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a b s t r a c t 

In the present work a sensitivity analysis of the pumping performance of a standard divertor design for 

two extreme dome cases (with and without) and different pumping port locations is performed. Such an 

investigation re-assesses the role of the divertor dome in the design of a DEMO divertor cassette. The 

non-linear neutral gas flow in the private flux and sub-divertor region is modeled based on the Direct 

Simulation Monte Carlo (DSMC) method, which takes into account the intermolecular collisions as well as 

the interaction of the molecules with the stationary walls. For this specific configuration, three different 

pumping port locations, namely in the low and high field bottom sides of the sub-divertor and directly 

under the dome haven been chosen. It is shown that the optimum pumping port location is found to be 

directly under the dome, since the pumped particle flux is increased by a factor 2–3 compared to the one, 

where the port is located inside the low and high field side divertor “shoulders”, respectively. In addition, 

the divertor dome physically restricts the conductance between the private flux region and the main 

chamber, enabling the compression of the neutral gas. However, the dome has no direct influence on the 

macroscopic parameters as the number density and the temperature at the pumping port. Furthermore, 

it is shown that without the dome, a strong outflux of neutrals towards the plasma core and through 

the x-point and its vicinity can be expected. This outflux can be reduced by a factor of 2 by positioning 

the pumping port directly under the dome. Finally it is noted that in all the obtained calculations, the 

flow field remains homogeneous without the presence of vortices. This can be explained by the fact that 

the studied geometry does not include any high curvature surfaces, which promote the formation of such 

flow structures. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The design space of the DEMO divertor cassette from the pump-

ng efficiency point of view requires an assessment, which has to

e based on a fundamental investigation considering several geo-

etrical parameters as the position of the pumping port as well

s the presence of the dome. The ultimate aim is to address an

ptimum divertor design in terms of its pumping capability, using

he particle transport physics as the main driver. To the best of our

nowledge, such an investigation is performed for the first time. 

The primary function of the dome is to achieve a high compres-

ion of neutrals in the private flux region (PFR) in order to increase

he overall pumping efficiency, which is defined as the ratio of the

umped over the incoming neutral particle flux from the divertor

icinity. Additionally, the dome could reduce the neutral reflux to

he plasma core through the x-point and shield the pump duct
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rom neutrons. On the other hand, it shadows the bottom surface

f the divertor cassette from neutrons and consequently increases

he complexity of the divertor design and the corresponding diver-

or cost. 

Furthermore, since the neutral density in the DEMO PFR is ex-

ected to be equal to or higher than that in ITER, the correspond-

ng gas collisionality increases and therefore a nonlinear (i.e. colli-

ional) neutral particle transport treatment is required. 

In the present work an efficient numerical tool, which is based

n the Direct Simulation Monte Carlo (DSMC) method [1,2] has

een applied. The DSMC method consists of a stochastic approach,

hich reproduces the solution of the Boltzmann equation [1] . Just

ecently, for benchmark purposes, the DSMC algorithm was imple-

ented to model the neutral gas flow in the JET sub-divertor and

 successful comparison between corresponding numerical and ex-

erimental results has been performed [3,4] . Consequently, the

SMC method is proven to be a reliable numerical tool, on which

he design and the optimization of the DEMO particle exhaust

ould be based. 
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. A 2D axisymmetric geometrical configuration of a simplified divertor design 

and the corresponding boundary conditions are shown. The pumping surface at the 

three different locations is indicated as a black solid line. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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First simulations, which highlight the influence of the dome

structure on the pumping efficiency, have been performed for the

ITER divertor [ 5 –8 ], where it was observed that the dome creates

a neutral gas compression independent of the gas species, which is

beneficial for the particle exhaust. Furthermore, without the dome

an undesirable strong neutral influx towards the plasma core oc-

curs. All the results presented in [5–8] are based on the SOLPS

code, which includes the EIRENE algorithm [9] , a 3D Monte-Carlo

solver for neutral-neutral interactions, based on the BGK kinetic

model [10] . It is noted that the main drawback of the BGK model

is the inability to correctly describe simultaneously the transport

coefficients for gas viscosity and the thermal conductivity. There-

fore, the BGK model is commonly applied for the case of pres-

sure driven isothermal flows. Whereas, for the DEMO sub-divertor

region with non-isothermal gas flows, we recommend to use the

DSMC method. 

First assessments of the dome effect in DEMO design have been

performed by implementing linear [11] and non-linear [12] particle

transport approaches in an ITER-like DEMO divertor configuration.

There, it was presented that the dome structure can facilitate the

pumping efficiency (about 2 times) and protect the x-point from a

strong neutral reflux. In addition, strong asymmetric flow patterns

(i.e. vortices) in the divertor plenum were observed, which mainly

intercept the path of neutrals towards the pumping port. Those

flow asymmetries are typical in viscous flow regime (i.e. high col-

lisionality) and until now no further investigations have been per-

formed on how these asymmetries influence the divertor pumping

efficiency. Therefore, the aim of this work is to perform a para-

metric analysis on a standard divertor configuration, which takes

into account the influence of the dome structure and the pumping

port location on the whole flow field, including the corresponding

macroscopic quantities in the divertor plenum. This analysis will

allow defining the design space and the impact of each geometrical

parameter on the overall pumping efficiency of the DEMO divertor,

which is still under an ongoing conceptual design phase [13] . 

2. Divertor geometry 

A simplified standard divertor configuration is considered in

the present work. The PFR below the dome is separated from

the plasma fan in the divertor vicinity by two main inclined gaps

(highlighted in red dashed lines in Fig. 1 ) in the high field side

(HFS) and low field side (LFS). It is assumed that through these

gaps, with poloidal length 0.46 m and 0.92 m (the length of the

LFS gap is twice the length of the HFS gap) respectively, only neu-

tral particles penetrate and move towards the sub-divertor volume

(shaded area in Fig. 1 ). In this particular design, the “shoulders”,

which end up to the HFS and LFS leak gaps, represent the vol-
Please cite this article as: S. Varoutis et al., Optimization of pumping e
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me between the divertor cassettes and the vertical divertor tar-

ets. The corresponding lengths in the poloidal direction for the

FS and LFS leak gaps are 0.35 m and 0.21 m, respectively. For clar-

ty purposes, it is noted that when a molecule intersects the HFS

nd LFS leak gaps, it is immediately removed from the computa-

ional domain. The poloidal length of the dome structure is equal

o 0.75 m. Three representative positions of the pumping surface

ocation have been chosen, namely the pumping surface is located

n the entrance of the LFS and HFS divertor “shoulders” and di-

ectly under the dome (highlighted as solid black lines in Fig. 1 ).

he poloidal length of all the pumping ports is kept constant and is

qual to 1.0 m. Although this problem is in principle of 3D nature,

he presented numerical results were calculated for a 2D axisym-

etric cut in the toroidal direction. 

. Boundary conditions 

Pure molecular deuterium (D 2 ) gas enters the sub-divertor area

hrough the two HFS and LFS gaps with reference pressure P 0 and

emperature T 0 equal to 10 Pa and 4023 K (or 0.35 eV) respectively

see Fig. 1 ). The applied boundary conditions of pressure and tem-

erature for molecular deuterium correspond to an ITER relevant

etached plasma scenario as described in [14,15] . It is noted that

n the present work the ionization, dissociation and recombina-

ion processes on the walls or in the gas phase are not taken into

ccount. Therefore, when a deuterium molecule hits a stationary

all, it remains as molecule and a purely diffuse reflection takes

lace, where the incident molecule is reemitted with Maxwellian

istribution based on the wall temperature, equal to T wall =420 K

as shown in Fig. 1 ). The wall temperature is assumed to be uni-

orm along the wall boundaries. In the case of a particle inter-

ecting with the pumping surface, it can be completely removed

rom the computational domain according to a given probability,

hich is called capture coefficient ξ . Consequently, ξ takes values

etween 0 ≤ ξ ≤ 1. It is noted that ξ represents the imposed con-

ition of fixed pumped particle flux and is related with the effec-

ive pumping speed of the pumping surface [12] . In the present

ork the capture coefficient takes the following values, namely

= 0 . 1 , 0 . 3 , 0 . 6 , 1 . If the particle is not finally absorbed from

he pumping surface, then the particle undergoes a diffuse reflec-

ion, assuming that the temperature at the entrance to the pump-

ng port is equal to 420 K. Additionally, when a particle crosses the

FS and HFS leak gaps then, an expansion into vacuum is consid-

red resulting in the complete particle removal. When a particle

its the dome structure then in the case of having a dome, it is

eflected diffusely, while in the case without a dome the particle

s deleted from the flow domain. The latter assumption can be jus-

ified, since an interaction with the plasma takes place and results

n the immediate neutral particle ionisation. 

. Numerical modeling 

The DSMC method consists of a reliable and powerful numerical

ool for modeling rarefied gas flows. According to this method, a

as flow domain is divided into a network of cells. Initial positions

nd velocities of a large number of model particles are adopted.

ach model particle in the simulation represents a large number of

eal molecules in the physical system. The motion of particles and

heir collisions are uncoupled by the repetition of the following

teps: 

• Free motion of particles is modeled, i.e. their new coordinates

r i, new 

are estimated via the old ones r i, old as 

r i , new 

= r i , old + v i �t . (1)
fficiency and divertor operation in DEMO, Nuclear Materials and 

http://dx.doi.org/10.1016/j.nme.2017.04.001
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Fig. 2. Streamlines of D 2 inside the sub-divertor plenum for the case of pumping 

port under the dome, ξ =0.3 and (a) without dome and (b) with dome. The pump- 

ing port is indicated as a black solid line. . 
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If a particle during the motion crosses a solid surface, then the

purely diffuse gas–surface interaction is applied and the parti-

cle continues its motion with a new velocity during the rest of

time interval �t. 
• Intermolecular collisions are simulated following the Non-Time

Counter scheme [1] , i.e. the number of pairs to be tested in

each cell is calculated as 

N coll = 

1 

2 

N p ̄N p F N ( σT v r ) max 

�t 

V c 
, (2) 

where N p is the number of particles in a cell at that moment,

N̄ p is the average number of particles in the same cell during all

previous steps, F N is the number of real particles represented

by one model particle, σ T is the total collisions cross-section of

the particle, v r, max is the maximum relative velocity, and V C is

the cell volume. Two particles from the same cell are randomly

chosen and they are accepted for collision under the condition
σT v r 

( σT v r ) max 
> R f , where v r is the relative velocity of this pair and

R f is a random number uniformly distributed over the inter-

val (0,1). If the pair is accepted, their velocities are replaced by

new values according to the variable hard sphere (VHS) inter-

action law [1] . In the VHS model the total cross section is a

function of the relative velocity between two collided particles

and the viscosity is proportional to T ω , where the parameter ω 

is called viscosity index and characterizes a given gas. In the

present work the viscosity index for molecular deuterium was

taken as ω = 0 . 70 . It is noted that after each particle collision

the momentum and energy conservation is satisfied. 
• Sampling of the macroscopic properties is conducted, i.e. the

macroscopic quantities are calculated. The number density n,

the bulk velocity vector u and the temperature T in a compu-

tational cell are estimated respectively through the expressions 

n = 

N p 

V C 

F N , u = 

1 

N p 

N p ∑ 

i =1 

v i , T = 

m 

3 

[ 

1 

N p 

N p ∑ 

i =1 

v 2 i − u 

2 

] 

. (3)

In all the present simulations an optimum value of �t = 0 . 1 μs

as been used, which takes into account the fundamental criterion

f DSMC that �t should be a fraction of the mean collision time

coll , which is equal to τcoll = 13 . 2 μs . On the other hand, the aver-

ge number of particles in each cell of the flow field ranges around

20 particles per cell. This number assures that the statistical scat-

ering of macroscopic quantities along the computational domain

s sufficiently low. A structured rectangular grid is applied, with

.5 × 10 5 cells. The applied grid was chosen such that the cell size

s much smaller than the local mean free path of D 2 . 

. Results and discussion 

.1. Flow field 

The complete flow field of the collisional molecular deuterium

as flow in the PFR and sub-divertor area has been studied. The

ain parameters, which describe each flow case, are the location

f the pumping port, the capture coefficient ξ and the existence

f the dome structure. For the latter, the two extreme cases with

nd without dome were investigated, the shape of the dome was

ot changed. For all cases, the incoming boundary conditions were

ept constant. 

In Fig. 2 , the streamlines for the case, where ξ = 0.3, the pump-

ng port is located under the dome and without and with dome,

espectively, are presented. It is seen that the absence of dome re-

ults as expected in an outflux of neutrals towards the x-point.

uch a behavior has been observed as well in our previous work

12] , where the ITER-like DEMO divertor was studied. Furthermore,
Please cite this article as: S. Varoutis et al., Optimization of pumping e

Energy (2017), http://dx.doi.org/10.1016/j.nme.2017.04.001 
he pumping port is located within the line of sight of the incom-

ng molecules especially for those entering the LFS gap, and there-

ore they are much likely to be captured by the pumping surface.

he rest of the incoming particles are moving towards and through

he LFS and HFS divertor “shoulders”, without being influenced by

he pumping process. 

In the case, where the dome structure exists, the formation of

n outflux is eliminated as expected and the neutrals are forced

o move towards the pumping port, according to the local tem-

erature and number density gradients. It has been observed that

y fixing the pumping port location and by altering the capture

oefficient ξ , qualitatively the corresponding flow pattern with or

ithout the dome remains unchanged, while quantitatively all the

acroscopic quantities are reduced as ξ increases. These results

re not shown here. 

In the case of the pumping port being located on LFS or HFS

osition and without and with dome respectively, it is observed

hat by shifting the pumping port location in the case with dome,

he flow pattern qualitatively remains almost uninfluenced, while

n the case without the dome the formation of the outflux still ex-

sts. 

It is noted that, in all calculated cases, no vortices where ob-

erved in the sub-divertor volume as the ones which appeared in

12] . The main reason is that the current configuration still pre-

erves a degree of symmetry, in comparison with the ITER-like

EMO configuration, which consists of several high curvature sur-

aces that influence the final flow behavior. This is an important

esult which illustrates the potentially high impact of the geome-

ry on divertor particle exhaust performance. 

.2. Particle fluxes 

Assuming that the incoming deuterium gas follows a

axwellian distribution function, the particle fluxes per toroidal

ength, which are imposed on the HFS and LFS gaps are equal to

HFS = 9.55 × 10 16 m 

−1 s −1 and �LFS = 1.91 × 10 17 m 

−1 s −1 respec-

ively. For convenience purposes, all the calculated and presented

article fluxes are normalized with the total incoming particle

ux, which is equal to �in = 2.86 × 10 17 m 

−1 s −1 . 

In Fig. 3 a, the normalized particle outflux towards the x-point

s presented, in terms of the capture coefficient ξ and the dif-

erent pumping port locations. It is seen that when the pumping

ort is located on the LFS and HFS divertor “shoulders”, the out-

ux remains unchanged for any value of ξ . The only position of

he pumping port, which results in a maximum outflux decrease

y a factor of 2, is the position under the dome. In Fig. 3 b, the

ormalized pumped particle flux is presented in terms of capture

oefficient ξ and again for various pumping port locations. Here
fficiency and divertor operation in DEMO, Nuclear Materials and 
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Fig. 3. (a) Normalized particle outflux and (b) normalized pumped particle flux ver- 

sus the capture coefficient ξ and for various pumping port locations. 
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it is shown, that qualitatively as ξ increases the pumped flux in-

creases as well until reaching a plateau for all pumping port loca-

tions and dome configurations. In addition, by removing the dome

structure, a decrease by factor 1.3 in the pumped flux is observed

for any ξ and port location. On the other hand, if ξ and the dome

configuration remain fixed, while the pumping port location varies,

it is deduced that the optimum location which provides the high-

est pumped flux, is the position under the dome; this finding is

in line with the main conclusion drawn from Fig. 3 a. When the

port is shifted on the HFS and LFS divertor “shoulders” then the

pumped flux is reduced by a factor of 2 and 1.5–3, respectively. 

5.3. Macroscopic quantities 

In this section, the influence of the pumping port location, the

capture coefficient and the dome existence on the macroscopic

quantities of the local number density and temperature is studied.

As discussed in Section 3 , the imposed boundary conditions

correspond to a case where high collisionality in the sub-divertor

area is expected. Indeed, based on the given pressure P 0 and

temperature T 0 , the corresponding reference Knudsen number is

deduced to be equal to Kn 0 = λ0 / L ≈ 0.01, which corresponds to

a highly collisional flow regime. As a characteristic length L of

the flow, the square root of the sub-divertor area A (i.e. grey

highlighted area in Fig. 1 ) was chosen, namely L = 

√ 

A , with

A = 2.48 m 

2 . In Fig. 4 a, the inverse Knudsen number along the

dome height for the case of with and without dome, the pumping

port is located under the dome and ξ = 0.1 and 1, is highlighted. It

is seen that the inverse Knudsen number has high values and as ξ
increases, the Knudsen number in the sub-divertor area increases,

but still remains at similar collisionality. This behaviour has been

observed for all the studied dome configurations and pumping port

locations. 

In Fig. 4 b, the number density distribution along the divertor

height is presented for the case of pumping port directly under the

dome. It is seen that in the case with dome and ξ = 0.1, the num-

ber density at y ≈ 0.3 is increased by a factor of 20, while close to

the pumping port at y ≈ −0 . 7 , is slightly increased by a factor of

1.3, compared with the ones without the dome. Inside the divertor

volume, i.e 0 . 3 < y < −0 . 7 , an increase of number density by fac-

tor of 2 is achieved due to the existence of the dome. By increas-

ing the capture coefficient to ξ = 1 (i.e. increase of the pumping

speed), then the number density increase at the same above limit

positions is of the order of 10 and 1.5 respectively, while in the

bulk of the divertor plenum the increase is of the order of 1.5. 

As a result, the existence of dome structure results in an in-

crease in the number density in the divertor vicinity, which pos-

itively influences the pumping conditions. Additionally, by fixing

the dome structure and the pumping port location, the influence

of ξ on the number density close to the pumping port is very
Please cite this article as: S. Varoutis et al., Optimization of pumping e

Energy (2017), http://dx.doi.org/10.1016/j.nme.2017.04.001 
eak. In Fig. 4 c, the temperature distribution is depicted, where

he existence of dome results in a cooling of neutrals at y ≈ 0.3,

hile the temperature close to the pumping port at y ≈ −0 . 7 re-

ains almost uninfluenced. For the area 0 . 3 < y < −0 . 7 , a general

emperature decrease is observed for any dome and pumping port

onfiguration. 

It is noted that the same qualitative behaviour of the flow field

s observed when the pumping ports are located in the LFS and

FS “shoulders”, while quantitatively the dome structure has a

eak influence on the macroscopic quantities. 

In Figs. 5 and 6 , the contour plots for the number density are

resented, for the case of ξ = 0.3 and two locations of the pumping

ort, namely directly under the dome ( Fig. 5 a) and in the entrance

f the LFS divertor “shoulder” ( Fig. 5 b), and without or with the

ome, respectively. In Fig. 5 it is illustrated that by shifting the

umping port directly under the dome a number density drop oc-

urs in the divertor plenum. By introducing the dome structure, in

ig. 6 , the number density in the divertor plenum increases and

y moving the pumping port directly under the dome, the number

ensity in the main sub-divertor region still is shown to be lower

han in the case, where the port is located in the LFS “shoulder”.

he number density contours are not influenced by the variation

f ξ and remain qualitative unaltered. Therefore only the case for

= 0.3 is shown here. 

In conjunction with number density contours, the temperature

ontours, shown in Fig. 7 , seem to remain almost independent on

hanging the pumping port position and for both dome configura-

ions. Therefore only the cases where the pumping port is located

nder the dome are depicted. In the case without dome, a zone

f hot neutrals occupies almost half of the divertor plenum and by

oving downwards to the pumping port a gradual temperature de-

rease is observed. As long as the particles are flowing through the

ivertor “shoulders”, they are completely thermalized based on the

ocal wall temperature. Furthermore, when the dome is considered,

n Fig. 7 b, then a clear thermalization of hot neutrals takes place

n the dome vicinity and therefore a decrease of the temperature

ccurs. As for the other predictions, the positions of the pumping

ort as well as the capture coefficient have a weak effect on the

emperature field. 

. Conclusions 

In this work, a parametric analysis by using the non-linear

SMC algorithm is performed in order to highlight the influence

f the pumping port location and the existence of the dome on

he developed flow field and on the overall pumping efficiency of

 divertor. For this fundamental study, a simplified divertor geom-

try is chosen, in which D 2 neutral particles are assumed to pen-

trate from the LFS and HFS divertor gaps. The chosen incoming

oundary conditions correspond to a high-collisionality case, with

 Knudsen number of the order of 10 −2 . These calculations con-

rm that the position of the pumping port plays a significant role

or the pumping efficiency of the divertor and, in particular, the

osition directly under the dome appears to provide the highest

article removal rate in conjunction with the given positions of the

FS and HFS divertor “shoulders”. The port is located in the line of

ight of incoming particles and the probability to be pumped is

ncreased. The corresponding pumped particle flux in this case in-

reases by a factor of 2–3 compared to the ones, where the port

s located in the LFS and HFS respectively. Furthermore, the diver-

or dome physically restricts the conductance between the PFR and

he main chamber, enabling the compression of the neutral gas.

owever, the dome has no direct influence on the macroscopic pa-

ameters as the number density and temperature at the pumping

ort. Additionally, it is shown that without the dome, a strong out-

ux of neutrals towards the plasma core and through the x-point
fficiency and divertor operation in DEMO, Nuclear Materials and 
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Fig. 4. (a) Knudsen number, (b) number density and (c) temperature distributions along the dome height with and without the dome. The pumping port is located directly 

under the dome and ξ = 0.1 and 1. 

Fig. 5. The number density contours for the case without dome with the pumping port (a) under the dome and (b) in LFS. The capture coefficient is ξ = 0.3. The pumping 

port is indicated as a black solid line. 

Fig. 6. The number density contours for the case with dome with the pumping port (a) under the dome and (b) in LFS. The capture coefficient is ξ = 0.3. The pumping port 

is indicated as a black solid line. 
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Fig. 7. The temperature contours for the case (a) without and (b) with dome, the pumping port is under the dome and ξ = 0.3. The pumping port is indicated as a black 

solid line. 
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and its vicinity can be expected. This outflux can be reduced by

a factor of 2 by shifting the pumping port directly under the

dome. Therefore, the dome structure in the DEMO divertor can

be favorable in protection of the x-point region from neutral re-

flux with consequentially possible thermal instability (MARFE) on-

set and, eventually, disruption occurrence. Finally it is noted that

in all the obtained calculations, the flow field remains homoge-

neous without the presence of vortices. This can be justified by

the fact that the present geometry does not include any surface

with high curvature, which promotes the formation of such flow

structures. 

With regard to DEMO, it has to be noted that the divertor de-

sign will have to reconcile also other requirements than those for

particle exhaust as discussed in this paper. It is obvious that plac-

ing the pumping port directly under the dome has also implica-

tions on manufacturability, accessibility, neutron streaming or the

potential exploitation of a breeding function in this area. The final

design will hence be decided during value engineering later in the

DEMO project, when the trade-offs between various options can be

better evaluated. 
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