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A B S T R A C T

The preliminary conceptual design of the Korean fusion demonstration reactor (K-DEMO) with a major radius of
6.8 m and the fusion power of 2200 MW has been studied since 2012. The overall configuration of the K-DEMO
divetor system based on the ITER-like water-cooled tungsten technology is a double-null type symmetric divertor
subdivided into 32 toroidal modules for the vertical maintenance. A detached divertor scenario with impurity
seeding was considered as the primary approach for the power exhaust to reduce the peak heat flux lower than
the engineering limit of 10 MW/m2. The power exhaust performance at the scrap off layer was estimated by
using UEDGE-2D code, a two-dimensional fluid transport code for collisional edge plasma and neutral species
like N, Ne, and Ar. Particle and heat flux on inboard and outboard divertor targets were calculated for the
detached cased depending on parameters such as the impurity seeding rate, pumping rate, and the pedestal
density. On the other hand, a magnetic solution like X-divertor, snowflake divertor, and super X-divertor to
expand the plasma wet area was considered for K-DEMO since the detached divertor increasing a radiation
fraction by impurity seeding might be able to be unstable. However, the extremely high current of poloidal coils
was required more than the engineering limit, 20 MA, to form magnetic field lines for the alternative divertors.

Based on the physical calculation of the edge plasma, engineering analyses were carried out to find out the
thermal and structural reliability. The thermo-hydraulic analysis confirmed thermal stability, whether all
comprising materials are operating within their allowable temperature windows when the case of the peak heat
flux is set to 10 MW/m2 on the outboard divertor target. The response surface optimization method derived two
optimal design candidates employing two kinds of heat sink materials, respectively: the reduced activation
ferritic martensitic (RAFM) steel and CuCrZr alloy. The drawbacks and merits of the two materials were definite.
The optimal design with applying RAFM steel was vulnerable to withstand thermal and mechanical loads since
low thermal conductivity caused too thin thickness of the heat sink. On the other hand, the CuCrZr alloy has
critical drawbacks in terms of activation and radioactive waste despite its high thermal conductivity. Meanwhile,
preliminary electromagnetic (EM) analysis was carried out to estimate the EM loads caused by the abnormal
behaviors of plasma since EM loads are one of the most critical external loads for designing a DEMO divertor.

1. Introduction

A pre-conceptual design study for the Korean fusion demonstration
tokamak reactor (K-DEMO) has been carried out since 2012 for 2200
MW of fusion power [1]. The heating power is 600 MW, comprising
plasma heating from α-particle (∼480 MW) and external auxiliary
heating (∼120 MW), as shown in Fig. 1. The major and minor radiuses
of the plasma are 6.8 m and 2.1 m, respectively. The superconducting
magnet system of K-DEMO consists of 16 toroidal field (TF) coils, 8
central solenoid (CS) coils, and 12 poloidal field (PF) coils. The mag-
netic field at the plasma center is about 7.4 T, and the peak field is as

high as ∼16 T. The plasma current is about 12 MA in steady-state
operation. An up-down symmetric double-null configuration is applied
as a primary choice for a study with high elongation of 2 and the tri-
angularity of 0.625 [2].

The behavior of plasma and neutrals near the edge of the core
plasma and adjacent to material surfaces plays a crucial role in the
acceptability and performance of magnetic fusion devices. Power plant
studies need to identify an acceptable tokamak design that can solve the
high heat flux problem for plasma-facing components, including the
divertor and the first wall. The plasma-wall interaction problem in the
scrape-off layer (SOL) is also a critical issue for fusion. Thus, a key need
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of designs for future high-power devices is to identify and carefully
analyze divertor strategies that can withstand or spread the exhaust
heat flux to materials, thus making them available to be integrated into
a self-consistent whole-device design.

In that sense, the divertor is one of the most critical and challenging
in-vessel components in the fusion reactor. The purpose of the DEMO
divertor is different from the divertor of other experimental devices,
including ITER, although the current concepts of DEMO divertor are
similar to ITER. The thermal power on divertor should be converted to
electricity for electric efficiency since the purpose of DEMO is to prove
the feasibility as a next-generation power plant. DEMO divertor is used
in a limited operation scenario because it is used in a continuous op-
eration environment, so the duty cycle should satisfy a ∼ 70% level.
Also, the lifetime of the DEMO divertor is important because periodic
maintenance is required. The lifetime of the current divertor is esti-
mated to be about two fpy [3]. Besides, divertor in maintenance should
be discharged as low-level radioactive waste. Therefore, the materials
comprising the DEMO divertor must meet these requirements, unlike
other experimental devices. Moreover, DEMO devices would be oper-
ated in a high neutron dose environment. Although different for each
material, ∼ 10 dpa/fpy levels are expected, so structural damage under
high neutron irradiation should be considered in the selection of ma-
terials [4].

The K-DEMO divertor system has the upper and lower divertors in
symmetry (see Fig. 2). Upper and lower divertors are subdivided into 32
toroidal modules, respectively, to align with the blanket toroidal seg-
mentation for the vertical maintenance [2]. Each 11.25° module of the
upper or lower divertor consists of an inboard target, a central dome,
and an outboard target. The targets are tilted with the poloidal angle
between the targets and flux surfaces to 10° and 11.5°, for the outboard
and inboard targets, respectively, to accommodate the conceived en-
gineering limit of ∼10 MW/m2 of peak heat flux. The inlet/outlet
cooling manifolds for each module deliver the pressurized water
coolant to the outboard target, the central dome, and the inboard target
in parallel manners.

Overall configurations of other DEMO divertor concepts are similar
to the ITER divertor system employing the water-cooled tungsten

monoblock concept. EU DEMO and CFETR apply CuCrZr alloy for the
heat sink like ITER [5,6]. Therefore, the power on the divertor is not
applicable to generate electricity since the coolant pressure and tem-
perature are lower than the conditions of the pressurized water reactor
(PWR). The detailed explanation will be mention in Section 3.1. On the
other hand, the Japanese DEMO divertor system has a unique feature
employing two types of heat sink materials [7]. CuCrZr alloy is applied
at the target around the peak heat flux region to enhance the cooling
capability, and RAFM steel is used at baffle and dome are with PWR
condition coolant. The concept efficiently utilizes both the cooling and
electricity generation. However, joining the gap between the two re-
gions looks challenging at the engineering point.

2. Divertor SOL simulation using UEDGE

For the divertor SOL analysis in K-DEMO, the UEDGE-2D code was
employed [8,9]. UEDGE implements a multi-species fluid model, sol-
ving the plasma density, the ion and electron velocities, and the ion and
electron temperatures in the full toroidal geometry of 2D magnetic
equilibria. The most important empirical input to UEDGE is the
anomalous radial transport coefficients, which can be represented by
spatially varying diffusion and convection coefficients. To account for
kinetic effects, a flux-limited form of the classical parallel transport
coefficients calibrated by kinetic calculations is used. The output from
UEDGE includes plasma heat and particle fluxes to all surrounding
surfaces, including the divertor and main-chamber walls. Varying
shapes of divertor surfaces are accommodated directly via a body-fit-
ting mesh capability, and single-null and double-null divertor config-
urations can be simulated. Both transient and steady-state simulations
can be performed. The neutral gas model generally used in UEDGE is
flux-limited fluid neutral atomic and, for hydrogen, molecular species
that includes charge-exchange and elastic scattering, among other
neutrals and ions. This neutral model is periodically calibrated with
more detail Monte Carlo neutral simulations by DEGAS 2 [10]. Impurity

Fig. 1. Plasma power flow diagram for K-DEMO (unit in MW).

Fig. 2. K-DEMO divertor system (upper) and a divertor module structure
(bottom).
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ions and neutrals are also included, giving power loss from line radia-
tion as well as fuel (deuterium/tritium) fuel dilution.

Here the input plasma core power into the lower-half edge region of
the assumed symmetric up/down double null is 300 MW each in the
electron and ion channels. The plasma density on the core-edge
boundary is set to 1 × 1020 m−3. The anomalous radial diffusion
coefficients representing turbulence-induced fluxes are the following:
0.333 m2/s for particles, 1.0 m2/s for parallel ion velocity, and 0.5 m2/s
for ion and electron energy; these transport coefficients are kept con-
stant in all of the simulations. The simulations are performed with an
assumed concentration of impurities (Ne, N, Ar) relative to the DT ion
density. The corresponding radiative energy loss in the electron channel
is calculated from a coronal equilibrium model, including charge-ex-
change with the DT gas [11]. The DT gas is weakly pumped on the
private-flux wall at the rate of ngvtb(1-albedo), vtb = [Tg/(2πmg)]1/2 is
the one-sided thermal gas flux. The electron and ion temperatures are
shown in Fig. 3 (b) and (c) for Ne 1.4% with albedo = 0.99945.

First, the maximum heat flux was calculated in the divertor target as
the plasma heating power is changed. Fig. 4 (a) shows the maximum

heat flux at inner and outer targets when the density of Ne impurity is
0.4%, and albedo is 0.99. As the heating power increases, the heat flux
increases. At 600 MW of K-DEMO's heating power, the peak heat flux of
the outer target is about 33 MW/m2, which is much larger than 10 MW/
m2, which is generally known as engineering limit. Therefore, it is
necessary to reduce the heat flux by making the detached divertor by
adjusting the type and density of the impurity and albedo. Fig. 4 (b) and
(c) show the tendency of maximum heat flux according to the density of
Ar and Ne impurity, respectively. It can be seen that the peak heat flux
decreases as the radiation heating increases with the increase of the
neutral particles. Fig. 4 (d) shows the trend of heat flux with albedo. The
increase in albedo lowers the pumping of the neutral particles, thus
increasing radiation and making the detached divertor lowering the
heat flux.

From this sensitivity study, it has been shown that the boundary
plasma density at the mid-plane hardly changes during the scan of the
impurity concentration. However, the plasma densities at the divertor
targets decrease when the impurity concentration increases.
Interestingly, the electron temperature at the inner target shows no

Fig. 3. (a) Non-orthogonal mesh for UEDGE calculation of K-DEMO divertor (b) ion temperature distribution and (c) electron temperature distribution for heating
power, 600 MW with neon 1.4%.
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significant change when the impurity concentration increases while the
electron temperature at the outer target decreases significantly. For
example, for the Ne concentration scan, the electron temperature at the
outer target changes from 3.14 eV to 1.56 eV when the concentration
changes from 0.4% to 2.0%. It is also found that the neutral density at
the outer target increases substantially from 4.45 × 1019 m−3 to 2.16
× 1020 m−3. It implies that the higher neutral density with higher Ne
concentration leads to the significant loss of the plasma energy until it
reaches the outer target, resulting in the significant reduction of the
outer target peak heat flux, as shown in Fig. 4(c). These behaviors of the
plasma parameters are similarly recognized during the scan of albedo.
When albedo increases (the pumping rate decreases), since the re-
maining neutral density can be larger at the outer target region, the
target peak heat flux is significantly reduced with albedo, as shown in
Fig. 4(d).

During the heating power scan, the boundary plasma density at the
mid-plane does not change. However, the boundary plasma electron
temperature increases with the heating power, as expected. The plasma
densities at both divertor targets slightly increase with the heating
power, while only the electron temperature at the outer target increases
significantly with the heating power. It is noted that the neutral density
at the outer target region decreases with the heating power, while the
neural density at the inner target region increases. It is suspected that
this significant difference in the neural densities causes a faster increase
in the peak heat flux at the outer target, as shown in Fig. 4(a).

Next, when the heating power was 600 MW, and N, Ne, and Ar

impurity were applied, the heat flux profile according to the inner and
outer target position was calculated. In each case, the change of heat
flux and the location of peak heat flux were observed by changing the
density and albedo of the impurity. Fig. 5 is the analysis result according
to each impurity type. First, as the density of impurity increases, the
peak heat flux generally decreases. However, increasing the albedo ra-
ther than the density of the impurity is a more important parameter for
lowering the peak heat flux. Overall, the maximum heat flux was sig-
nificantly reduced in the case of albedo 0.99945 rather than 0.99. Also,
the position where the peak heat flux occurs is moved behind the target,
creating a detached divertor. Although it is not practical to create an
environment in which albedo grows extremely large, we are studying to
lower the peak heat flux by implementing detached divertors in various
ways.

Although it still needs further investigation on which impurity
species is better for the divertor detachment scenario, the present
UEDGE simulation study has shown that higher-Z impurities can be
more efficient in achieving the detachment regime. Especially, it has
been found that a full detachment at the outer target can be obtained
with less concentration of Ar compared to N and Ne, as shown in Fig. 5.
But, in the present simulation, the concentration is just an input para-
meter. Whether a certain level of Ar concentration can be maintained
experimentally is still uncertain. Furthermore, it has been known that
higher-Z impurity penetrates into the core plasma and leads to the ra-
diative collapse of the plasma more easily. Then, the proposed scenarios
by the simulation study should be tested experimentally, and reliable

Fig. 4. Parameter studies for peak heat flux with respect to (a) heating power, (b) argon density fraction, (c) neon density fraction, (d) albedo.
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operation scenarios have to be developed. This still remains as future
work.

3. Engineering approach

3.1. Heat sink material for the DEMO divertor

The coolant tube used as the heat sink should effectively transfer the
heat loads to the coolant. Thus, high thermal conductivity is the most
important material property for a good heat sink material. High yield/
ultimate strength and elastic modulus at high temperature and corro-
sion resistance are also required since the heat sink has to play a role as
a structural material. In that sense, CuCrZr is the most attractive ma-
terial for the heat sink since it has a high thermal conductivity of 357
W/m°·C at room temperature [12]. However, there are waste concerns
regarding the use of copper materials in the fusion neutron environ-
ment. The results of the report calculated by CCFE are cited for acti-
vation analysis according to Cu usage [13]. Copper in the K-DEMO
divertor region is predicted to have a medium level of radioactivity
after hundreds of years after shutdown when irradiated with neutrons
for 2 fpy (full power year). (See Fig. 6) Moreover, the operating tem-
perature window of CuCrZr is relatively narrow, 200 ∼300 °C [12].
Due to the narrow operating temperature range, the coolant of PWR
(the condition cannot be applied, so that it is not proper to generate
electricity. Therefore, RAFM steel has been considered as another
candidate for the heat sink in the DEMO to make up for the weak points
of CuCrZr.

RAFM steel has been selected because it is a low activated material.

Furthermore, the PWR condition can be applied to RAFM steel because
it has a wide and high operating temperature window of 300-550 °C
[14]. In addition, the mechanical properties of RAFM steel, such as
elastic modulus, yield strength, and the ultimate strength, are better
than those of CuCrZr. However, RAFM steel is not a useful material in
terms of heat transfer because of its poor thermal conductivity of 26 W/
m °C at room temperature. In K-DEMO divertor, RAFM and CuCrZr have
been considered as the first and second candidates of heat sink material,
respectively.

3.2. Nuclear analysis of structural damage

Neutrons from the plasma cause the material damages expressed
through displacement per atom per full power year of operation (dpa/
fpy). Generally, displacement damage is strongly dependent on the
threshold displacement energy of materials, and neutron fluxes in
specific tally volumes [15]. The MCNP code was used on the dis-
placement damage calculation using the simple and accurate analysis
methods, and nuclear heating calculations with FENDL-2.1 nuclear data
library [16]. The ADVANTG code for Monte Carlo simulations to gen-
erate variance reduction parameters was used in this calculation to
reduce computing time and effort due to the iterative calculations [17].

In Fig. 7 (a), the maximum damage is indicated by a value of 10.9
dpa/fpy on the RAFM heat sink material above the OT top [4]. Al-
though RAFM was further away from the plasma, the displacement
damage at RAFM (10.9 dpa/fpy) was higher than tungsten (2.6 dpa/
fpy). This is due to the lower critical energy of RAFM than tungsten
(RAFM ∼ 40 eV, W ∼90 eV). Copper material as a heat sink in the
lower OT area was performed because this area has a relatively lower
rate of displacement damage by RAFM material than others. The heat
sink in the lower OT area was subdivided into eight tally volumes to
compare detailed displacement damage using RAFM and copper ma-
terials (see Fig.7 (b)). In Fig. 7 (c), the displacement damage of the
RAFM and the copper material gradually increased upward. In addition,
copper materials exhibit ∼ 56% higher displacement damage rates
than RAFM materials. However, because copper materials are less ex-
posed to neutrons in the plasma, the rate of displacement damage is
much lower than in other parts (see Fig. 7 (a)).

3.3. Thermomechanical analysis

Thermomechanical analysis with the aid of statistical estimation is
carried out to find out the thermally and mechanically reliable structure
of the K-DEMO divertor target. Firstly, the design parameter correlation
was accomplished to define the relations between input and output
parameters. Based on the correlation, DoE (design of experiment) was
done to derive the response surfaces. The response surfaces provide the
expected values of the output parameters, everywhere in the range of
selected input parameters without performing CFD (computational
fluid dynamics) analyses. Based on the response surfaces, the optimum

Fig. 5. Heat flux profiles for albedo and density fraction and types of impurities: (a) nitrogen, (b) neon, and (c) argon.

Fig. 6. Activity by 60Co and 59Ni nuclides transitioned from 1 g of copper
irradiated to neutrons for 2 fpy in the K-DEMO divertor region (NWL = ∼ 1.82
MW/m2).
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designs were derived from two models employing RAFM steel and
CuCrZr. Heat flux on the divertor target and the simulation model is
shown in Fig. 8.

The objectives and constraints of the input and output parameters
were applied to derive the optimum design by using the response sur-
faces. The maximum allowable temperature of tungsten that is a key
constraint in the optimization study was set to 1250 °C to avoid re-
crystallization [18,19]. Every constraint and objective of the CuCrZr
and RAFM models are the same except for the constraint condition of
the maximum temperature of the heat sink, CuCrZr < 300 °C [12], and
RAFM < 550 °C [14]. The inlet conditions, including temperature and
pressure of the coolant, are 290 °C, 15 MPa for the RAFM model, and 70
°C, 4 MPa for the CuCrZr model. The coolant speed is set 15 m/s for two
models to operate below the critical heat flux [18]. For both models,
candidates satisfying the objectives and constraints were suggested by
the ANSYS/DesignXproler, as shown in Table 1. Fig. 9 shows the results
of CFD analyses for the selected candidate of each model. The results
showed that both models didn’t exceed the material’s maximum al-
lowable temperature ranges. However, the Ttube of the RAFM model was
0.25 mm, too thin [18].

Thermomechanical analyses were performed with ANSYS to verify
the structural stability of the optimized models with the derived para-
meters and dimensions meeting the thermal requirement. Three kinds
of the model are set up to observe the structural stability; 11 mono-
blocks with 3 supports, 11 monoblocks with 4 supports, and 11
monoblocks with 6 supports. (See Fig. 10) Temperature distribution
calculated from CFD analysis is employed by using a one-way fluid

structural interaction (FSI) method. Coolant pressures of 15 MPa for the
RAFM model and 4 MPa for the CuCrZr model are also applied at the
inside of the cooling tube. Finally, the pseudo- electromagnetic force is
applied on the plasma-facing surface of tungsten monoblock from 1 kN
to 10 kN as a distributed tension force.

Fig. 11 shows the maximum stress of heat sink obtained by ther-
momechanical analyses for two models; the RAFM model and CuCrZr
model. In the case of the RAFM model, the tube thickness was very thin
(0.25 mm) to meet the thermal requirements, exceeding the allowable
stress in the EM force in all sections. On the other hand, the CuCrZr
model showed maximum stress lower than the allowable stress in all
EM force sections. Therefore, it is not suitable to use RAFM as a heat
sink to cool 10 MW/m2 in terms of structural robustness.

3.4. Electromagnetic analysis

The current quench and the thermal quench occur during plasma
disruption or vertical displacement events caused by the abrupt in-
stability of plasma or the failure of control occurs. Due to the sudden
change of the plasma current, the induced currents of eddy current and
halo current are generated at the in-vessel components such as vacuum
vessel, blanket, and divertor. EM force caused by the induced currents is
one of the most important external load which has to be considered in
the design.

Fig. 12 shows the sector model of K-DEMO with a periodicity of
22.5° along the toroidal direction for EM analysis. The divertor cassette
body attaches to the vacuum vessel with inner and outer supports. The
numbers of elements and nodes are 978,916 and 1,861,991, respec-
tively. The sector model can save computing resources without

Fig. 7. (a) The maximum displacement damage on tungsten armors (red) and RAFM heat sinks (black) of K-DEMO divertor system, (b) a detail view of lower OT area,
(c) Comparison of calculated displacement damage rates between copper and RAFM materials in the heat sink of lower OT (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).

Fig. 8. Heat flux distribution of peak heat flux10 MW/m2 for CFD analysis.

Table 1
The suggested optimum design parameters and the results for the CuCrZr and
RAFM models.

Design Parameters The Candidate of Parameter
Optimization

CuCrZr Model RAFM Model

Input Parameters Ttop 8.7 mm 5.1 mm
Tlat 6.5 mm 3.2 mm
Ttube 1.0 mm 0.25 mm
Coolant condition at
inlet

4 MPa, 70 °C 15 MPa, 290 °C

Output Parameters Max. temperature of
monoblocks

1241.9 °C 1172.8 °C

Max. temperature of
heat sink

270.6 °C 550.0 °C

S. Kwon, et al. Fusion Engineering and Design 159 (2020) 111770
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sacrificing physical phenomena by applying periodic boundary condi-
tions for magnetic vector potential and electric potential on the cutting
face of the sector model [20,21]. The magnetic flux parallel condition
along the central axis is also included.

The EM loads carried by a downward major disruption (MD) ex-
ponential 16 ms event have been evaluated. Since the scenario for the
MD event of KDEMO has not been developed yet, the variation of the
plasma current was converted from the ITER-based scenario (MD DW
exponential 16 ms) by using the in-house code. The plasma currents of
ITER and K-DEMO are 15 MA and 12 MA, respectively. The MD plasma
current profile for time is derived by the ratio of plasma current be-
tween ITER and K-DEMO, as shown in Fig. 13 (a) [22]. Next, the most

important input of EM analysis is geometrical plasma current at a
specified time step. DINA calculation provides the input data for ITER.
The first wall of ITER and K-DEMO are divided into fine grids to convert
the data to K-DEMO. Finally, the geometrical plasma current data of K-
DEMO is obtained by the 1:1 mapping of every grid. Fig. 13 (b) in-
dicates the plasma current distribution at a specific time during the
event.

Fig. 14 (a) and (b) shows the distributions of magnetic flux density
and eddy current, respectively. Fig. 14 (c) and (d) shows the EM loads
and moments vs. time acting on the divertor module during the MD
event. The peak values of Fx, Fy, and Fz at the center of the divertor
module are about 650 kN, −551 kN, and −306 kN, respectively. The

Fig. 9. Temperature distribution of monoblocks and heat sinks in CFD validation results for (a) the CuCrZr model, (b) the RAFM model.

Fig. 10. Models for thermomechanical analysis; (a) 11 monoblocks with 3 support, (b) 11 monoblocks with 4 support, (a) 11 monoblocks with 6 support.
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level of peak values is similar to ITER, although materials and plasma
current and configuration are different from ITER [20]. The further
engineering analyses are on-going, and the EM loads induced by the
halo current will be included. The stress analysis and structural stability
assessment caused by the EM loads also will be carried out based on the
EM analyses.

4. Alternative divertor concepts for K-DEMO

As progress in magnetic fusion yields better core confinement, the
standard divertor (SD) is forced to operate more closely to full

detachment to mitigate the resultant heat flux intensity at the target. A
higher radiation fraction in the divertor region will likely be required in
DEMO devices to deposit the exhaust heat over a larger area. Full de-
tachment, however, has been experimentally observed to be unstable;
the detachment front tends to migrate upstream from the target back to
the core plasma, leading to MARFEs. Therefore, a magnetic solution to
the “divertor bottleneck” may become a more attractive option, em-
bodied by the X-divertor (XD) [23], snowflake divertor (SFD) [24],
super X-divertor (SXD) [25]. Alternative divertor concepts would re-
verse these effects magnetically by creating a flux tube that flares as it
approaches the target plate.

The application of in-vessel coils using Cu is not considered due to
the rad-waste problem in the K-DEMO. The CS coil and the PF coil, as
shown in Fig. 15 (a), are arranged to apply a vertical maintenance
concept. The feasibility of SXD and SFD is considered for the K-DEMO
magnet system. Fig. 15 (b) shows the magnetic field line of SOL in case
of SD of double null type, and Fig. 15 (c) and (d) are SXD and SFD,
respectively. The coil currents are summarized in Table 2 for SD, SXD,
and SFD. As mentioned earlier, the currents on coils 1–10 and 11–20
are the same because of the K-DEMO up-down symmetry configuration,
respectively. In general, it is impossible to apply a current of higher
than 20 MA per coil due to the limitation of the manufacturing length of
the superconducting magnet. SD meets the constraint, but SXD and SFD
do not. Therefore, the application of SXD and SFD in K-DEMO is diffi-
cult without resolving the constraint, the limitation of the super-
conducting magnet.

5. Summary

The conceptual study on the K-DEMO has been started since 2012
for 2200 MW of fusion power. The preliminary concepts of main to-
kamak components have been developed, and the results for the di-
vertor system were presented herein. A vertical maintenance scheme is
chosen for the in-vessel components. With the pressurized water as a
primary choice for the tokamak coolant, the key aspects of the divertor
system have been studied.

The change of heat flux, according to the type and density of im-
purity and albedo, was observed using the UEDGE code. The detached
divertor was studied by increasing radiation with changing impurity
density and pumping rate. Therefore, the peak heat flux was reduced,
and the position where the peak occurred moved backward. N, Ne, and
Ar impurities were tested when the heating power was 600 MW, and Ar
was the most promising impurity to reduce the peak heat flux.

Next, neutronics analysis and thermomechanical and electro-
magnetic analysis were performed from the perspective of K-DEMO
engineering. The importance and pros and cons of RAFM steel and
CuCrZr, major candidates of heat sink materials in DEMO divertors,
have been proven. A dpa analysis was performed on both materials, and
structural damages were evaluated in a neutron irradiation environ-
ment. Cu showed ∼56% higher dpa than RAFM steel. Models for
thermomechanical analysis using RAFM steel and CuCrZr were created,
and CFD analysis was carried out around the peak heat flux zone. The
response surface optimization method was applied to find a design that
ensures thermal stability. The thermally optimized design was obtained
for both models by this method, and thermomechanical analysis was
performed by one-way FSI. The result showed the tube thickness of the
RAFM model was very thin, 0.25 mm due to its low thermal con-
ductivity, and the maximum stress exceeded the allowable stress. On
the contrary, the CuCrZr model with proper tube thickness was struc-
turally stable thanks to the high thermal conductivity of CuCrZr.
However, the application of Cu alloy in DEMO devices has some issues
such as radioactive waste and electric generation efficiency, so the
choice between CuCrZr and RAFM is still open for the K-DEMO di-
vertor. Next, the preliminary electromagnetic load calculation of the K-
DEMO divertor has been carried out for the downward MD scenario by
using ANSYS mechanical/Emag solver. The 22.5° sector model of K-

Fig. 11. Maximum stress of heat sink for there thermomechanical models under
pseudo EM loads for CuCrZr (solid) and RAFM (dash).

Fig. 12. The 22.5° sector FE model of K-DEMO for the EM analysis.
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DEMO was developed, and the magnetic flux parallel condition along
the central axis and the periodic boundary conditions were applied. The
in-house code to convert the variation of the plasma current during the
MD event from the ITER scenario was developed. As a result, the
maximum EM load of 650 kN occurred along the radial direction.

Finally, we reviewed the applicability of alternative divertor con-
cepts, one of the ways to lower the peak heat flux in DEMO devices. XD,

SXD, and SFD reduce the heat flux by expanding the peak heat flux
region concentrated through the magnetic solution. K-DEMO reviewed
the application of SXD and SFD under the precondition that vertical
maintenance and in-vessel coil were not applied basically. However,
implementing SXD and SFD required applying a high current of 20 MA
to the coil considered to be difficult at present because of the manu-
facturing limitations of superconducting magnets.

Fig. 14. Distributions of magnetic flux density (a) and eddy current (b) on the divertor. The (a) EM forces and (b) moments at the center of the divertor module
during the MD event.

Fig. 13. (a) The variation of plasma current of MD DW exponential 16 ms for K-DEMO, (b) The plasma current distributions of K-DEMO during the major disruption
at specific time.
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Coil No. R [m] Z [m] SD [MA] SXD [MA] SFD [MA]

1 1.638 0.7 11.4 16.3 4.6
2 1.638 2.1 5.9 9.6 25.2
3 1.638 3.5 2.3 20.8 −0.6
4 1.638 4.9 3.4 10.0 −26.2
5 2.98 8.31 −3.5 −46.5 −5.6
6 3.66 8.31 −4.6 12.7 25.2
7 4.34 8.59 −4.5 105.2 21.6
8 5.02 8.75 −4.1 −107.1 −57.5
9 12.96 7.5 8.4 31.2 36.1
10 14.88 2.95 2.6 −3.5 −8.6

Fig. 15. (a) K-DEMO superconducting magnet system. Equilibrium magnetic field lines for (b) K-DEMO SD, (c) SXD, (d) SFD.
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