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Fig. 11. Electron, ion and total parallel heat flux profiles (%%, ¢35, ¢*% + q3%)
in the Low-Field-Side SOL near the X-point; (a) standard y and D case (1.0 and
0.3 m? 1) and (c) smaller case (0.5 and 0.15 m?s~"). Mach number profiles of
the parallel plasma flow in the SOL near the X-point; (b) and (d), respectively.
Minus value corresponds to the plasma flow towards the outer midplane, i.e
“flow reversal”. Distance from the separatrix near the X-point is mapped to the
midplane SOL radius [15].

“far-SOL”, and the former is mostly attributed by the electron conduc-
tive transport. 255 values of g% and ¢’% -+ ¢ profiles become smaller
(from 2.3 to 1.6 mm and from 2.9 to 2.2 mm, respectively) mainly due to
reduction of the radial diffusion and enhancement of the parallel
conductive transport. Reference [15] (Fig. 6 (e)) showed that g7
values of four representative 3% + ¢ profiles for the different Py, and
4% cases were 1.2 - 1.6 times larger than those for the ¢, profiles, and
they were decreased from 2.5 — 3.3 mm (for the reference y and D) to 1.7
— 2.2 mm for the reduced y and D case.

On the other hand, the transition from the “near-SOL” to the “far-
SOL” in the g%% + ¢X% profile is attributed to the ¢’% profile, i.e. ion
transport. Simulation results suggested that “flow reversal” [52] is
produced above the outer divertor target by locally increasing neutral
ionization and plasma pressure, and that it is extended to the low-field-
side SOL. Fig. 11 (b) and (d) show Mach number (V,,/Cs) profiles of the
plasma flow near the X-point, where the flow reversal is seen in r™¢ <
1.7 cm and < 1.1 cm, respectively. The parallel convective transport is
produced in the same direction. The g%, profile shows the ion heat flux
towards the outer divertor, thus the convective heat flux produced by
the flow reversal is not included. Flat “shoulder” in the ¢35 profile be-
comes more significant as radially extending the convective heat flux by
the flow reversal, as shown in Fig. 11 (a). Since contribution of g%} on
the ¢f% + ¢% profile becomes larger than ¢5%, at the outer ™, the
transition from the “near-SOL” to the “far-SOL” is seen outward in the
% + @7, profile for the standard y and D case. Fig. 11 also shows that
the transition locations of (a) ™9 ~ 1.1 em and (¢) ™4 ~ 0.7 em
correspond to peaks of the flow reversal profiles. These locations also
correspond to flux surfaces of the detach-attach boundary at the outer
target (rdiv ~ 12 cm and ~ 7 cm, respectively). At the same time, the
peak Giarger was produced in the attached region, as shown in Reference
[14] (Fig. 5), and the peak is increased from 5.8 to 9.5 MWm 2 mostly
due to increases in the local 7*;‘” and T‘iﬁv. Since the “flow reversal” re-
duces the impurity retention above the divertor target, the radiative
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Fig. 12. Representative peak iarge: at the outer target for four series of Pgep
(~235/283 MW) and f*f;‘é (~0.67/0.78) as a function of ng® [14]. Open
symbols show corresponding four results with transport coefficients reduced a
factor of two (ye = ;i = 0.5 m% ! and D = 0.15 m%!). Four guidelines
correspond to results with standard y and D from Fig. 6.

cooling may not be efficient at the downstream of the flow reversal peak.
These simulation results suggested that the “flow reversal” formation
affects the partial detachment profile and the peak qarger as well as the
parallel heat flux profile in SOL.

Results of the peak qrarger at the outer target for the smaller y and D
cases are added to the results of Fig. 6, with open symbols in Fig. 12.
Similar to those in Sec. 3.2, the peaks of Grarger are increased with
increasing Psep-(l-f*fé‘é) and they are reduced with increasing ni’® for
each case. The lower boundary of ng® for Grarget < 10MWm 2 is deter-
mined to be 2.0x10"° and 2.3x10'° m~ for the referencef*fg‘é (~0.78)
cases: Pgep = 235 MW (red) and 283 MW (blue), respectively. Therefore,
the Case-1 is acceptable in the low niP operation, but higher n§®® (>
2.3x10'” m™) is required for the Case-2. On the other hand, for the
lower f*d% (~0.67) cases, the peak Grarget and n¢P are significantly
increased with decreased partial detachment width and increased local
T and T8V, Thus the divertor operation is difficult in the low niP
range. As a result, the reduction in y and D significantly affected the
divertor power exhaust due to increase of the g,/ profile in the far-SOL
as well as the dominant q,/. near the separatrix. In order to produce the
detached plasma at the significantly large g,, region and to reduce the
peak Grarget < lOMWrnfz, high f""ﬁg‘é of 0.8 level was necessary for the JA-
DEMO divertor design.

4. Divertor target and heat removal design
4.1. Design concepts and key design parameters

Conceptual designs of the plasma facing components (PFCs) and
coolant routing in the divertor cassette have been developed based on
divertor simulation results. Since steady-state power handling of 10
MWm Zlevel peak heat load is a common requirement for the con-
ventional divertor design, the water-cooled target of the ITER technol-
0gy, i.e. W-monoblock (W-MB) and Cu-alloy (CuCrZr) cooling pipe [25],
is a primary baseline concept. On the other hand, engineering design
adequate for higher neutron irradiation condition is required for the
DEMO design. Recent design concepts are summarized in Table 5;
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Table 5
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Key components and parameters of armor, heat sink and cassette for water-cooling divertor concepts of EU-DEMO, JA-DEMO, CFETR and K-DEMO.

EU-DEMO [53,54]

JA-DEMO [18]

CFETR [46,55]

K-DEMO [22]

Number of cassette 48 48 80 32 (upper/lower)
Number of divertor maintenance ports 16 16 16 16
Total cassette weight incl. PFC units (ton) 8.3 ~ 22 ~8 TBD
Target Plasma facing component w w w w
Heat sink pipe CuCrZr CuCrZr CuCrZr CuCrZr/RAFM-steel
Water temperature (°C)/ P(MPa) 130/ 5 200/ 5 140-180/ 5 70/4 or 290/15
Dose rate on PFC (dpa~FPY'1) <1.9 < 0.5 < 0.5 < 0.4
Dose rate on cooling pipe (dpa-FPY!) <7.2 <15 <15 <19or<1.2
Upper target (Baffle) Plasma facing component 1) w w w
Heat sink pipe — F82H CuCrZr/RAFM-steel ~ RAFM-steel
Water temperature (°C)/ Pressure (MPa) — 290/ 15 140-180/ 5 150/ 5
Dose rate on PFC (dpa-FPY ™) — <2 <2 <26
Dose rate on cooling pipe (dpa-FPY™) —_ <6 <6 < 10.9
Dome (Liner) Plasma facing component W (*1) w w w
Heat sink pipe EUROFER97 F82H CuCrZr/RAFM-steel RAFM-steel
Water temperature (°C)/ Pressure (MPa) 180/ 3.5 290/ 15 140-180/ 5 150/ 5
Dose rate on PFC (dpa-FPY'l) <18 <1.6 <2 <1.9
Dose rate on cooling pipe (dpa-FPY™) <5 <5 <6 <78
Cassette Structural material EUROFER97 F82H SS316L/RAFM-steel ~ RAFM-steel
Water temperature (°C)/ Pressure (MPa) 180/ 3.5 290/ 15 140-180/ 5 290/ 15
Dose rate on structural material (dpa-FPY™) <6 <3 TBD TBD
Note *1) Baffle is not installed. Liner is installed for protection against the plasma and neutron irradiation.
(b) (d)

Irmer baffle

Quter baffie

Fig. 13. Recent divertor designs for (a) EU-DEMO [54], (b) JA-DEMO [18], (c) CFETR [55], (d) K-DEMO [22].

designs of the divertor PFC units and cassette body (CB) for EU-DEMO,
JA-DEMO, CFETR and K-DEMO are shown in Fig. 13. The water-cooled
target concept is selected for the EU-DEMO as a baseline concept
[53,54], which can take advantage of the thermal conductivity and the
thermohydraulic properties compared to helium gas. All DEMO concepts
have the same number (16) of the toroidal field coils (TFCs), which is
less than ITER (18), and the maintenance port is located between TFCs.
Three adjacent divertor cassettes are replaced through one maintenance
port in both EU-DEMO (temporary option) and JA-DEMO. The divertor
geometry for EU-DEMO is simplified compared to that of ITER, i.e.
baffles are removed, inner and outer target plates cover ~ 0.7 m near the
strike-points and a flat shielding liner is installed to protect the vaccum
vessel against high neutron irradiation and to prevent gas backflow. The
weight of one EU-DEMO divertor cassette is 8.3 tons, which is compa-
rable to that of an ITER divertor cassette. JA-DEMO divertor PFC en-
closes most of the divertor plasma below the X-point similar to the ITER
design, thus the total weight of one cassette (~22 tons) is 2.7 times
heavier. In order to reduce each cassette weight for CFETR, the number
of the cassettes is increased to 80.

Neutron irradiation doses, i.e. displacement per atom rate (dpa), on
the W-MB and the CuCrZr heat sink are significantly increased in DEMO
compared to ITER due to increasing operation time as well as the
neutron flux. The maximum doses rates for a full-power-year (FPY)
operation, i.e. dpa-FPY!, become larger than their doses for the full
operation period of the ITER divertor, which are expected to produce
0.54 (W-MB) and 2.5 (CuCrZr) [56]. Therefore, the engineering design
and technology of the divertor component should consider degradation
of material properties and reductions of irradiation damage prior to the
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scheduled replacement. Table 5 shows that the maximum dose rates on
the W-MB and CuCrZr pipe are 1.9 and 7.2 dpa-FPY}, respectively, at
the upper corner of the EU-DEMO target. The former dose rate on the W-
MB is comparable to those at the baffle for the other DEMO divertors,
which apply the reduced activation ferritic martensitic (RAFM) steel
pipe to the heat sink. It is noted that dose rates on the W-MB and CuCrZr
pipe near the outer strike point for EU-DEMO are ~1 and 2 - 3 dpa-FPY"
1 respectively [54], both of which are larger than ~0.4 and ~1.2
dpa-FPY'1 for JA-DEMO [6], due to the influence of shallow divertor
geometry and larger Pggion.

Under severe neutron irradiation condition, reduction in thermal
conductivity of the W-MB and coolant pipe, and degradation of their
mechanical properties become critical issues to determine the replace-
ment of the water-cooled divertor target in addition to various surface
damages and erosion caused by the plasma irradiation as expected in
ITER. For the former two factors, design issues of the PFC unit and
coolant condition are explained below. Replacement of the W-MB and
heat sink is prefered to be done at the same time as that of the breeding
blankets (BBs) such as once in 3-4 years, which is determined by the
dose restriction (such as 50 dpa) on the structual material (RAFM-steel)
and the maximum dpa-FPY'1 on the BB for EU- and JA-DEMOs [57,58].

Reduction in the thermal conductivity of the W-MB due to the nu-
clear transmutation to Re and Os reaching 1 — 2 wt% at several dpa [59]
will be acceptable at the high surface temperature of 500 — 1200 °C.
Further factors to reduce the conductivity and mechanical properties of
the armor material, i.e. bulk-W and W-alloy, by neutron irradiation and
plasma surface interaction were reviewed in other references [60,61].
As shown in Sec. 3.4, net erosion by the plasma irradiation may become



N. Asakura et al.

a lifetime issue under the partial detached divertor condition. In addi-
tion, recrystallization will progress even at lower temperature for year-
long operation such as reducing surface temperature to ~900 °C after
2.4 years [62], where the steady-state peak qrarger may be reduced less
than 10 MWm 2 in the later period.

Selection of Cu-alloy (CuCrZr and Cu-base composites) as the heat
sink for the high heat load target is owing to their excellent thermal
conductivity. On the other hand, replacement of the water-cooled target
will be determined firstly by the dose on the heat sink, while the dose on
the support structure (RAFM steel) is also important. Constraint factors
on the material properties and their appearance doses under the neutron
irradiation condition are shown in Table 6 [63]. First, radiation induced
hardening at the lower temperature starts from the low irradiation dose
(~0.2 dpa), then radiation induced softening and creep are anticipated
at high temperarture (> 280 — 300 °C) above 1 — 2 dpa [63,64].
Therefore, degradation of the mechanical property of the Cu-alloy pipe
at high temperarture with 1 — 2 dpa is anticipated as a critical lifetime
issue for the high heat load PFC in JA-DEMO, K-DEMO and recent
CFETR divertors, and these designs consider that it is used only for the
target. For the higher dose rate (up to 5 - 6 dpa-FPY'l) but lower heat
load (lower than a few MWm ™ 2) region such as the baffles, reflectors and
dome, the RAFM-steel pipe is applied to the heat sink. JA-DEMO an-
ticipates replacement of the inner and outer targets after 1 — 2 year long
operations, i.e. more frequently compared to the BB replacement. At the
same time, the coolant temperature (Tcoo) for the high heat flux
component is increased to higher than that of ITER (~70 °C). The se-
lection of Tcoo has large variation between 70 °C and 200 °C at the
conceptual design stage, i.e. K-DEMO: 70 °C, EU-DEMO: 130 °C, CFETR:
140-180°C, JA-DEMO: 200 °C. On the other hand, for the EU-DEMO, it
is tentatively assumed that the key mechanical behavior of the CuCrZr
heat sink irradiated for two FPYs would not significantly change at least
up to 10 dpa (reduction of thermal condictivity by transmuted product),
considering the pronounced mechanical saturation behavior of CuCrZr
specimens irradiated and tested at low temperature (150 °C) after a low
irradiation dose (< 0.6 dpa) [65]. Lower Tco01 (130 °C) for EU-DEMO is
determined mainly by the requirement to ensure a safety factor of 1.4 (i.
e. 40 % margin) to the critical heat flux (CHF: 45 MWm~2) of the coolant
for the slow-transient high heat load of 20 MWm ™2 with 10 s. Additional
discussions of the coolant condition are described in Sec. 4.2.2 and
4.2.3. A comprehensive database of these properties, design criteria and
their improvement are required to determine the life time of the power
handling unit.

4.2. Design status and issues of heat removal components, cassette and
coolant condition

Design of the plasma facing component (PFC) for the 10 MWm 2-
level peak heat load, arrangement of coolant routing and selection of the
coolant condition have been investigated for the different DEMO
divertor concepts. Design status is shortly reviewed, and common design
issues are clarified below.

Table 6
Design constrains of Cu and Cu-alloy under neutron irradiation condition [63].
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Fig. 14. Design of JA- DEMO divertor (2020): (a) arrangement of the targets,
baffles, reflectors, dome and cooling pipes in a cassette, (b) flow velocity (inlet),
coolant temperature and pressure in the CuCrZr and F82H pipes for the heat
sink units. Here, heat removal is evaluated assuming both the inner and outer
Grarget to be 10 MWm 2, which was larger than the simulation result in Sec.
3.2. [18].

4.2.1. High heat flux PFC and coolant route design

The arrangements of the JA-DEMO divertor and the coolant routes
are shown in Fig. 14 (a) and (b). The W-MB and CuCrZr pipe PFC units
cover the high heat load region of 0.8 m near the inner and outer strike-
points. The coolant route for the two targets is recently revised to be
parallel circuit [18] in order to supply the coolant with the velocity
(Veool) Of 14 — 16 m-s™! in the swirled pipe. This reduces the pressure
drop to be less than 1 MPa at the inner target incorporating a smaller
number of W-MB units, i.e. 32 and 43 for the inner and outer units. In
addition, corrosion on the inner wall of the pipe above 200 °C is a
common design issue. Corrosion of the inner target pipe by the high T¢q01
and Vo1 coolant will be reduced.

The divertor configuration and coolant routing for the EU-DEMO
have been revised to the one shown in Fig. 15 (a-c) [54]. The length
of the vertical target (VT) of ~0.7 m is comparable to the JA-DEMO
divertor target (~0.8 m). The parallel circuit concept is also a baseline
of the EU-DEMO divertor. The coolant route is divided to the inner and
outer targets (incorporating 32 and 44 W-MB units, respectively), and
Veool is comparable for both targets (14 — 16 m-s~! in swirled cooling
pipe). The parallel circuit design for the high heat flux PFCs becomes a
common design for the two DEMO divertors, while the series circuit is
used for the ITER divertor.

The W-MB and F82H pipe unit is used in the higher neutron irradi-
ation region of the JA-DEMO divertor such as the dome, reflectors and

Softening Embrittlement Thermal cond.reduction
Heat sink/ Coolant Yield strength at RT Threshold Radiation-induced Embrittlement by transmuted He (dpa) ~ Reduction (20%) by transmuted product
pipe (MPa) © (dpa) (dpa)
hardening  softening
Cu ~ 60 MPa —_ ~0.1 - 6 (at 350C) 40 appm limit with 10
CuCrZr > 400 MPa 280 ~0.2 ~1 7appm/dpa 10
ODS-Cu(GlidCop® > 400 MPa 300 ~ 0.2 1~2 10

[631)
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(a)

Inner target

Outer target

Inner target

Outer target

(C)

W-monoblock/CuCrZr-pipe
Inlet: 130°C, 5SMPa

Cassette/liner (EUROFER)
Inlet: 180°C, 3.5MPa

l Cassette (plasma side) |

outer target| |inner target
13-15m/s 13-15m/s

- outer reflector
shieling liner
Outlet: 137°C, 4MPa | ] .

[ cassette (VW side) |

[ Outlet: 210°C, 2.9MPa (variable) |

Fig. 15. Recent design of EU-DEMO divertor (2019) [54]: (a) cassette with
target plates, shielding liner and cooling manifold with higher temperature
(180-210 °C) coolant route shown by arrows. (b) Arrows show lower temper-
ature (130-140 °C) coolant route for inner and outer targets. (c) Flow velocity,
coolant temperature, pressure for targets and cassette body.

baffles. Higher T.o0 and pressurized water (290 °C, 15 MPa) similar to
the BB design [67] is used for the electricity generation by turbine
system similar to a pressurized water fission reactor (PWR). The
maximum heat load to the W-MB surface is 1 — 1.5 MWm ™2 and V¢, is
relatively small (3 — 4 m-s™!) in the steady-state operation. Thus, the
coolant route to the dome and reflectors is arranged by a series
connection due to reducing the route branches and joints as shown in
Fig. 14 (b). On the other hand, it is revised to the parallel one to exhaust
the nuclear heat on the support structures as well as the PFC units.
The divertor configuration and water routing for the CFETR were
recently improved. The divertor design and coolant routing was devel-
oped from a simple parallel one [46] to a hybrid one [55] as shown in
Fig. 13 (c) and 16 (a), respectively. The divertor consists of three plasma
facing modules (inner target, dome and outer target) and the CB, and all
components are cooled by single coolant condition. The former design
proposed that reflector plates and baffle were connected to the target
module, where the CuCrZr pipe is used for all target and dome modules.
Low Teoo1 (140 °C, 5 MPa) coolant was provided in parallel to inlets of
the three modules in order to provide similar flow velocity of 10 m-s ! to
the inner and outer targets since the in-out asymmetry of the W-MB unit
numbers (18 and 28, respectively) is larger than those for EU- and JA-
DEMO divertors. A hybrid routing is proposed to improve the heat
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Fig. 16. (a) Hybrid coolant circuit concept for CFETR divertor [55]; OVT: outer
target and baffle; IVT: inner target and baffle; Dome: umbrella, inner and outer
reflector plates. The number labels show the quantity of the cooling unit
channels. (b) Schematic of streaming sequence of the coolant. Dome part I and
IT describe Dome module divided toroidally.

removal of the outer target more efficiently, and to apply the W-MB units
with RAFM-steel pipes at baffles and dome similar to the JA-DEMO
divertor. Therefore, Tcoo is increased to 180 °C comparable to the CB
coolant for the EU-DEMO divertor. The flow scheme is shown in Fig. 16
(b). In the hybrid circuit, the main coolant flow is provided to the inner
vertical target (IVT), then divided to the inner target and baffle route
and to the dome one in parallel. The two routes are merged into the
outer baffle. Here, the dome circuit is separated toroidally to two half
structures (Dome part I and II), and the coolant circulates through the
inner reflector, dome and outer reflector of the Dome part I, then it is
returned in the Dome part II. The mass flow rates for IVT and Dome
routes are 12.2 and 7.1 kg-s~!, respectively. The pressure drop for the
two routes is similar (0.79 MPa), but the total one from the OVT to the
outer baffle is increased to 1.95 MPa.

Finally, the K-DEMO divertor consists of simply three plasma facing
modules (inner target, dome and outer target) and the CB as shown in
Fig. 13 (d) [22]. The dome structure is low height and extends to the
inner and outer reflectors. While the coolant routing is not proposed,
thermal analysis on the W-MB units with CuCrZr and RAFM-steel pipes is
performed under the steady-state peak heat load of 10 MWm 2 [68].
The W-MB size with the CuCrZr pipe is comparable to that of ITER and
that with RAFM-steel pipe is smaller, and the coolant conditions corre-
spond to 70 °C/4 MPa and 290 °C/15 MPa, respectively. The former
shows a similar result to the ITER divertor target, i.e. the maximum
temperatures of the W-MB and CuCrZr pipe are ~ 1242 °C and ~ 271 °C,
respectively. On the other hand, for the latter case, the maximum tem-
perature reaches a softening boundary of the RAFM-steel (~550 °C) at
the pipe top surface even though the pipe thickness is very thin (0.25
mm). Design of the W-MB units and coolant routing is in progress.
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4.2.2. Coolant and Cu-alloy pipe temperatures for high heat flux PFC

For the JA-DEMO divertor design, the total thermal power to the PFC
surface is assumed to be 325 MW, which includes about 40 % margin
above the simulation result (Psep ~ 235 MW), and the total volumetric
nuclear heating in the PFCs and the cassette body by neutron and y-ray
fluxes (114 MW) is considered [18]. Total thermal power to the inner
and outer target components is dominant compared to the nuclear heat,
and the thermal powers to the dome, baffles and reflectors are still larger
by the factor of 1.5 — 3. Temperature distribution on the fish-scale sur-
face W-MB and CuCrZr pipe are evaluated under high plasma heat load
(peak Garger of ~10 MWm ™ 2) and nuclear heating conditions. Since
relatively high T¢o0) (200 °C) coolant is provided in order to minimize
the irradiation embrittlement, the maximum temperatures of W-MB and
CuCrZr pipe correspond to, respectively, ~1190 °C (W-MB), which is
just below the critical temperature of W-recrystallization (~1200 °C),
and ~350 °C (CuCrZr pipe), where the influence of thermal softening is
somehow accommodated above ~300 °C [66].

For the EU-DEMO divertor design, the total thermal power to the PFC
surface (targets, shielding liner and reflection plates) is given to be 200
MW, which is 33% above the simulation value of Pgp ~ 150 MW, and
the total volumetric nuclear heat in the PFC units and the CB is 139 MW
[54]. The total thermal power is smaller than that of the JA-DEMO
divertor design due to smaller Pg;, and design margin, and the nuclear
heat is larger due to larger Pgysion. For the local coolant temperature of
150 °C near the strike point, the maximum temperatures of the CuCrZr
pipe are evaluated to be ~310 °C and ~440 °C at the upper location near
the strike point for the peak qrarger of 10 and 20 MWm 2-level, respec-
tively, corresponding to the steady-state and slow transient cases. The
former is slightly higher than the optimal temperature range of 250 —
300 °C, and the latter is expected to cause a reduction in the yield
strength, in particular, under the neutron irradiation. Inlet Teoo is
recently reduced from 150 to 130 °C in order to increase the CHF to
larger than 45 MWm 2 as shown in Table 5.

As a result, the lower T,q0) design is preferable from the viewpoints of
the influence of thermal softening even for the maximum steady-state
heat load (~10 MWrn’z) for the DEMO divertor design. On the other
hand, Tco01 (130 °C) is lower from the viewpoint of the thermal recovery
temperature (150 — 200 °C) of irradiated CuCrZr pipe. A comprehensive
material database of Cu-alloy in T (130 — 200 °C) range will be
demanded for the divertor operation and determination of the
replacement.

4.2.3. Thermal stress evaluation on high heat flux PFC

Elasto-plastic analysis with repeating high heat load is a common
method to evaluate strain from the initial shape and thermal stress on
the PFC component, which was performed for the JA-DEMO divertor
target under the high peak grarge; (10 and 15 MWm2) plus the nuclear
heating condition [18], while non-irradiation stress—strain database was
used. The maximum heat fluxes of 18 and 22 MWm’Z, respectively, are
widely distributed on the water side of the CuCrZr pipe, which corre-
sponded to 64% and 79% of CHF (28 MW m~2) of the high T¢o01 (200 °C)
coolant. For the latter case, the maximum temperature of the CuCrZr
pipe was increased to ~380 °C. Expansions in the pipe axis (z) and
circumferential (¢) directions are seen in the CuCrZr pipe under the MB
tile, and compression is caused between MB tiles. While the stress (67) —
strain (¢z) trace at the maximum stress location shows similar trajectory
(Aoz ~ 300 MPa and Aez ~ 0.25%) with repeated high heat load cycles.
Mechanical toughness of the pipe against thermal softening may not be a
critical lifetime issue at least for early stage of irradiated condition and
the peak qarger of 15 MWm ™2, but it is anticipated to be critical with
increasing the irradiation dose.

Uncertainty and/or limitations in lifetime projections of the CuCrZr
pipe and Cu interlayer have been examined for the EU-DEMO divertor.
Elasto-plastic analysis of the PFC component investigated under
repeated high heat load of 20 MWm 2 level by using available neutron
irradiation stress—strain database [69,70]. Even under non-irradiation
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condition, uncertainties come from (i) influences of initial residual
stress on the cooling pipe and interlayer, (ii) shakedown response of the
elasto-plastic structure in the early cycles, and (iii) loss of its initial yield
strength by ageing (softening by thermal ageing) under the long-term
cycles (in particular, exceeding the allowable service temperature
limit of ~350 °C). For the neutron irradiation cases, the low T¢oo1
(130 °C) would be still acceptable (suggested from ITER SDC-IC data)
that the total elongation remained > 5% in embrittled CuCrZr pipe (for
0.3 — 5 dpa). Also it could be rather beneficial since the fracture
toughness of the pipe (for 0.3 — 1 dpa) with a sub-mm level crack located
at the inner wall is decreased with increasing temperature until no
margin at ~350 °C for a large crack case. Furthermore, elasto-plastic
analysis results suggest that the most likely failure behavior would be
accumulated cyclic strain on the CuCrZr pipe surface, in particular, in
the gap between adjacent W-MBs, leading to early fatigue cracks and
potential coolant leaks. Consequently, elasto-plastic analysis study of
the PFC unit (in particular, CuCrZr pipe) under the EU-DEMO divertor
operation condition, i.e. the low T¢,01 and slow transient heat load of 20
MWm 2 level, has been developed under the above irradiation condi-
tion. Evaluation of the lifetime projection is in progress.

Copper interlayer could be hardened and embrittled when trans-
mutation gas bubbles (e.g. helium) are segregated at grain boundaries at
higher dose (~6 dpa). Embrittlement of the Cu interlayer leads to sub-
stantially high stresses (tensile stress on the W-MB), which may cause a
crack formation of the W-MB at or near the bond interface, leading to a
local reduction of heat conduction. Distinct consequences of limited
knowledge on the actual state of materials and effective loading history
are discussed in the light of expected failure modes. Degradation of the
mechanical property of the heat sink and joint/interlayer caused by
radiation induced softening and/or hardening at the lower dpa can be
minimized by application of new W and Cu/Cu-alloy target concepts as
shown in Sec. 4.3.

4.2.4. Cassette body and coolant design for DEMO divertors

CB design has been developed for each DEMO divertor to incorporate
the power exhaust units and coolant pipes, which should be consistent
with reducing the fast neutron flux to protect the vacuum vessel (less
than 2.75 dpa for both JA- and EU-DEMO divertors) and replacement of
the PFC units [18]. The number of main coolant pipes is minimized to
four, and the inlet and outlet are located at the outboard cassette. The
cassette structures and coolant conditions are different, but the CB can
be made by welding similar RAFM-steel (F82H and Eurofer97).

The JA divertor CB consists of thick (25 cm) plate structures with two
lines of cylindrical coolant puddles in order to reduce the fast neutron
and y-ray flux as shown in Fig. 14 (a). The exhaust slot is located at the
outboard bottom in order to reduce the neutron flux to the vacuum
vessel. The PWR condition coolant (290 °C, 15 MPa) is provided from
the inboard and outboard manifolds through the side routes of the CB to
the puddles, and it finally exits to a manifold near the exhaust slot. The
coolant velocity of 1.5 m-s~! is enough to remove the total nuclear heat
of 0.7 MW in one cassette body, corresponding to a total of 32 MW for 48
cassettes.

The EU divertor CB is composed of a box structure with internal ribs,
and it is cooled by higher inlet T¢y01 (180 °C, 3.5 MPa) coolant as shown
in Fig. 15 (b) and (c), which ensures the entire structure sufficient
fracture toughness at the neutron damage (less than 6 dpa) [54]. The
coolant is also used for the liner and reflectors by a series connection.
Since the exhaust opening is designed to be at the bottom of the CB, the
liner mainly has a role in reducing fast neutron flux to the bottom area of
the vacuum vessel. Total nuclear heat for 48 cassettes is 85 MW, which
also includes the liner, reflectors and support structures of the target PFC
units. In addition, that of 37 MW for the coolant fluid will be considered
to evaluate Tq0 in the circulation route.

The reduction in Ty for the CB and RAFM heat sink of the PFC units
is also a trade-off issue between irradiation embrittlement of the RAFM-
steel and heat exhaust design. The low Ty for the EU DEMO is
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determined by the temperature margin (up to 550 °C) of key compo-
nents such as supports of the reflector and liner plates due to inefficient
exhaust of local nuclear heat. For the JA-DEMO divertor CB, local
temperatures at the support structures of the inner and outer baffles are
higher than 600 °C. Improvement of the heat exhaust design and the
Teool Optimization are required.

4.3. Development of divertor target technologies for DEMO

The mechanical properties of the heat sink, the thermal contact to
interlayer and the W-MB are important key issues for Cu-alloy applica-
tion under neutron irradiation. Several technologies for the high heat
flux target have been developed in the EU to survive under DEMO-
relevant neutron irradiation conditions. All are based on W-MB as a
baseline plasma facing material, and Cu-alloy pipe with swirl tape to
increase the heat transfer at the pipe wall [71,72]. Material properties of
CuCrZr and Cu-interlayer are anticipated to limit the performance of the
target heat sink, e.g. irradiation creep above 350 °C and irradiation
embrittlement below 250 °C [66]. Thus, the pipe is reinforced by various
kinds of Cu-W composite materials and novel interlayer materials as
shown in Fig. 17 [54].

(a) The ITER-like W-MB with a CuCrZr pipe [71,73] is a baseline

concept also in the DEMO divertor, but the MB size is modified to

decrease the cross-section width to 23 mm, instead of 28 mm in

ITER in order to reduce thermal stresses and prevent vertical

cracking. The axial block thickness of 12 mm and front face armor

thickness of 8 mm above the cooling pipe are the baseline design.

The thermal break interlayer concept (developed in Culham

Centre for Fusion Energy: CCFE) is based on the ITER W-MB

target [74]. The concept features cut-outs in the Cu-interlayer in

the area of the highest heat flux to achieve a more uniform dis-
tribution of the thermal flux around the cooling pipe
circumference.

(c) The composite pipe concept (developed in Max Planck Institute
for Plasma Physics: IPP Garching) is based on a W wire-reinforced
Cu composite pipe [75], which expects better strength of the
cooling pipe, in particular, at high temperature (>350 °C).

(d) The functionally graded W/Cu (FGM) interlayer concept (devel-
oped in the French Alternative Energies and Atomic Energy
Commission: CEA) aims to replace the thick Cu interlayer [76],
which is expected to be fully embrittled by fast neutron due to
segregation of transmuted He at grain boundaries. Graded thin

(b)

(a) ITER-like

(Cu interlayer) (bores, notch) (W wire/Cu)

o

44

Cu (1mm)

-_ cuCrzr (1.5mm)

CuCrZr-pipe

(o
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(20 pm) and thick (500 um) W-Cu interlayer is used to improve
joining strength.
(e) The flat-tile concept with a composite heat sink block (developed
in Max Planck Institute for Plasma Physics: IPP Garching) uses W-
particle-reinforced Cu composite block [77,78] and it is expected
to enhance the mechanical resilience of the irradiated heat sink
against structure failure. The use of the W-Cu composite is sup-
posed to reduce the thermal expansion mismatch between the
armor tile and the heat sink block.
In addition, He cooling of the target using multi-jet pipe by W and
W-laminate (developed in Karlsruhe Institute of Technology: KIT)
is also developed as a long-term option [71].

®

Recently, small-scale mock-ups of each concept have been fabricated
and tested by means of hydrogen neutral beam in the GLADIS irradiation
facility in IPP Garching under the high power density at 20 MWm 2 up
to 2000 cycles (130 °C coolant, which is the expected operation tem-
perature). A good production quality and reliable high-heat-flux fatigue
performance was demonstrated. All mock-ups showed intact structural
integrity and stable heat removal capacity over the entire loading cycles.
Modest roughening of the W-MB surface and swelling of the blocks due
to inelastic deformation was found. The metallographic examination
revealed that the upper half of the MBs were completely recrystallized,
but no discernable cracks were found in any of the tested armor (290
blocks). Furthermore, other ITER-like mock-ups were tested at 25
MWm 2 up to 1000 pulses (20 °C and 105 °C coolant conditions) for
overload tests [79]. Also under the increased heat load, the mock-ups
exhibited intact structural integrity and stable heat removal capacity,
even though there was a single fine crack (6 mm in depth) initiated from
the MB surface which underwent a pronounced inelastic deformation
leading to overall severe roughening. The mock-ups even withstood the
overload up to 32 MWm™2 (5 pulses), which was the physical limit
nearly reaching the melting temperature of the W-MB surface without
any detrimental impact nor melting. The future R&D will be focused on
an upscaling trial towards a medium-scale manufacturing prototype (40
cm length).

Since oxide dispersion strengthened copper alloy (ODS-Cu) is also a
suitable heat sink under the higher temperature and neutron irradiation
condition as shown in Table 6, an advanced brazing technique (ABT) has
been developed in Japan (National Institute for Fusion Science: NIFS) to
join oxide dispersion strengthened copper alloy (ODS-Cu, i.e. such as Cu-
0.3 wt%Al203: GlidCop®) heat sink and W-armor tile with the BNi-6
(Ni-11%P) filler material [80]. Recently, advanced multi-step brazing
(AMSB) technique was applied to join ODS-Cu, W, and SUS with ODS-Cu

(b) Thermal break (c) Composite pipe (d) Graded interlaer (e)Flat-tiles with heat sink

(W particle/Cu)

W25/Cu75 D

(0.4mm)

block (Wp/Cu composite)

CuCrir

,‘:»‘?@. 't-'a’"'
T gy
SR

Fig. 17. High heat flux target technologies developed for EU-DEMO divertor [54]: (a) ITER-like monoblock baseline concept, (b) thermal break interlayer concept,
(c) composite pipe of W-wire in Cu (Wf/Cu), (d) graded interlayer, (e) Flat W-tiles and W particle/Cu composite block. Bottom row of images show close up of region

inside white rectangle above.
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[81], so that prototype components for the divertor heat removal unit
were successfully fabricated [63,82]. The component has a rectangle-
shaped coolant flow path with V-shaped staggered rib (fin) structures
in the flow path. High heat load tests by the electron beam device (ACT2
in NIFS) showed excellent heat removal capability up to 30 MWm 2
(15 °C, ~0.5 MPa water condition), using some heat removal
enhancement such as turbulent flow and fine-scale local nucleate
boiling. Optimization of the flat W-tile component and application to W-
MB unit are planned for the future R&D.

5. Summary and future issues

The power exhaust concept and appropriate divertor design are
common critical issues for DEMO design activities, which have been
carried out in Europe, Japan, China, Korea and the USA. At the same
time, the divertor design is strongly affected by DEMO missions (net
electricity generation, sufficient tritium breeding and feasibility for
remote maintenance) and the design requirements from each DEMO
concept. In this paper, conventional divertor concepts and steady-state
power exhaust studies for recent representative DEMO designs (Pfysion
=1-2GW, R, = 7 — 9 m) were reviewed from the viewpoints of the
plasma physics issures and the engineering design. Radiative cooling is a
common approach for the power exhaust scenario, and water-cooled
divertor design with ITER-like target (W-PFC and Cu-alloy heat sink)
is a common baseline. Common views and differences in the divertor
designs are summarized below, and critical issues and challenges are
clarified. Some different design approaches have provided important
case-studies of the DEMO divertor, and those will contribute to future
improvements and developments of the DEMO divertor design.

(1). Requirements of plasma performance and constraints on fog™

determine the divertor design concept:

Different power exhaust scenarios have been developed for DEMO
concepts, while a common critical issue is the large power exhaust
required to accomodate for Ppeye = 280 — 600 MW. This demmands
strong mitigation in the main plasma and divertor by the radiative
cooling (P94/Pheat > 0.8). The steady-state plasma concepts such as in
JA-DEMO and CFETR proposed a conventional closed divertor geometry
to challenge even large Pse;,/R;, handling (25 — 30 MWm ) in order to
maintain the ITER-level radiation fraction of the main plasma (f33" =
P4" /Py eac = 0.3 — 0.4) and higher plasma performance (HHogyo = 1.2 -
1.4). K-DEMO and FNSF will challenge larger Pse,p/R), handling (37 - 53
MWm 1) with the double-null divertor configuration. The repeating
long pulsed plasma concept (EU-DEMO) challenges both increasing fR4™
to ~0.65 with the ITER-level plasma performance (HHggyz = 1.0 — 1.1)
and handling the ITER-level Pgp/R;, in an open divertor geometry. The
reactor plasma parameters By and R;, as well as exhaust power (Pgp) for
the EU-DEMO were rather restricted by requirements of the divertor
design for handling transient heat load due to divertor re-attachment,
excessive impurity concentration to achieve the divertor detachment,
and Pge, larger than Pry, Optimization of competing requirements, i.e.
increasing f33" vs. the plasma performance (HHog(y,2), BN, fs), is a
common critical issue for these design concepts, and future experimental
and modelling database will improve the power handling requirement
for the divertor.

In addition, adequate performance of the power exhaust will be
required in relatively low density plasmas. Design improvement is
required from the viewpoints of reduction in the fuel dilution, and the
power exhaust in the main plasma and divertor.

(2). Power exhaust simulations for DEMO divertor design (Psep = 150
—300 MW) are in progress and key issues for the plasma modelling of the
partial detachment are recognized:

ITER-based divertor geometry (inclined target, baffle and dome
structures) with longer leg length (1.6 — 1.7 m) is a common baseline
design, and power exhaust simulations for DEMO divertor design with
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larger Ps, = 150 — 300 MW have been performed using integrated
divertor codes; SOLPS-ITER on EU-DEMO and CFETR divertors, SONIC
on JA-DEMO divertor, UEDGE on FNSF and K-DEMO divertors. Divertor
operation and influences of the key power exhaust parameters have been
recently investigated with mainly Ar seeding, and all simulations
showed reduction in the peak Grarger < 10MWm 2 for the divertor ra-
diation fraction (fhy = (Phy + Pf;é)/Psep) of 0.7 — 0.8. Some results
were consistent with the design requirement for the ng®? range (JA-
DEMO: 2 - 3x10'°, EU-DEMO: ~3x10'® m~3), which were relatively
lower than that of ITER. All results also showed that partial detachment
was expected in the outer divertor for the vertical target geometry, and
the benefit of the closed geometry to reduce the peak Grarger and T‘eﬁv near
the separatrix. A commonly recognized critical issue for the detachment
simulations is that the peak qtarger location and value (and each heat load
components) significantly changed in the attached or detached region.
In addition, uncertainty of relatively high T3 and T{" in the attached
region (far-SOL) was another critical issue for plasma/impurity trans-
port and tungsten (W) erosion. Further improvements of the divertor
geometry and operation options such as different or mixed seeding im-
purities will be explored to extend the detachment radial width on the
target and to reduce local T,*"" and T;*"V in the attached plasma region.

Radial diffusion coefficients of heat and particle fluxes (y and D) are
critical parameters for DEMO divertor design and operation. Different
values and/or profiles were so far applied to produce g/, =2 — 3 mm
near the separatrix in the SOL, which was slightly smaller than that of
ITER due to high T, and T; under the SOL condition of tokamak DEMO.
Reduction in the assumed y and D significantly affected the divertor
power exhaust due to increase of the g,/ profile in the SOL while the q,/.
profile was peaked near the separatrix. The transition location of near-
SOL and far-SOL in the heat flux (q,/ + q/,i) profile approached to the
separatrix. The transition location also corresponded to the flux surface
of the detach-attach boundary at the outer target, and the peak Grarget
was increased with reducing the width of the partial detachment.
Feasible values or profiles of the diffusion coefficients over the near- and
far-SOLs will be required in order to determine the divertor operation for
the DEMO design.

SOLPS-ITER simulation results with various drifts activated showed
that, for these designs with ion VB drift towards the divertor, inboard-
enhanced asymmetry of the particle flux profile and outboard-
enhanced heat load profile were produced even in the long-leg diver-
tors of EU-DEMO and CFETR. The latter recently proposed to further
extend the divertor leg in order to insure the detached divertor operation
window at lower n§*P. Other physics factors that could modify the DEMO
divertor design such as enhanced power dissipations in the high density
divertor (charge exchange, photon absorption and collisional-radiative
models) and kinetic effects in the low collisionality SOL (flux limiter,
thermal force) were also pointed out. It is an important common issue to
clarify effects of these physics factors for the DEMO divertor conceptual
design.

(3). The common baseline design for DEMO divertor and specific
design were reviewed, and R&D issues were identified:

Integrated designs of the water cooled divertor target, cassette and
coolant pipe routing have been developed, based on the ITER W
monoblock (MB) concept with Cu-alloy pipe. Engineering design
compatible with the higher DEMO-level neutron irradiation environ-
ment is required. Selection and arrangement of the divertor plasma
facing unit, coolant condition and routing for recent design concepts of
EU-DEMO, JA-DEMO, CFETR and K-DEMO were summarized. Under a
year-long DEMO-level neutron irradiation condition, the mechanical
properties of the CuCrZr heat sink and the Cu interlayer were anticipated
to be embrittled, thus the coolant temperature (T¢oo1) for the high heat
flux component was increased to higher than that of ITER (~70 °C). The
inlet-T¢o0) Selected so far showed a large variation between 70 °C and
200 °C (K-DEMO: 70 °C, EU-DEMO: 130 °C, CFETR: 140 - 180 °C, JA-
DEMO: 200 °C). At the same time, the influence of thermal softening
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on the CuCrZr pipe was evolved near the strike-point when the high heat
load of 10 MWm ™ 2-level was applied, in particular, for the higher Tcoo
cases. DEMO specific risks such as neutron induced embrittlement/
softening of the interlayers and cooling pipe have been recognized and
further restrictions of Grarger and surface temperature were anticipated.
Elast-plastic analysis of the PFC unit under the EU-DEMO divertor
operation condition, i.e. lower T, and slow transient heat load of 20
MWm 2 level, has been developed by using available irradiation data-
base. Evaluation of the lifetime projection is in progress. Improved
technologies of high heat flux components based on the ITER W-MB unit
have been developed in the EU to reduce thermal stress and to
strengthen the heat sink and interlayer under higher irradiation dose
conditions.

Recent integrated design of the divertor target, CB and coolant pipe
routing were also reviewed briefly. Two coolant conditions (low- and
high-Tc01) were used for the Cu-alloy and RAFM-steel heat sink MB
units, respectively, where the latter coolant was also used for the CB and
supporting structures. Appropriate conditions for the latter coolant, i.e.
180 - 200 °C/ 5 MPa (EU-DEMO) and 290 °C/15 MPa (JA-DEMO,
CFETR and K-DEMO), will be finalized in future optimizations of the
divertor and DEMO design concept. Consequently, two coolant condi-
tions and optimization of their circuits will be necessary for the water
cooled DEMO divertor. The circuit design also should be appropriate for
the remote maintenance and PFC replacement in the hot cell facility. In
addition, a common issue of series or parallel cooling circuit routing for
the DEMO divertor design was compared. The parallel circuit design for
the target high heat flux PFCs becomes a common design for the EU- and
JA-DEMO divertors in order to provide similar flow velocity of 10 m-s~!
to the inner and outer targets, while the series circuit is used for the ITER
divertor.
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