionless ﬂow rate WLIN is computed in terms of L/R
and the reference rarefaction parameter ı (WLIN does not depend
on P2 /P1 ). Indicative results of WLIN are given in Table 2 [30].
Otherwise, in the case of L/R < 10 with P2 /P1 < 0.9 the ﬂow is considered as nonlinear and it is tackled based on the DSMC method
[31,32] and on nonlinear kinetic model equations solved by the
discrete velocity method [33–37]. The mass ﬂow rate is obtained
by

ṀNL =

0.6
1.07
∞
0.680

√
WNL R2 P1

(7)

0

0.8
1.01

1
0.964

2
0.841

where WNL is the dimensionless nonlinear ﬂow rate and depends on
all three parameters (L/R, ı and P2 /P1 ). Then, the pressure difference
between the inlet and the outlet of the tube is given by



P1 − P2 = P1 1 −

satisfy this requirement and after some extensive numerical experimentation the mass ﬂow rate is obtained according to the above
analysis provided that L/R ≥ 10 and the inlet rarefaction parameter
ı1 ≤ 100.
In the case of L/R < 10 if the pressure ratio P2 /P1 ≥ 0.9, i.e., the
pressure difference is small, the ﬂow is linear even in short tubes
and the solution is obtained by solving the linearized BGK equation
in the whole ﬂow ﬁeld (not just in a cross section as before) [30].
The mass ﬂow rate is obtained by

ṀLIN =

0.4
1.16
...
...

P2
P1

=

ṀNL 0
√
WNL R2



1−

P2
P1

(8)

This case is the most computationally demanding one and
extensive computations have been performed to prepare an adequate large data base in a wide range of the involved parameters.
Indicative results of WNL are reported in Table 3.
In the case of channels with arbitrary cross section the ﬂow is
simulated by converting the noncircular cross section to an equivalent circular one based on two different approaches. In the ﬁrst
approach the radius of the equivalent circular channel is deﬁned
according to the hydraulic radius concept [38], while in the second one it is deﬁned by equating the areas of the noncircular and
circular cross sections (A = Aeq ) [39]. Computational experimentation has been performed to deduce that in rectangular cross section
channels with various aspect ratios, including very slender ones, the
overall results provided by the latter approach are more accurate.
Since orthogonal channels are very common in the ITER divertor
pumping system, this second approach is implemented in the simulation of this system presented in Section 4.
All this information related to the computed mass ﬂow rates
through single tubes, i.e., Eqs. (2), (6) and (7), is provided through
the kinetic data base as an input to the network algorithm described
in the next section.
3. The gas network algorithm
The present gas network algorithm is a more complete and
versatile version of the algorithm presented in [19,20]. The code
structure includes the following main blocks: (a) the input geometrical and operational data, (b) the deﬁnition of the fundamental
set of loops and pseudoloops, (c) the formulation and solution of
the mass and energy conservation equations, (d) the kinetic data
base supporting explicitly the solution of the conservation equations and (e) the output data (mainly node pressures and pipe mass
ﬂow rates/conductance).

Table 3
Flow rate WNL through a tube for various values of the rarefaction parameter ı, pressure ratio P2 /P1 and dimensionless length L/R, based on the nonlinear ES kinetic model
with diffuse boundary conditions.
L/R

P2 /P1

ı
0

0.01

0.1

1

2

5

10

20

0

0.1
0.5
0.9

0.900
0.500
0.100

0.903
0.502
0.100

0.923
0.518
0.105

1.07
0.653
0.140

1.18
0.778
0.176

1.35
1.04
0.280

1.45
1.22
0.432

1.50
1.30
0.584

1

0.1
0.5
0.9

0.605
0.336
0.0672

0.606
0.337
0.0675

0.619
0.345
0.0700

0.713
0.428
0.0908

0.788
0.505
0.112

0.931
0.692
0.170

1.06
0.888
0.264

1.17
1.05
0.415

5

0.1
0.5
0.9

0.279
0.155
0.0310

0.280
0.156
0.0311

0.283
0.158
0.0318

0.312
0.182
0.0378

0.341
0.207
0.0444

0.423
0.280
0.0641

0.537
0.398
0.0976

0.701
0.581
0.164

10

0.1
0.5
0.9

0.171
0.0954
0.0190

0.172
0.0955
0.0191

0.173
0.0963
0.0193

0.185
0.106
0.0219

0.200
0.119
0.0253

0.249
0.160
0.0359

0.328
0.229
0.0543

0.462
0.359
0.0917
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Any gas distribution system under investigation is represented
by a network of pipes, nodes, loops and pseudoloops. Each pipe is
characterized by its length L and radius R. A node is a point where
two or more pipes are joined. A loop is a closed path formed by
adjacent pipes and a pseudoloop is the open path connecting two
nodes with ﬁxed pressure (e.g. the open path from a reservoir to a
pump) [3].
The network is drawn in a way to reproduce as closely as possible
the real geometry of the system. The desired network is developed by adding nodes and pipe sections with all corresponding data
on a graphical user interface (GUI). A connectivity matrix for each
node and pipe of the network is formed providing all necessary
information as input data.
Then, the set of loops and pseudoloops is determined by implementing the well-known depth-ﬁrst-search (DFS) algorithm [40].
For a network of p pipes, n nodes with non-ﬁxed pressure and
f ﬁxed pressure nodes the DFS approach supports the extraction
of the (f − 1) pseudoloops and l = p − n − (f − 1) loops. Following
the DFS algorithm any set of deduced loops may be considered as
the fundamental one. This approach has been found to be computationally powerful and efﬁcient even in networks consisting of
thousands of pipes as in the ITER primary vacuum distribution system simulated in the next section. The identiﬁed paths of the loops
and pseudoloops of the network are stored in an adjacency matrix
to be available in the formulation of the conservation equations.
The formulation of the algebraic system of balance equations to
be solved consists of the mass conservation equations at each node





±Ṁi,j ± Ṁi = 0

(9)

j

and the energy conservation equations along each loop and pseudoloop







±Pk,j = 0, k = 1, . . ., l and

j

m = 1, . . ., (f − 1) .



±Pm,j + Pm = 0,

j

(10)

In Eq. (9) the summation index j refers to all pipes connected
to node i, ±Ṁi,j denotes the mass ﬂow rate into or out of node i
respectively through pipe j and Ṁi denotes an external mass ﬂow
rate gain or loss (if any) at node i. In Eq. (10) the summation index j
pertains to the pipes that make up loop k and pseudoloop m. Also,
±Pk,j and ±Pm,j refer to the difference between the inlet and
outlet pressure of pipe j (the plus sign is used if the ﬂow in the pipe
is positive in the clockwise sense or otherwise the minus sign is
employed), while Pm is the difference in magnitude of the ﬁxed
pressure nodes.
The pressure difference P = P1 − P2 of each pipe element in Eq.
(10) is substituted accordingly from Eq. (2) or (6) or (8), depending
upon the speciﬁc geometrical and operation data L/R and P2 /P1 . The
dimensionless ﬂow rates G*, WLIN and WNL are obtained from the
kinetic data base. The resulting set of equations along with Eq. (9)
yield a linear system of algebraic equations which is solved for the
unknowns Ṁi,j . Once the mass ﬂow rates are computed the node
pressures are easily deduced from the corresponding equations. An
iteration process between the pressures at the nodes and the mass
ﬂow rates through the pipes is applied, which is terminated when
the convergence criterion imposed on the pressures is fulﬁlled. In
each iteration the linear algebraic system is solved via Gauss elimination with partial pivoting. More details on the iteration process
may be found in [19,20].

The output data include the pressures and mass ﬂow rates at all
nodes and pipes of the network respectively, where these quantities were undeﬁned. In addition, the conductance
Ci =

Ṁi
Rg T
(P)i

(11)

and the pump throughput or the so-called PV-ﬂow
Qi =

d(PV )i
= Ṁi Rg T = Ṅi R∗ T
dt

(12)

i = 1, . . ., p, may be computed. In Eqs. (11) and (12),
R* = 8.314 J/mol/K is the global gas constant, Rg is the gas constant
and Ṅi is the molar ﬂow rate. All these quantities are of practical
interest characterizing the performance of the system.
In summary, the present upgraded version of the gas distribution code can handle networks of any geometrical complexity
operating under any vacuum conditions since the kinetic data base
has been accordingly enlarged to include channels of any length in
a wide range of the Knudsen number. In addition the loop ﬁnding
routine is now based on a new methodology allowing the efﬁcient
determination of the fundamental set of loops of arbitrarily large
networks. Furthermore, the input operation data of the network in
addition to pressures may now include known mass ﬂow rates and
throughputs.
To verify the code and its accuracy the following benchmark
problem in the slip ﬂow regime (rough vacuum) is solved. In this gas
rarefaction range the Navier Stokes equations subject to slip boundary conditions are still valid and well established hydrodynamic
network solvers may be implemented [11]. Thus a comparison
between the corresponding results is plausible.
Consider the sample network, shown in Fig. 1, consisting of
14 tubes, 9 junction nodes 2, 3, . . ., 10 , 2 ﬁxed pressure nodes
1, 11 , 4 loops and 1 pseudoloop deﬁned from the open node
path 1, 2, 3, 4, 7, 10, 11 . The tubes of the network have various lengths and diameters in the wide range of 2 ≤ L/R ≤ 1200 and
are tabulated in Table 4. The conveying gas is argon (Ar) at reference temperature T0 = 293.7 K with the following properties: molar
mass m = 39.95 g/mole, gas constant R = 208 J/kg/K, most probable
molecular velocity 0 = 347.74 m/s, viscosity  = 22.8 × 10−6 Pa s.
The pressures at nodes 1 and 11 are ﬁxed at 2 Pa and 0.4 Pa respectively. For generality purposes a demand equal to 2 × 10−7 kg/s has
been added at node 8.
The sample network described above is solved via both the
present kinetic network algorithm and a Matlab solver based on the
hydrodynamic equations with velocity slip boundary conditions
[11,19]. The kinetic data base involved in the simulation includes
mass ﬂow rates obtained for ﬂows through long and short tubes. A
system of 14 equations (9 mass and 5 energy balance equations) is

Fig. 1. Sample network solved by the kinetic and hydrodynamic approaches.
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Table 4
Tube conductance [m3 /s] of the sample network shown in Fig. 1.
Tube
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Nodes
1–2
2–3
3–4
2–5
3–6
4–7
5–6
6–7
5–8
6–9
7–10
8–9
9–10
10–11

Length L [m]

Diameter D [m]

20
5
6
100
60
0.4
20
2
8
80
2.5
30
15
1.5

0.20
0.10
0.15
0.50
0.10
0.40
0.10
0.20
0.20
0.40
0.25
0.30
0.15
0.15

Ratio L/R
200
100
80
400
1200
2
400
20
80
400
20
200
200
20

Hydrodynamic conductance C [m3 /s]

Average ı0
21.4
7.25
7.58
43.2
5.26
18.0
6.65
9.39
15.3
21.5
10.8
19.2
7.49
5.01

solved to compute the conductance and node pressures of the two
approaches provided in Tables 4 and 5 respectively. The deduced
ﬂow direction through each pipe element is shown in Fig. 1.
It is clearly observed that there is a very good agreement
between the results of the two approaches with the higher deviations being for the pressure 0.65% at node 8 and for the conductance
2.9% at tube 13. The average values of the gas rarefaction parameter
ı0 at each tube shows that the ﬂow is in the slip regime and justiﬁes
the good agreement of the results between the two approaches.
Having completed the description and established some conﬁdence in the kinetic network algorithm the complex ITER divertor
pumping system is simulated in the next section.
4. Simulation of the ITER divertor pumping system
The 2012 design of the ITER divertor pumping system which is
planned to be built in ITER is described in [2] and it is based on 6
direct cryopumps. A minimum of 4 pumps are pumping to meet
the throughput requirements of the baseline pumping operating
scenarios for DT with the other 2 being in the regeneration state. In
certain occasions (e.g. low dome pressures) it has been envisaged
that all 6 pumps can be utilized to maintain the desired throughputs. Furthermore, the neutral pressure in the dome may be up to
10 Pa and therefore the gas ﬂow varies from the free molecular to
the transition regime. In Section 4.1 the gas pipe network approximating the geometry of the real gas distribution system as well as
the introduced operation data are described and then, in Section
4.2 simulations, based on the present algorithm, are performed to
obtain the main characteristics of the divertor pumping system in
various operation scenarios.
4.1. Geometry and operation data of the simulated gas
distribution system
The most recent geometric conﬁguration of the ITER divertor
is visualized in the 2012 CATIA drawings of the ITER divertor section, which provide detailed geometrical data of the divertor ring
with the 54 cassettes and interconnecting paths as well as of the
pumping ducts and ports. These drawings have been used within
the ITER Physics activities of the 2012-13 European Fusion Development Agreement (EFDA) program to simulate the neutral gas
ﬂow in the divertor pumping system. Following the 2012 drawings

Kinetic conductance C [m3 /s]

−6

1.66×10−6
3.35×10−7
3.30×10−7
1.33×10−6
5.14×10−9
3.30×10−7
8.55×10−8
9.38×10−7
1.24×10−6
−8.48×10−7
1.27×10−6
1.04×10−6
1.96×10−7
1.46×10−6

1.67×10
3.33×10−7
3.28×10−7
1.34×10−6
5.04×10−9
3.28×10−7
8.37×10−8
9.53×10−7
1.26×10−6
−8.65×10−7
1.28×10−6
1.06×10−6
1.90×10−7
1.46×10−6

and the associated reports [41–43] as well as the recently published
work [18], the divertor pumping system has been approximated by
the pipe network shown in Figs. 2 and 3. All 54 cassettes are considered as identical to each other and they are sequentially numbered
(1 to 54).
Fig. 2 shows a view of the cross section along a cassette
connected to a pump and the corresponding pipe network approximating the geometry of the actual gas ﬂow path along the cassette
cross section. The regions of the dome, the inlet and outlet divertor
arm gaps as well as the inlet and the outlet slots are indicated. The
channel ﬂow conﬁgurations of the upper and lower parts of the
cassette are approximated by 25 and 16 channels respectively of
various lengths and diameters. The upper part consists of nodes 1
to 26 and the lower part of nodes 27 to 43. They are interconnected
with 2 pipes resulting to a total of 43 channels and 43 nodes per
cassette. The 6 nodes {1,10,14,18,26,43} with given pressure (ﬁxed
grade nodes) are speciﬁed. Through these nodes the pipe network
representing the ﬂow along a cassette is open to the plasma side.
Six out of the 54 cassettes, and more speciﬁcally cassettes 11, 17, 29,
35, 47 and 53, are connected to the six cryopumps located at ports
4, 6, 10, 12, 16 and 18 respectively [2]. The pumping duct nodes
connecting each of the six cassettes to the corresponding pump are
shown for a typical case in Fig. 2 (the not numbered nodes). Finally,
the 11 nodes {6,9,13,17,21,28,31,33,35,38,40} connecting this cassette to its adjacent cassette in the toroidal direction, deﬁned as
toroidal connection nodes, are also presented in Fig. 2.
Fig. 3 shows the pipe network simulating the geometry of the
actual gas ﬂow path between adjacent cassettes in the toroidal
direction along the divertor ring, as well as through the gaps
between the cassettes facing the plasma side on a plane normal
to the toroidal direction. According to the 2012 drawings the distance between adjacent cassettes is 20 mm. The 11 connection
pipes between two cassettes (5 for the upper part and 6 for the
lower part) originated from the corresponding toroidal connection
nodes, mentioned in the description of Fig. 2, are shown and create
the segment of the pipe network representing the gas ﬂow in the
toroidal direction. In addition, the middle points of these 11 pipes
are interconnected, as demonstrated in Fig. 3, in order to produce
the segment of the pipe network representing the geometry of the
gas ﬂow through the gap openings between the cassettes which
is open to the plasma side. It consists from 19 channels deﬁned
by the so-called 15 gap nodes including the 4 ﬁxed grade nodes

Table 5
Pressure [Pa] at the nodes of the sample network shown in Fig. 1.
Node number

1

2

3

4

5

6

7

8

9

10

11

Kinetic code
Hydrodynamic code

2.0
2.0

1.418
1.413

0.895
0.896

0.716
0.718

1.337
1.332

0.781
0.779

0.715
0.716

1.107
1.099

0.929
0.925

0.664
0.661

0.400
0.400
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Fig. 2. View of the cross section along a cassette connected to a pump and schematic presentation of the corresponding pipe network approximating the geometry of the
actual gas ﬂow path.

{45,48,53,56} where the pressure is given, all shown in Fig. 3. Thus,
the pipe network in Fig. 3 consists of 2 × 11 + 19 = 41 channels.
The whole pipe network for the ITER divertor pumping system
consists of the 43 + 41 = 84 channels per cassette times 54 cassettes
plus 8 channels per pump times 6 pumps resulting to a total of 4584
pipes. The total number of nodes is 3168. At each cassette with the
associated gap there are a total of 10 ﬁxed grade nodes (indicated
in Figs. 2 and 3). Thus the total number of ﬁxed pressure nodes is

equal to 540 plus the 6 ﬁxed grade nodes at the inlet of the pumps.
The total number of loops and pseudoloops are 1417 loops and 545
respectively.
Simulations have been performed to model the burn and dwell
phases for various divertor dome pressures. The input parameters
are the ones prescribed in [18]. They have been obtained from the
B2-EIRENE code modeling an ITER scenario where the plasma consists mainly from deuterium with the ratio of the fusion over the

Fig. 3. Schematic presentation of the pipe network approximating the geometry of the actual gas ﬂow between adjacent cassettes in the toroidal direction along the divertor
ring and through the gaps between the cassettes facing the plasma side.
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Table 6
Partial pressure [Pa] of deuterium (D2 ) at ﬁxed pressure nodes for the three operating scenarios in the burn phase [18].
Node number

Corresponding location in [18]

Low-p

Mid-p

High-p

1
10
14
18
26
43
45
48
53
56

E
D
C
B
A
A
Upper part of gap, outer target
Lower part of gap, outer target
Lower part of gap, inner target
Upper part of gap, inner target

8.2×10−4
3.65
1.85
10.4
6.70×10−5
6.70×10−5
0.20
8.30
32.3
0.08

1.0×10−3
7.20
3.10
12.5
2.60×10−4
2.60×10−4
0.30
18.5
42.7
0.20

8.1×10−4
15.0
7.82
23.6
8.80×10−4
8.80×10−4
0.30
33.7
70.1
0.60

input power to be equal to QDT = 10 and the power entering the
scrape-off layer equal to 100MW. These input parameters have
been also used in [44]. Following [18], three different pressure scenarios at the burn phase corresponding to total pressures of 2.6 Pa,
4.1 Pa and 9.9 Pa are simulated. They are related to low, medium and
high dome pressure scenarios. Since only the dominant deuterium
gas fraction is considered the resulting partial pressures at the 10
ﬁxed grade nodes are given in Table 6 and they are the same with
the data of Table 1 in [18]. The same pressures are given to the ﬁxed
grade nodes in all 54 cassettes and the associated gaps between the
cassettes. The operating temperature is set at 420 K and the conveying gas is deuterium (D2 ) with molecular mass m = 4.0282 g/mole,
gas constant Rg = 2064.1 J/kg/K, and viscosity  = 1.590 × 10−5 Pa s.
The limiting pumping speed of the cryopumps, which for D2
pumping is set equal to 55 m3 /s, has been taken into consideration.
Simulations have been performed in an iterative manner to meet
this requirement. More speciﬁcally, initially a low pump inlet pressure is given resulting to a pumping speed much larger than the
limiting value. Then, it is increased gradually until the resulting
throughput and inlet pump pressure correspond to the prescribed
pumping speed limit.
Based on these data the local gas rarefaction in the network
varies in a wide range of the Knudsen number from the free molecular limit through the transition up to the slip regime.

4.2. Results and discussion
The above described pipe network is implemented to simulate the three-dimensional gas ﬂow pattern in the 2012 ITER torus
primary pumping system. For the input data of Table 6, both
qualitative and quantitative results are provided. The former ones
include the produced gas ﬂow direction in each cassette as well as
in the open gaps between the cassettes and along the divertor ring.
The latter ones include the computed overall throughput in terms
of the dome pressure for the burn and dwell phases operating with
four and six pumps as well as the dependence of the network properties on certain geometrical data of the network. A comparison
with corresponding results in [18] is included.
In Fig. 4 the gas ﬂow path in the cross section along a cassette,
as described in Fig. 2, is shown. This ﬂow pattern is qualitatively
the same in all three pressure scenarios investigated in the burn
phase and applies to all 54 cassettes. The gas enters from the plasma
chamber into each cassette via the outer slot ﬁxed grade node 10.
One part of the gas remains in the upper part of the cassette and
ﬂows in opposite directions returning ﬁnally back into the plasma
from the ﬁxed grade nodes at the dome, the inner slot and the
inner and outer divertor arm, deﬁned by the nodes 14, 18, 26 and 1
respectively. Another part of the gas reaches the lower part of the
cassette and then is separated with one fraction ﬂowing toward the

Fig. 4. Direction of the gas ﬂow in the pipe network simulating the actual gas ﬂow path in the cross section along a cassette connected to a pump in the burn phase; it applies
to all 54 cassettes and for all three investigated dome pressure scenarios.
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Fig. 5. Direction of the gas ﬂow in the pipe network simulating the actual gas ﬂow path between adjacent cassettes in the toroidal direction along the divertor ring and
through the gaps between the cassettes facing the plasma side in the burn phase.

vacuum pump and the remaining one returning to the plasma via
the outer and inner divertor arm gap nodes 1 and 43 respectively.
In Fig. 5 the gas ﬂow path along the divertor ring and in the
open gaps between the cassettes, as described in Fig. 3, is shown.
It is clearly seen that gas is entering the gap network from the
high pressure ﬁxed grade nodes 48 and 53 in the lower part and
is returning back to the plasma from the low pressure ﬁxed grade
nodes 45 and 56 in the upper part. This recirculation ﬂow pattern is
the same in all 54 cassettes. The gas which remains in the gap network ﬂows toward the inner or outer targets and then it is conveyed
to the adjacent cassettes via the 11 interconnecting channels in the
toroidal direction. To which of the two adjacent cassettes is ﬂowing
may differ slightly depending on the location of the toroidal interconnecting channel (if it is in the inner or outer part of the gap) as
well as on the cassette position with regard to the pumping ports.
The ﬂow back into the plasma chamber observed in Figs. 4 and 5
is known as back ﬂow and has been also observed in previous studies [17,18,44]. As it is shown later depending upon the pressure
scenario and the number of pumps running, only 5–10% of the
inlet gas throughput is pumped toward the pumping ports, while
the remaining amount is ﬂowing back into the plasma. From that
amount about 40% is returning from the dome ﬁxed pressure node
14 and about 25% from the gap ﬁxed grade nodes 45 and 56 and
the remaining one from the other ﬁxed grade nodes. Concerning
the percentage break down of the inlet throughput it is noted that
about 8% is entering from the ﬁxed grade outer slot node 10 and
about 92% from the gap ﬁxed grade nodes 48 and 53. These percentages are approximately the same in all three pressure operation
scenarios. Therefore the area of the gap size facing the plasma is an
important parameter inﬂuencing the overall ﬂow results.
A detailed quantitative description of the gas ﬂow conﬁguration in terms of the deduced throughputs is now provided. In
Figs. 6 and 7 the computed throughputs in the burn phase toward
the pumps and the plasma respectively are plotted in terms of the

dome pressure with four pumps running. The operating pumps
are the ones located at pumping ports 4, 6, 10 and 12. In order
to investigate the effect of the gap between the cassettes results
are presented in both ﬁgures for gap widths equal to 20 mm (basic
scenario) and 10 mm as well as for the limiting case of no gap at
all. As expected in all cases as the dome pressure is increased the
throughputs are monotonically increased. Also, as the gap size is
decreased both throughputs toward the pumps and the plasma are

Fig. 6. Computed throughputs toward the pumps in the burn phase versus dome
pressure with 4 pumps running and various gap widths; corresponding results in
[18] are also included.
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Fig. 7. Computed throughputs toward the plasma in the burn phase versus dome
pressure with 4 pumps running and various gap widths; corresponding results in
[18] are also included.

decreased. Furthermore, comparing between the throughputs in
Fig. 6, it is noted that when the gap width is reduced from 20 mm
to 10 mm the pump throughput is reduced in the low, medium and
high pressure dome scenarios about 20%, 19% and 12%. The corresponding reductions in Fig. 7 for the throughputs toward the plasma
are 53%, 51% and 42%. Thus, it is stated that the area of the gap
between the cassettes affects more drastically the ﬂow toward the
plasma rather than the ﬂow toward the pumps. This remark is also
supported by the throughput reductions in the limiting no gap scenario, where the reductions are much higher. By taking the ratios of
the corresponding throughputs toward the pumps and the plasma
plotted in Figs. 6 and 7 it is deduced that for the 20 mm gap width
and the low pressure scenario only 6% of the incoming throughput is pumped, while the remaining 94% is returning to plasma.
As the dome pressure is increased the pump throughput is slightly
increased. It is also increased as the gap size is reduced becoming
about 10% for the 10 mm gap and 13% for the no gap case.
In addition, in Figs. 6 and 7 a comparison with the throughputs
reported in [18] for the 20 mm gap width is performed. The relative
error between the computed throughputs in [18] and the present
ones is 4 − 22% in the ﬂow toward the pumps and 32 − 50% in the
ﬂow toward the plasma (in both cases the agreement is improved
as the dome pressure is increased). The observed discrepancies
between the two approaches, taking into account the complexity
of the simulated network and the introduced theoretical approximations, are reasonable and the overall agreement in the results in
the burn phase is considered as very satisfactory.
The computational investigation on the sensitivity of the results
in terms of the prescribed geometrical data, which has been performed in Figs. 6 and 7 with regard to the size of the inter-cassette
gap, is continued with regard to the pipe radii in the network.
More speciﬁcally, the importance of the radius size of all pipes in
the toroidal direction interconnecting the 54 cassettes is investigated. Simulations have been performed by reducing the radii of
all toroidal pipes by 20% compared to the ones which have been
used in Figs. 6 and 7 with the 20 mm gap width. It has been found
that this radius reduction has a small effect on the throughputs in
all three dome pressures. In particular for all dome pressures the
pump throughput is slightly reduced (less than 3%), while the corresponding plasma throughput is marginally increased (less than
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1%). The fact that the pump throughput is reduced is expected due
to the higher pressure drop in the toroidal direction which yields a
small increase in the plasma throughput.
The importance of the radius size of all pipes in the cross section
along a cassette for all 54 cassettes is also investigated. Simulations have been performed by modifying the radii of all pipes of the
cassette network by ±20% compared to the ones which have been
used in Figs. 6 and 7 with the 20 mm gap width. It has been found
that when the radius of all pipes is reduced by 20% the throughput toward the pumps is increased about 5%, while the backﬂow
throughput is decreased about 7%. The situation is reversed in
the 20% radius increase, where the pump throughput is decreased
about 8% and the backﬂow throughput is increased about 10%.
These results are on an average basis for all three dome pressures
with the corresponding results for each pressure scenario to be
close to the average values. Based on the above sensitivity analysis
it is stated that the pipe network output is not strongly affected
by varying the radii of the pipes of the network (along a cassette
or between cassettes). Furthermore, it may be concluded that the
error which may be introduced due to the substitution of the ITER
noncircular channels with equivalent circular ones, certainly has no
qualitative effect on the resulting ﬂow patterns and affects weakly
the resulting pump and plasma throughputs. On the contrary, as it
has been seen before, the size of the area of the inter-cassette gaps
facing the plasma is of major importance and therefore it must be
estimated carefully and accurately.
In Fig. 8, the case of all six pumps running simultaneously in
the burn phase operating mode results is shown. The four pump
results are also included. Both throughputs toward the pumps and
the plasma versus the dome pressure are plotted. It is seen that
with all six pumps running the ﬂow toward the pumps is increased
about 50% independent of the dome pressure. On the contrary the
ﬂow toward the plasma is not affected (actually there is a very small
decrease less than 2%). These results are for the 20 mm gap width
but all remarks are also valid for the other two gap cases.
Next, simulation results for the dwell phase scenario are presented in Fig. 9, where the throughputs are plotted in terms of the
dome pressure varying between 10−5 and 10 Pa with the four and
six pumps running. The gap between the cassettes is 20 mm. Again
the throughput is monotonically increased with the dome pressure. With the two additional pumps running the throughput is

Fig. 8. Computed throughputs toward the pumps and the plasma in the burn phase
versus dome pressure with 4 and 6 pumps running.
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in Table 7. In all six operational sequences the total throughput is
very close to each other and in each operational sequence the pump
throughputs are well balanced. All these are in favor of moving
smoothly from one operating sequence to the next.
5. Concluding remarks

Fig. 9. Computed throughputs in the dwell phase versus dome pressure running
with 4 (up) and 6 (down) pumps; corresponding results in [18] are also included.

increased about 50% compared to the case of four running pumps
(same as in the burn phase). The six pump conﬁguration is mostly
considered for the dwell phase where higher throughputs may be
needed [2]. The corresponding throughputs in [18] are also included
for comparison purposes. They are about 1.5 to 1.8 times higher
than the present ones. Once again due to the problem complexity these discrepancies are well within the expected margin errors.
It is important to note that all the qualitative ﬂow characteristics
observed here for the various input geometrical and operational
data, are similar to the corresponding ones reported in [18].
In Ref. [2] an example of the operating sequence of the six pumps
conﬁguration with the four pumps running and the other two being
in the regeneration mode is indicated for the demanding 3000 s
non-inductive scenario (see Fig. 7 in [2]). For this operating scenario the present ITER gas distribution network is simulated using
the low pressure data of Table 6. The computed throughputs for
each running pump and the resulting total throughput are given
Table 7
Throughputs [Pa m3 /s] for various operating pump sequences for the 3000 s noninductive scenario in the low dome pressure (R denotes regeneration).
Pump port

Pumping sequence
2
1

3

4

5

6

18
4
6
10
12
16
Total

114.6
R
118.2
R
116.9
114.0
463.7

114.0
116.9
R
118.2
R
114.6
463.7

117.2
117.2
R
114.9
114.9
R
464.2

R
114.9
113.7
113.7
114.9
R
457.2

R
114.9
114.9
R
117.2
117.2
464.2

114.9
R
117.2
117.2
R
114.9
464.2

A software tool for modeling and simulation of complex gas
distribution systems operating under any vacuum conditions is
presented and validated. The code architecture and structure are
similar to the ones applied in the design and optimization of typical
gas pipe networks in the viscous regime, supplemented however,
with a robust kinetic data base to provide the required ﬂow rates
in the whole range of the Knudsen number depending on the geometrical and operational data of the network. It is an extension
and upgrading of a previous algorithm which was limited to gas
networks consisting mainly of long channels and operating with
relatively small pressure drops along each channel [18,19]. The
present more advanced and generalized algorithm circumvents
these pitfalls by enhancing the kinetic data base to include ﬂow
rates through channels of any length and by implementing an
advanced routine of ﬁnding the network loops and pseudoloops.
Furthermore, the feasibility and effectiveness of the presented
algorithm in simulating large size gas networks of arbitrary complexity is demonstrated by modeling the 2012 ITER torus primary
pumping system. Results of the ﬂow patterns and paths along the
cassettes and the divertor ring as well as of the total throughput
for various pumping scenarios and dome pressures are provided. A
comparison with a recent work [18], which is based on the ITERVAC code, is performed providing excellent qualitative agreement
and satisfactory quantitative agreement taking into account the
problem complexity.
It is believed that the present pipe network algorithm has a lot of
potential in supporting future design work in large vacuum systems
of fusion machines and particle accelerators in close collaboration
with the on-site engineers.
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