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 i g  h  l  i  g  h  t  s

A  brief  overview  on the  European  DEMO  divertor  cassette  design  studies  is presented.
Comprehensive  computational  assessment  of multi-physical  loads  is  reported.
Constraints,  impact  and  implications  of predicted  loading  are  explained.
System  performance  and  rationales  of further  design  optimization  are  discussed.
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a  b  s  t  r  a  c  t

Since  2014  preconceptual  design  activities  for European  DEMO  divertor  have  been  conducted  as an
integrated,  interdisciplinary  R&D  effort  in the  framework  of  EUROfusion  Consortium.  Consisting  of two
subproject  areas,  ‘Cassette’  and  ‘Target’,  this  divertor  project  has  the  objective  to deliver  a  holistic  pre-
conceptual  design  concept  together  with  the  key  technological  solutions  to materialize  the design.  In  this
paper,  a brief  overview  on  the  recent  results  from  the  subproject  ‘Cassette’  is presented.  In this subproject,
the  overall  cassette  system  is  engineered  based  on  the load  analysis  and  specification.  The preliminary
eywords:
EMO
ivertor cassette
eutronics
ooling
hermohydraulics

studies  covered  multi-physical  analyses  of  neutronic,  thermal,  hydraulic,  electromagnetic  and  structural
loads. In  this  paper,  focus  is  put  on the  neutronics,  thermohydraulics  and  electromagnetic  analysis.

© 2017  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
lectromagnetic loads

. Introduction

Since 2014 preconceptual design activities for developing the
ivertor of European DEMO reactor have been conducted in the
ramework of EUROfusion Consortium. The aim of the divertor

roject (WPDIV) is to deliver a holistic design concept together
ith the key technologies required for materializing the concept
reparing the conceptual design phase. WPDIV is an integrated,
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/).
interdisciplinary R&D effort where 6 research institutes and 3 uni-
versity groups are involved.

WPDIV consists of two  subproject areas: ‘Cassette design and
integration’ (hereafter ‘Cassette’) and ‘Target development’ (‘Tar-
get’). In the subproject ‘Cassette’, the overall system of cassette body
is engineered whereas in the subproject ‘Target’ advanced design
concepts and key technologies for the plasma-facing components
(PFCs) of the targets are developed [1,2].
This design study is based on the baseline CAD configuration
model of the European DEMO plant issued in 2015 [3]. The envis-
aged fusion power is 2037 MW (net electric power: 500 MW).  In
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Fig. 1. (a) CAD model of the DEMO divertor cassette and (b

his paper, recent results from the WPDIV activities are presented
ocusing on the subproject ‘Cassette’ (Fig. 1 [1] ).

. General technical information

In the European DEMO plant design, the divertor consists of 54
eparable cassettes. For each set of three cassettes, a lower port
s assigned for remote maintenance operation. The DEMO divertor
as a reduced size compared to the ITER divertor [4].

In Fig. 2 the sectional geometry of the current cassette model
revised in 2016) is illustrated together with the dimensions. The
assette body has a poloidal extension of 3.02 m,  height of 1.97 m
nd toroidal outer width of 1.04 m.  The nominal gap size between
wo adjacent cassettes will be between 20 and 30 mm.  The main
ody of cassette is made of Eurofer97, reduced activation ferritic
artensitic steel. It is divided into chambers separated by stiffening

ibs.
The in- and outboard vertical targets are protected by actively

ooled PFCs covering the surface. The PFCs and main cassette body
re cooled by separate cooling circuits to hold different coolant
emperature for each. The primary option for coolant is water for
he whole divertor whereas the feasibility of helium cooling is also
xplored as a low-priority option. The baseline design option for
ater-cooled PFCs is the ITER-type tungsten monoblock (with a

educed size) with CuCrZr cooling tube [4,5]. In addition, novel PFC
esign concepts are developed [2].

It is noted that the dome is still regarded as optional and its
ecessity is currently under extensive assessment.

. Neutronic analysis

Based on the DEMO plant CAD model of 2015 (with helium-
ooled pebble bed blanket), 3D neutronics analysis was carried out
sing the MCNP5 code and JEFF 3.2 nuclear data [6]. The calcula-
ions were normalized to the gross fusion power of 2037 MW which
ould correspond to a neutron production rate of 7.232 × 1020 n/s.

As the final decision is still open as to whether the dome shall be

eployed or not, it was assumed that the entire surface of the cas-
ette body to the plasma was covered with PFCs of the same kind
o shield the whole cassette from particles and radiation. It is noted
hat this is a temporary option to avoid any unrealistic neutronic

able 1
hemical composition of Eurofer97 steel (wt.%) [7].

Fe Cr W Mn V Ta C Ni 

base 9 1.1 0.4 0.2 0.12 0.11 0.01
get PFC mock-up with a schematic of the cross section [1].

assessment in the absence of a dome. A consolidated shielding con-
cept is currently devised which shall be employed in case dome is
not adopted.

For the neutronics modelling of PFCs, it was assumed that the
section of the PFC consisted of 3 homogenized layers where the
outermost layers were tungsten and the middle layer was  a mixture
of tungsten (W:  34 vol.%), water (33 vol.%), CuCrZr (18 vol.%) and
copper (Cu: 15 vol.%) representing the actual volume fraction of
constituent materials in the PFC.

For the cassette body, water as well as helium was  assumed
as coolant, for which 3 different cases of materials mixture were
considered as follows (volume percent):

1) H2O-cooled: Eurofer (54%), H2O (46%)
2) He-cooled: Eurofer (50%), He (50%)
3) He-cooled: Eurofer (30%), He (50%), B4C (20%)

In the case 3, B4C cladding was assumed for neutron shielding.
The chemical composition of Eurofer97 steel is given in Table 1.

Only the major alloying elements and the impurities of high radio-
logical impact are listed [7].

3.1. Neutron wall loading

The neutron wall load in the divertor exhibits high spatial vari-
ability due to the complex geometry. The maximum value amounts
to 0.53 MW/m2 at the upper surface of the cassette which is roughly
one half of the maximum neutron wall load at the outboard equa-
torial first wall (1.33 MW/m2).

3.2. Nuclear heating

Fig. 3 shows the spatial distributions of nuclear heating power
density in Eurofer for the water-cooled (left) and the helium-cooled
(right) cases, respectively. It shows that nuclear heating in Eurofer
was concentrated near the surface of the cassette and decreased
rapidly in the outward radial direction (nota bene: the color code

scale is logarithmic). The volumetric heating power density ranged
between 0.1 and 6 MW/m3 for the water-cooled cassette body
whereas it varied from 0.2 to 4 MW/m3 for the helium-cooled case
(0.1-3.5 MW/m3 with B4C shield).

Mo Ti Nb Al B Co

 0.005 0.02 0.005 0.01 0.002 0.01
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Fig. 2. Sectional geometry and dimensions of the DEMO divertor cassette model as of 2016. (a) toroidal mid-section, (b) radial projection view, (c) toroidal and poloidal cross
sections  (d) outboard part of a toroidal cut section showing ribs.

Fig. 3. Spatial distributions of nuclear heating power density in Eurofer in the cassette (left: water-cooled, right: helium-cooled without B4C shield).

Table 2
Total nuclear heating powers in the major components.

Nuclear heating in 54 cassettes (MW)  H2O-cooled (H2O: 46 vol.%) He-cooled (He: 50 vol.%) He + B4C (20%) (He: 50 vol.%)

Inner vertical target 5.4 4.9 3.8
Outer  vertical target 8.1 7.0 5.4

(
p
w
r
s
o
u
s
(

b
c
r

PFC  skin on cassette body 16.7 

Cassette body (bulk) 96.1 

Total  126.3 

The nuclear heating power in the major components of divertor
in 54 cassettes) is summarized in Table 2. The total nuclear heating
ower in the entire divertor amounts to 126, 73 and 76 MW for the
ater-cooled, helium-cooled and helium-cooled with B4C shield,

espectively. The higher heating power in the water-cooled cas-
ette was due to the presence of water where substantial amount
f power is deposited contrary to helium. For the underlying vac-
um vessel made of SS316L, water-cooling provided more effective
hielding (max. 0.7 MW/m3) compared to the helium-cooled cases
max. 1–1.8 MW/m3).

In the helium-cooled cases, the presence of the B4C shield did

ring notable shielding effect in the PFCs, but this effect was can-
eled out by the increased heating power in the cassette body
esulting in only minute difference in the total power.
14.0 11.3
47.0 55.6
72.9 76.1

3.3. Lattice damage by irradiation

The maximum values of dpa (displacement per atom) predicted
for the major components of the divertor after 2 fpy (full power
year) and for the vacuum vessel part locating directly behind the
cassette after 6 fpy are summarized in Table 3. The 2 fpy is the
envisaged period of continuous service before replacement for
maintenance (for vacuum vessel: 6 fpy).

Fig. 4 shows the spatial distributions of irradiation damage rate
in the divertor expressed in terms of dpa per fpy (left: water-cooled,
right: helium-cooled). The dpa in the copper heat sink was  always

higher than in the tungsten armor due to the lower energy thresh-
old and higher displacement cross-section of Cu compared to W.
The spatial variation of dpa damage amounted to a factor of two for
both Cu and W.  The higher dpa damage in the PFCs occurred in the
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Table  3
Irradiation damage after 2 fpy predicted for the major components of the divertor (in dpa).

Irradiation damage (dpa/2 fpy) H2O-cooled (H2O: 46 vol.%) He-cooled (He: 50 vol.%) He + B4C (20%) (He: 50 vol.%)

Eurofer cassette body <6 <10 <9
Tungsten armor 1.4–3 1.8–3.2 1.8–3.2
CuCrZr heat sink 6.4–12.8 8.4–14.2 8.4–14.2
SS  316L vacuum vessel (6 fpy) <1.6 <4.8 <3.9
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Fig. 4. Spatial distributions of irradiation damage rate (dpa per fpy) in

pper region near the blanket while the lower dpa appeared in the
ower part of the target around the strike point. Helium-cooling led
o slightly higher dpa dose than water-cooling due to moderation
f neutron through the steel body and water coolant. The maxi-
um cumulated dose in the W armor after 2 fpy (specified PFC

ifetime) reached 3 dpa for water- and 3.2 dpa for helium-cooling.
n the CuCrZr tube, the maximum dose was 12.8 dpa for water- and
4.2 dpa for helium-cooling. According to the previous irradiation
est data, CuCrZr exhibits saturation of tensile behavior in the dose
ange of 0.5-2.5 dpa [8] or 1–10 dpa [9] at 150–300 ◦C. Thus, the
eak dpa values (13–14 dpa) may  probably be acceptable.

The maximum accumulated damage in the steel cassette body
as 6 dpa (after 2 fpy) for water-cooling whereas it reached 10
pa for helium-cooling (9 dpa with B4C shield). If the water coolant
emperature is kept above 180 ◦C in the cassette body, then 6 dpa
ould be acceptable for Eurofer steel as the shift of the fracture

oughness transition temperature by irradiation up to 6 dpa still
oes not bring the steel into fully embrittled state [10]. For the
elium-cooled case, the inlet coolant temperature will have to be
igher than 210 ◦C to avoid full embrittlement of the steel body
t 9–10 dpa. The dpa profiles exhibited rapid decline in the radial
irection. In the outer bottom region the dose decreased down to
.02 dpa in the water-cooled cassette. In the helium-cooled case,
he dose in the same region was one order of magnitude higher due
o reduced shielding capability.

The cumulative damage in the vacuum vessel (SS 316L) after
 fpy was 1.8, 4.8 and 3.9 dpa for the water- and helium-cooled
ases with and without B4C shield, respectively. It is noted that
he allowed dpa limit specified for the austenitic stainless steel is
.75 dpa at which the fracture toughness is reduced by no more
han 30% [11]. Water-cooling ensures sufficient neutron shielding
or the vacuum vessel while it does not seem to be the case for the
elium-cooling cases.

.4. Helium transmutation

Formation of helium bubbles by transmutation causes severe
mbrittlement and swelling affecting reweldability required for
emote maintenance. The maximum helium production in the steel
assette body reached 100 appm after 2 fpy. The assumed boron
ontent in Eurofer97 was 0.002 wt.% (Table 1) which is the max-
mum allowable impurity concentration limit for boron defined

n the F4E specification [7]. The helium concentration limit below

hich rewelding using electron beam is supposed to be possible
s 1–3 appm [11] being two orders of magnitude lower than the
redicted maximum value on the plasma-facing surface. For ensur-
ivertor (left: water-cooled, right: helium-cooled without B4C shield).

ing reliable rewelding of cooling pipes, the cutting zone has to be
located in the outermost outboard region sufficiently shielded by
the blankets and cassette itself.

3.5. Forthcoming analyses

The next neutronics analysis campaign will include the effect of
the dome, realistic distribution of materials in a refined CAD model
and revised divertor cassette layout (e.g. port plug in the lower
domain for shielding the vacuum vessel).

4. Cooling scheme and thermohydraulic analysis

4.1. Operation temperature range for the water-cooled cassette

The baseline cooling concept is based on water-cooling while
helium-cooling is considered as advanced design option. In this
paper, discussion is focused on the water-cooling case.

It is one of the basic design requirements that the structural
material of the cassette body (i.e. Eurofer steel) be operated in such
a way  that uncontrolled fast fracture is avoided. In this design study,
fracture toughness transition temperature (FTTT) was employed as
measure of critical temperature band across which the material
state in the crack-tip region rapidly changes from ductile to brit-
tle. As FTTT is measured using precracked specimens, it is regarded
more conservative compared to DBTT (ductile-to-brittle transition
temperature) by impact tests. The lower operation temperature
limit of irradiated Eurofer can be defined according to the FTTT data
at 6 dpa as follows [12]: >180 ◦C (with He production) or >120 ◦C (no
He production). The upper service temperature limit of Eurofer97
is known to be around 550 ◦C, above which the steel rapidly loses
strength. The thermohydraulic design for cooling the steel cassette
body should respect these temperature constraints.

4.2. Water-cooling of cassette body

The interior of the cassette body is divided into many cham-
bers separated by ribs (20 mm thick) each with a hole (diameter:
40–70 mm)  through which the pressurized coolant is guided to
flow. A schematic view of the cassette interior is illustrated in
Fig. 5(a). The outlet and inlet coolant feeding pipes connected to

the outboard edge face are shown. The layouts of the feeding pipes,
ribs and holes were optimized on the basis of iterative CFD simula-
tions. The rectangular cross section of the cassette body consisted
of lattice-like chambers. The middle poloidal rib separates the inlet
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Fig. 5. A schematic view of the cassette interior with the inlet and outlet coolant feeding pipes on the outboard boundary face (left) and a poloidal cut section of the cassette
(right) where the direction of coolant flow is schematically illustrated.

Table 4
Input parameters considered for CFD analysis of the water-cooled cassette body and
the  predicted results of thermo-hydraulic performance.

H2O-cooled cassette Pipe design 1 Pipe design 2

Coolant inlet temp. (◦C) 150 180
Coolant inlet pressure (MPa) 3.5 3.5
Mass flow rate (kg/s) 308 861
Coolant outlet temp. (◦C) 220 210
Pressure drop (MPa) 0.01 0.1
Pumping power (kW) 4 93
Coolant max. temp. (◦C) 242 (at the wall) 214 (at the wall)
Cassette body temp. (◦C) <330 <330
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Table 5
Thermohydraulic performance of the water-cooled target PFC predicted for three
different cooling options.

per cassette Option 1 Option 2 Option 3

Mass flow rate (kg/s) 60 110 60
Temperature rise (◦C) 9 5 9
ig. 6. Streamlines and speed of the water coolant flowing in the divertor cassette
left). Two  different design concepts of the cooling pipe connections to the cassette
ody (right).

nd outlet coolant streams (see Fig. 5(b)). The outer shell plate is
0 mm thick.

To assess the cooling performance of the water-cooled cas-
ette body, full 3D thermohydraulic analysis was carried out based
n finite volume method using commercial computational fluid
ynamics (CFD) code, ANSYS-CFX (v16). The input coolant param-
ters and the results of 3D CFD analysis are summarized in Table 4.
etails of the CFD simulation are found elsewhere [13,14].

In Fig. 6, the streamlines of water coolant are plotted together
ith the speed distribution in color code. In general, the water
ow exhibits a reasonable streamline pattern, but two large vor-
ices formed in the outboard region need to be reduced by further
ptimization of the rib structure.

It is found that the water-cooling case exhibits a reasonable
hermal and hydraulic performance. Particularly, water-cooling is
eneficial in terms of the low pumping power (4 kW in total) and
igh heat capacity. The maximum temperature developing in the
teel body was far below the maximum allowable service tempera-

◦ ◦
ure limit (550 C). The water coolant bulk was heated up to 220 C
n the outlet region. The maximum temperature in the coolant
eached locally up to 242 ◦C in the thin boundary layer near the
nner surface which was close to the vaporization temperature at
Pressure drop (MPa) 1.4 1.5 1.8
Min. velocity (m/s) 17 15 15
Min. CHF margin 1.6 1.6 1.4

the given pressure. For increasing the margin to film boiling water,
mass flow rate needs to be increased.

4.3. Water-cooling of target PFCs

The thermohydraulic performance of the water-cooled diver-
tor target PFC was assessed by means of 3D CFD simulations. The
target PFCs are exposed to high heat flux loads generated by radia-
tion (53 MW),  plasma bombardment (39 MW)  and nuclear heating
(14 MW).  This means that 54 in- and outboard target plates have
to exhaust the deposited thermal power of 106 MW in total. At
the plasma strike point the maximum power density was  assumed
to reach about 20 MW/m2 during slow transients (loss of plasma
detachment) in 2–3 s. During a quasi-stationary operation (pulse
duration: 2 h) the heat flux density profile was  assumed to range
from 1 to 10 MW/m2 [15]. The power exhaust capability has to be
assured in terms of global energy balance as well as local margin to
critical heat flux (CHF) at the tube wall. To this end, a highly efficient
cooling scheme and technologies are demanded.

In WPDIV, three different options of cooling circuit have been
devised and estimated (Fig. 7). Following coolant parameters were
assumed for the PFCs as CFD boundary conditions [2]:

– Peak heat flux density at strike point: 20 MW/m2

– Heat flux peaking factor at the tube wall: 2
– Coolant temperature: 150 ◦C (PFC inlet)
– Coolant pressure: 5 MPa  (PFC inlet)
– Mass flow rate per pipe in PFC: 1.67 kg/s

The results of the comparative CFD analysis are summarized in
Table 5. All three options allow sufficient margin to the CHF at the
strike point for the applied surface heat flux. It is noted that the
recommended margin to CHF is 1.4 at least. The rise of coolant
temperature looks also moderate for all three cases.

On the other hand, pressure drop is quite significant, especially

for option 3. Another concern is the high coolant speed locally peak-
ing up to 20 m/s  so that corrosion-erosion of pipe wall is fostered.
The outcome of this CFD analysis implies that the peak coolant
speed needs to be reduced by decreasing the inlet water tempera-
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d for the thermohydraulic design of the divertor target plate.
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Fig. 8. Electric potential field generated by a VDE (left) and halo current path indi-
cated with arrows (right).
Fig. 7. Three different cooling scheme options considere

ure and/or increasing the tube radius. A follow-up investigation is
ngoing targeting the coolant speed of about 10 m/s, pressure drop
elow 1.4 MPa  and CHF margin higher than 1.4. Here, the oper-
tion temperature range recommended for the irradiated CuCrZr
eat sink tube (structural material) by the structural design code

TER SDC-IC imposes constraint on the applicable coolant temper-
ture [16,17]. For relaxing such constraint, advanced design rules
ased on non-ductile fracture mechanics can be employed so that
he use of low-temperature operation of divertor PFCs is justified.

. Electromagnetic force analysis

Global plasma instabilities such as plasma disruptions and ver-
ical displacement events (VDEs) induce or generate huge transient
lectric currents in the conductive steel cassette body. Disruptions
nduce eddy currents whereas VDEs generate halo currents. The
nteraction of the currents with the magnetic field induces Lorentz
orce (�F=�J × �B) as impact load. Particularly, the force induced by a
DE can impose a critical impact on the divertor due to high current
ensity. In WPDIV, finite element method (FEM)-based 3D elec-
romagnetic analysis was carried out to assess such impact loads
ssuming various parametric combinations. In this paper, only the
esult for the most critical case is presented (product of halo frac-
ion and toroidal peaking factor: 1, halo current partition ratio
etween the main body and other parts: 1). The duration time of

inear current quench was assumed to be 50 ms  [18] (For DEMO, it
as revised to 70 ms  [19]). It was assumed that plasma disruption

egan 10 s after the initiation of fast discharge (characteristic time:
7 s). Contact resistance was neglected. The radial decay of toroidal
agnetic field ranged from 8.3 T to 5.6 T (nominal BT: 5.6 T).

.1. Halo current

Fig. 8 illustrates the electric potential field generated by a VDE
n color code (left) together with arrows indicating the current
ath and direction (right). The electric potential built up along the

oloidal direction from the inboard top toward the outboard end
orming the halo current path. The maximum halo current den-
ity reached 2.2 MA/m2. Concentration of current density occurred
ocally at the shell edges and corners.
Fig. 9. Induced Lorentz forces in the divertor cassette shell plate (left: vertical, right:
radial component).

5.2. Lorentz forces and stresses

The induced Lorentz forces in the shell plate are plotted in
Fig. 9 (left: vertical, right: radial component). Strong upward verti-
cal force appeared in the middle part of the cassette body (30 MN)
and downward vertical force in the inboard and outboard wings
(10 MN). The upward vertical force causes (elastic) deformation
of the middle part where the displacement reaches up to 1.4 mm
upwards.

Fig. 10 shows the induced stress fields (von Mises stress) in the
outer shell plate (left) and in the internal ribs (right). The stress state
in the entire cassette structure remained in the elastic regime even
in the most severe loading case considered in this analysis. This

result indicates that the cassette body is robust enough to with-
stand the transient electromagnetic impact loads caused by plasma
VDEs.
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. Other activities

In subproject “Cassette”, other activities are being performed as
ell. Examples are: FEM-based structural analysis and code-based
esign study, optimization of CAD models, development of cassette
xation scheme, experimental verification of CFD, and functional
nalysis, etc. (will be reported elsewhere.)

. Conclusions

The initial design exploration study in the preconceptual design
hase to develop European DEMO divertor has been recently
oncluded. In the subproject ‘Cassette design and integration’, fol-
owing results are the major achievements:

 CAD: complete 3D configuration model was created.
 Neutronics: the radiological impact was analyzed for the case
dome is not deployed. Armoring of cassette surface with the PFCs
similar to the target necessitated improved shielding.
 Thermohydraulics: for both target PFCs and cassette body, the
current design of water-cooling circuits seemed adequate.

 Electromagnetic analysis: the current cassette model seemed to
be robust enough to accommodate VDE impact loads.
d Design 124 (2017) 364–370
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