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In the FFHR power reactor equipped with a supercritical CO, gas turbine power generation system, an
divertor cooling system is connected to this power generation system [S. Ishiyama et al., Prog. Nucl. Energy
50, No.12-6, 325 (2008) [1]]. In this paper, for the purpose of developing a diverter by supercritical CO, gas
cooling that can cope with a neutron heavy irradiation environment with a heat load of 15 MW/m? or more, CFD
heat transfer flow analysis was carried out for performance evaluation and its design optimization by a structural
analysis models of a supercritical CO, gas cooled divertors. As a result, in the supercritical CO, gas cooled
tungsten mono-block divertors (50 X 50 mm X 5 channel x 5,000 mL) with a flow path length of 5m or less,
the engineering designable range of these advanced diverters having the same cooling performance as the water
cooling divertor was clarified, and its practicality is extremely high from the feature that the structural model has
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an extremely low risk during operation as compared with the water cooled divertor.
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1. Introduction

The supercritical CO, gas turbine power generation
system consists of a low / high pressure compressor, a by-
pass compressor, a gas turbine, a pre- / intermediate heat
exchanger and multiple regenerated heat exchangers, and
the FFHR power reactor equipped with this power gener-
ation system has high-efficiency power generation perfor-
mance, low construction cost due to its compactness, and
high safety during operation [2-7]. Above all, regarding
safety during operation, it has the feature of avoiding all of
the following risks in the water cooling system.

In a water-cooled fusion device, there are many
risks inherent during operation, such as damages to the
blanket equipment due to high-pressure generated steam
induced when the water coolant leaks from the high-
temperature thin tube for cooling in high vacuumed vessel,
vapor/hydrogen explosion, replacement with tritium water,
oxidative corrosion of high-temperature equipment such as
divertor, electric leakage in the electrical system when a
large amount of water leaks into the vacuum vessel and
prolongation of the vacuum return period due to the resid-
ual of leaked water in vacuum chamber after these troubles.

Recently, the authors have proposed a high-efficiency
power generation system using the blanket and divertor
shown in Fig. 1 as a heat source in order to further utilize
these characteristics, a supercritical CO, gas-cooled diver-
tor was adopted in the paper [8].

In this paper, the characteristics of the supercritical
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Fig. 1 The 0.6 MWth FFHR power plant connected to Supercrit-
ical CO, gas turbine system [8].

CO, gas-cooled divertor in the FFHR power reactor are
evaluated by CDF heat transfer flow analysis, and the en-
gineering design feasibility and optimized design was veri-
fied comparing the cooling performance with other cooling
media.

2. Procedures

The characteristics and performance of the supercrit-
ical CO; gas-cooled diverter were evaluated by CFD heat
transfer flow analysis [5] using the supercritical CO, actual
gas data[9].

© 2022 The Japan Society of Plasma
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2.1 Heat transfer flow analysis by CFD
2.1.1 Heat transfer flow analysis method

The heat transfer flow analysis of the supercritical
CO; coolant flowing in the various divertor models shown
in (2.2) below was carried out. This analysis was car-
ried out by the heat transfer flow analysis software Fluent
ver.18 using NIST’s supercritical CO, gas actual gas data
and physical property data [9] of various components ma-
terials of divertors. The transition SST model was applied
to the viscosity model. The gravitational acceleration is
also taken into consideration [8].

(a) Steady-state heat transfer flow analysis of divertor basic
structure models

In order to select the engineering feasibility range of
the divertor, CFD steady-state analysis using actual liquid
data was performed using the divertor basic structure anal-
ysis model in (2.1.2) (a) below with the inlet fluid flow
velocity as a parameter. At that time, in order to ensure the
supercriticality of the CO, coolant during divertor opera-
tion, the inlet temperature and outlet pressure in the cool-
ing channel were set to 350K and 10 MPa, respectively.
The heat load input to the armor tile surface of the divertor
structure model was set to 15 and 20 MW/m?.

(b) Steady-state analysis by divertor actual structure anal-
ysis models

In the heat transfer flow analysis using the divertor ac-
tual structure analysis model in (2.1.2) (b) below, We eval-
uated the flow characteristics of the material and optimized
the divertor structure within the range of the engineering
design established in the above (2.1.2) (a) model analysis.

2.1.2 CFD analysis models
2.1.2-1 Basic divertor analysis model

Figure 2 shows the basic divertor model. The basic di-
vertor model (Fig. 2 (a)) is composed of tungsten armor tile
(10 mmt X 50 mm x 10,000 m) (Fig. 2 (a-1)) and ODS sub-
strate with a 40 cooling channel (50 x 50 x 10,000 mL,
(a)), in which a supercritical CO, cooling medium (40 X
10000 mL (a-3)) flows into the cooling channel.

Figure 2 (b) shows a mesh model for heat transfer flow
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Fig. 2 Basic divertor structure and mesh models for CFD heat
transfer analysis.

(b)

analysis. The cell size is 1275371 and the number of faces
and the number of nodes are 490030 and 1460020, respec-
tively.
2.1.2-2  Divertor structure analysis model for CFD heat
transfer analysis

(a) Manifold type divertor analysis model

Figure 3 shows the manifold type divertor analysis
model in which 15 cooling channels are connected to the
manifolds. The basic dimensions and shape specifications
are as follows.

Tungsten armor tile: 5 X 1.6 X 0.01 mt
Main Piping: ¢300 /250 (In/ Outlet: 3 x 1)
Cooling channel: ¢S50 mm X 15

ODS Substrate: 5 X 1.6 x 0.1 mt

(b) Panel type divertor analysis model

Figure 4 shows the panel type divertor model. The
basic dimensions and shape specifications are the same as
in (a) Manifold type analysis model above, and each inlet /
outlet manifold is abolished, the flow rate in each inlet pipe
can be adjusted evenly, and the outlet side has a single flat
plate structure.
(c) Tungsten mono-block divertor analysis model

Figure 5 shows a tungsten mono-block analysis
model. The entire divertor structure analysis model was
made entirely of tungsten, and five cooling channels (diam-
eter 50 mm X 5000 mm L) were connected to the manifold

Armor: 5x1.6x0.01mt 4,9
Main Piping:300/250(In/Outlet: 3x1 = <
Pipe: p50mmx15 z od
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Fig. 3 Manifold type divertor analysis model.
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Fig. 4 Panel type divertor analysis model.
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Fig.5 Tungsten mono-block divertor analysis model.

at the inlet and outlet.

3. Results

In order to verify the feasibility of the engineering de-
sign regarding the cooling performance of the analysis case
in which supercritical CO, gas is selected as the cooling
material, comparison of the cooling performance between
supercritical CO,, water and helium cooling were also car-
ried out.

3.1 Heat transfer flow analysis of the basic
divertor model

3.1.1 Performance characteristics and engineering
design range of supercritical CO, gas cooled di-
vertor model

To determine the engineering design scope of the di-
vertor basic model, the parametric heat transfer flow anal-
ysis of the supercritical CO, gas during 15 and 20 MW/m?
heat load operation is performed by the inlet flow rate.

Figure 6 shows the temperature distribution under the
following flow conditions in the divertor basic model at
heat load 15 MW / m?.

In/Outlet velocity: Vi, / Vour: 70/ 1509 m /s
In/Outlet pressure Py, / Poy: 12.86 / 10 MPa
In/Outlet density Dy, / Doy 353.9/173.6kg / m’
Mass flow rate: 31.06kg /s

In/Outlet temperature Tj, / Toy: 350 /410.8 K
Tungsten armor surface average / maximum
temperature: 2401.3 /2531.7K

In/Outlet viscosity: 2.78E-5/2.31E-5kg / m-s

According to these results, it can be seen that the sur-
face temperature of the tungsten armor tile surface temper-
ature distribution gradually rises from the cooling channel
inlet to the outlet in Fig. 6 (a). The non-uniform temper-
ature distribution on the armor tile can also be confirmed
from the temperature distribution in the cross-sectional di-
rection in Fig. 6 (b).

Figures 7 to 11 show the relationship between inlet
velocity and temperature, mass flow rate (Figs. 7 and 8 (a)

@2 2 % (@3)

Fig. 6 Temperature distribution of supercritical CO, cooled di-
vertor under 15 MW/m? heat load.
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Fig. 7 The relationship between inlet velocity and temperature
(a), and mass flow rate (b) of supercritical CO, cooled
divertor under 15 MW/m? heat load.
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Fig. 8 The relationship between inlet velocity and temperature
(a), and mass flow rate (b) of supercritical CO, cooled
divertor under 20 MW/m? heat load.

(b)), pressure and outlet velocity (Figs.9 and 10 (a) (b)) at
heat load of 15 and 20 MW/m?, respectively. The relation-
ship between inlet velocity and the density change is also
shown in Figs. 11 (a) (b).

According to these results, the temperature on the di-
vertor decreases due to the increase in the mass flow rate
with the increase in the inlet flow velocity, and this ten-
dency tends to increase with the increase in the heat load.
At that time, an increase in pressure and flow velocity at
the outlet of the divertor and a decrease in density are ob-
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Fig. 9 The relationship between inlet velocity and pressure (a),
and outlet velocity (b) of supercritical CO, cooled diver-
tor under 15 MW/m? heat load.

30
250

o
b

=

S

=

Inlet

b
o
4

Pressure (MPa)

=
=
S

Outlet velocity (m/s)
.

>
o
=

=
=

0 50 100 150 200 0 50 100 150 200

Inlet velocity (m/s) Inlet velocity (m/s)

(@ (b)

Fig. 10 The relationship between inlet velocity and pressure (a),
and outlet velocity (b) of supercritical CO, cooled diver-
tor under 20 MW/m? heat load.
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Fig. 11 The relationship between inlet velocity and density
of supercritical CO, cooled divertor under 15 (a) and
20 MW/m? (b) heat load.

served.

Here, the design condition range of the divertor basic
model is set by the following engineering design condi-
tions.

(1) Maintaining a supercritical state under divertor op-
eration conditions

Fig. 12 Temperature distribution of water cooled divertor under
15 MW/m? heat load.

The critical temperature and pressure must be equal to
or higher than the following values.

e (Critical temperature > 304.1 K
e Critical pressure > 7.38 MPa

(2) Must be within the usable temperature range of the
divertor component equipment

The conditions for using the constituent materials,
tungsten and ODS materials are shown below.

e Limit temperature for tungsten: below melting point
(< 3683K)

*Tungsten recrystallization temperature: 1500 - 1800 K

o Limit temperature for ODS
(0.13C-9Cr-2W-0.2Ti/Y203) < 973 K [10-13]

Here, the temperature range in which the divertor can
be operated that simultaneously satisfies both the above
conditions (1) and (2) is shown by the broken line frame
in Figs.7 to 11. It can be seen that this setting operation
range is slightly shifted to the higher velocity side of the
inlet flow velocity at 20 MW / m? with respect to the heat
load of 15 MW / m?.

3.1.2 Heat removal characteristics of water cooled di-
vertor

Figure 12 shows the cooling performance of the wa-
ter cooled divertor with a heat load of 15 MW / m? under
the same flow conditions (same as the inlet flow velocity
/ outlet pressure conditions) as the supercritical CO, gas
cooling divertor described in (3.1.1) above.

According to this, it can be seen that the surface tem-
perature of the armor tile rises unevenly from the vicinity
of the inlet to the outlet as in the supercritical CO, gas
cooling (Figs. 12 (a-1) (a-2)). However, the temperature
distribution in the cross-sectional direction of the cooling
channel (Figs. 12 (b-1) to (b-3)) does not show the non-
uniformity of the temperature distribution as seen in the
supercritical CO; gas cooled divertor.
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3.1.3 Helium-cooled heat removal performance char-
acteristics

The results of the cooling performance evaluation of
the helium cooled diverter under the same conditions as the
above water cooled divertor (3.1.1) are shown below.

In/Outlet velocity: Vi, / Vou: 70/73.6m/ s
In/Outlet pressure Py, / Poye: 1.00013 / 10 MPa
In/Outlet density Dy, / Doye: 0.1625 /0.1625 kg / m?
Mass flow rate: 0.0143kg /s

In/Outlet temperature T,/ Toye: 350/5000 K

Armor surface average/maximum temperature:
5143.7/5143.7K

Viscosity: 1.99E-5kg / m-s

As aresult of this analysis, it can be seen that the cool-
ing mechanism of the divertor structure model using he-
lium is not functioning because the helium mass flow rate
into the cooling channel is not sufficiently secured under
the same operating conditions as the supercritical CO, gas
cooled divertor.

From this result, it can be concluded that in order
to make the cooling mechanism functional in the helium
cooled divertor, it is necessary to increase the inlet pressure
much higher than that in the supercritical CO, gas cooled
divertor.

4. Discussion

4.1 Heat removal performance characteris-
tics of supercritical CO, gas cooled di-
vertor

From the result of (3.1) above, in the supercritical CO,
gas cooled divertor, the heat load between the inlet and
outlet of the cooling channel affects the fluctuation of the
armor tile surface temperature, the supercritical CO, gas
temperature and its flow velocity with the remarkable fluc-
tuation of density and flow velocity.

Here, Fig. 13 shows the changes in the temperature
distribution that occur in the longitudinal direction of the

1 290E-05
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270E-05 | w.
.

2.50E-05 LS

230805 -

2 2.10E-05
2

” 1.90E-05

1.70E-05
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5 10
Distance from inlet (m)

(a) (b)

Distance from inlet (m)

Fig. 13 Change in velocity, density and temperature (a) and vis-
cosity (b) as a function of distance from inlet of super-
critical CO, cooled divertor under 15 MW/m? heat load.

cooling channel (10 mL) due to the supercritical CO, gas
cooled divertor and the changes in various thermophysical
properties.

According to this, in the case of the supercritical CO,
gas cooled divertor, it can be seen that the fluid tempera-
ture rises as a result of the decrease in heat removal per-
formance because the fluid density decreases with the de-
crease in pressure along the channel flow path. On the
other hand, it can be seen that the pressure is reduced as
a result of the decrease in viscosity.

4.2 Comparison of cooling performance
with various coolants
Figures 14 (a) to (e) show the comparison results of
the cooling performance analysis results for various cool-
ing media under 15 MW/m? heat load.
In the flow velocity and density change (Figs. 14 (a)
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Fig. 14 Comparison between supercritical CO, cooling, water
and helium cooling method of velocity (a), density (b),
mass flow rate/pressure (c), temperature (d) and vis-
cosity (e) at in/outlet of basic divertor model under
15 MW/m? heat load.
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(b)) in each cooling method under the same operating con-
ditions, the supercritical CO, gas cooling method has an
outlet velocity that is more than twice the inlet speed,
whereas the velocity change in the water and helium cool-
ing methods is small.

On the other hand, regarding the density change at the
inlet and outlet, the density change hardly occurs at this op-
erating temperature in the water cooling method, whereas
in the case of supercritical CO, gas, it decreases to about
half at the outlet with respect to the inlet.

In the cooling fluid mass flow rate and pressure
change (Fig. 14 (c)), the mass flow rate in the water cool-
ing method is more than three times higher than that in the
supercritical CO, cooling method. This suggests that the
cooling performance is not significantly impaired even if
the inlet pressure is further reduced in the water cooling
method.

Figure 14 (d) shows the divertor inlet / outlet tempera-
ture by various cooling methods and the average and max-
imum temperature on the armor tile surface.

According to this, it can be seen that the cooling
method other than helium has realized the low tempera-
ture of the armor tile and the cooling material that satisfy
the engineering design establishment condition of (3.1.1).

Among them, the cooling performance for armor tiles,
especially in the case of water cooling, is higher than that
of the supercritical CO, gas cooling method, which is due
to the increased flow rate of the water coolant in Fig. 14 (c).

Therefore, if the heat removal performance at the
same mass flow rate is compared between the supercriti-
cal CO, gas cooling and the water cooling method, it is
considered that both have almost the same cooling perfor-
mance.

On the other hand, the cooling performance during the
same operation in the helium cooling method could not be
obtained at all due to insufficient mass flow rate, so it was
decided to exclude it from the following options.

Regarding the change in fluid viscosity in Fig. 14 (e),
although no significant change was observed at the in-
let and outlet in each cooling method, the water cooling
method had a relatively high numerical value compared to
the supercritical CO, gas cooling method.

4.3 Heat transfer flow characteristics of the
actual divertor model

Here, the heat transfer flow analysis of various super-
critical CO2 gas cooled actual structure divertor models
under the operating conditions within the engineering de-
sign range of (3.1.1) was performed and the performance
characteristics of each were evaluated.

4.3.1 Supercritical CO, gas cooled manifold type di-
verter

Figure 15 shows the results of heat transfer flow analy-
sis under a 15 MW/m? heat load of a manifold type diverter

:
eHi e

Density Temperature

Pressure

Temperature Velocity Velocity(Vector)

(On armor tile surface)

Fig. 15 Flow status of supercritical CO, gas in manifold type
divertor under 15 MW/m? heat load.

with 15 cooling channels connected.

According to this, it can be seen that as a result of
the non-uniformity of the coolant distributed from the inlet
manifold to each cooling channel, high temperature por-
tions are generated at both ends of the equipment including
the armor tile surface.

The analysis results of this model are shown below.

In/Outlet velocity: Vi, / Vou: 14.09/108.3m/ s
In/Outlet pressure Pj, / Poye: 19.93 / 10 MPa
In/Outlet y density Dy, / Doy: 616 /247.8kg / m?
Mass flow rate: 1279.3kg /s

In/Outlet temperature Ti, / Toue: 349.8 / 346.5K
Armor surface average/maximum temperature:
2450/ 2643 K

It can be seen that the cooling capacity of this analy-
sis model is almost the same as that of the divertor basic
structure model in (3.1.1), but because of the manifold and
multiple pipe connection in this model, and also it can be
seen that the inlet pressure is about 1.5 times higher than
that of the above divertor basic structure model in order
to compensate for the pressure loss that occurs in cooling
channels.

4.3.2 Supercritical CO, gas cooled plate type divertor

As an improvement method to eliminate the high tem-
perature part at both ends caused by the above manifold
type diverter and to reduce the pressure loss resistance gen-
erated in the manifold while lowering the surface temper-
ature of the armor tile, both the inlet and outlet manifold
are eliminated, and 15 pipes are replaced. These pipe were
individually controlled to adjust the mass flow rate so that
the coolant flows evenly to each cooling channel at the in-
let and a plate-type single outlet pipe was installed instead
of the outlet manifold.

The results of heat transfer flow analysis of the plate-
type divertor are shown in Figs. 16 and 17, respectively.
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Fig. 16 Flow status of supercritical CO, gas in flat plate type
divertor under 15 MW/m? heat load.
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Fig. 17 Comparison in density/mass flow rate/temperature (a)
and pressure/velocity at in/outlet divertor between plate
and manifold type divertor under 15 MW/m? heat load.

From these results, it can be seen that the non-uniform
temperature distribution on the surface of the armor tile is
eliminated by the above-mentioned improvement (Fig. 16).
In addition, from the results shown in Fig. 17, it can be
seen that in the plate-type diverter, the inlet density, flow
rate, and armor average temperature were significantly re-
duced and improved, and the inlet pressure was reduced by
increasing the inlet velocity.

4.3.3 Divertor optimization design

Since the recrystallization temperature of tungsten ar-
mor tiles is 1500 to 1800 K [12—14], it is desirable that the
armor tar surface temperature during operation be main-
tained below this temperature range.

Therefore, here, we investigated the optimization of
the length in the direction of the divertor flow path. Fig-
ure 18 shows the maximum temperature of the armor tile
surface and the change in supercritical CO, gas tempera-
ture in the longitudinal direction of the divertor model un-
der a heat load of 15 MW / m?.

According to this, it can be seen that the armor
tile surface temperature can be suppressed to the above-
mentioned recrystallization temperature or less by short-
ening the length of the divertor flow path to 5m or less in
order to prevent the recrystallization of tungsten during the
divertor operation.

3000
2500-+c02 Temperature(K) -+ T-max(K)

22000

Tungsten recrystallization
temperature

o
=
=

///

Temperature
c

o =
= =
= S

\

=
=

5 10
Position from inlet (m)

Fig. 18 Maximum temperature of the armor tile surface and the
change in supercritical CO, gas temperature in the lon-
gitudinal direction of the divertor model under a heat
load of 15 MW/m>.

Pressure b = Velocity Density

FEfiEiEEEEEEREES

Velocity(Vector)

Temperature

Temperature
(On armor tile surface) 7}

Fig. 19 Flow status of tungsten mono-block divertor at super-
critical CO, gas inlet flow rate of 40 m/s under a load of
15 MW/m?.

4.3.4 Cooling performance evaluation of high radia-
tion compatible divertor structure model

It has been pointed out that in the actual divertor, ma-
terial deterioration occurs when it is exposed to heavy neu-
tron irradiation of 14 MeV with a high heat load. In partic-
ular, it has been pointed out that the ODS material causes
significant deterioration in characteristics that interferes
with long-term operation when exposed to irradiation of
about 20 dpa within the expected operation period [10-15].

Therefore, here, the heat removal performance evalu-
ation by supercritical CO, gas cooling is performed using
the tungsten mono-block structure diverter (5 mL length x
310mm W X 70 mmt, 50 mmx50 mm X 5 channels) shown
in Fig. 5, which has high resistance to radiation damage for
long-term operation.

Figure 19 shows the results of heat transfer flow anal-
ysis at a supercritical CO, gas inlet flow rate of 40 m/s un-
der a load of 15 MW/m?. Figure 20 shows the comparison
results of heat removal performance when the inlet flow ve-
locity is increased from 40 m/s to 80 m/s under 15 MW/m?
and 20 MW/m? high heat load at 80 m/s, respectively.

According to this, a hot spot shown in the broken
line frame in Fig. 19 is generated near the surface inlet
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CO; cooled tungsten mono-block divertor at inlet ve-
locity 40 and 80 m/s under 15 and 20 MW/m? heat load.

of the tungsten mono-block divertor under a heat load of
15 W/m? at a flow velocity of 40 m/s, and the local maxi-
mum surface temperature there exceeds 3000 K, which can
be seen from the results in Fig. 20 (a).

On the other hand, it is confirmed from the result of
Fig.20(a) that this local maximum surface temperature
and surface average temperature are suppressed to 2000 K
or less when the flow velocity is increased to 80 m/s under
a heat load of 15 MW/m?2. On the other hand, in the case of
the heat load of 20 MW/m? x 80 m/s in Fig. 20 (a), the sur-
face average temperature is suppressed to 2000 K or less,
although there is a possibility of local damage due to local
aria exceeding 2000 K.

5. Conclusions

Aiming to develop a nuclear fusion reactor diverter
that can handle high heat load of 15 to 20 MW / m? and
heavy irradiation, performance evaluation and optimiza-
tion design of advanced diverter structure model by super-
critical CO, gas cooling method is carried out by CFD heat
transfer flow analysis based on supercritical CO; actual gas
data and the flowing results are derived,

(1) The engineering designable range and operating con-
ditions was set for The supercritical CO, gas cooled
diverter.

(2) As a result of performance comparison evaluation of
water cooling and helium gas cooling method in ad-
dition to supercritical CO, gas cooling method, the
water cooling method operates at a relatively low
pressure compared to the supercritical CO, gas cool-
ing method. Although it is considered possible, the
viscosity is much higher than that of the supercriti-
cal CO, gas cooling method, so higher compression
and pressurization power than that of the supercritical
CO, gas cooling method is required.

(3) On the other hand, the helium cooling method has no
choice but to operate at a considerably higher pressure
than the supercritical CO, gas cooling method and the

water cooling method.

(4) As an advanced diverter that can handle high heat
load of 15 to 20 MW/m? and heavy irradiation and
has higher safety, a supercritical CO, gas cooling
tungsten mono-block diverter (50x50 mmx5 channel
%x5,000mL) with a flow path length of 5m or less is
promising.
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