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a b s t r a c t

The water-cooled WCLL blanket is one of the possible candidates for the blanket of the fusion power
reactors. The plasma-facing first wall manufactured from the reduced-activation ferritic-martensitic steel
Eurofer97 will be cooled with water at a typical pressurized water reactor (PWR) conditions. According
to new estimates, the first wall will be exposed to peak heat fluxes up to 7 MW/m2 while the maximum
operated temperature of Eurofer97 is set to 550 �C. The performed analysis shows the capability of the
designed flat first wall concept to remove heat flux without exceeding the maximum Eurofer97 oper-
ating temperature only up to 0.75 MW/m2. Several heat transfer enhancement methods (turbulator
promoters), structural modifications, and variations of parameters were analysed. The effects of partic-
ular modifications on the wall temperature were evaluated using thermo-hydraulic three-dimensional
numerical simulation. The analysis shows the negligible effect of the turbulators. By the combination of
the proposed modifications, the permitted heat flux was increased up to 1.69 MW/m2 only. The results
indicate the necessity of the re-evaluation of the existing first wall concepts.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nuclear fusion represents a new energy source with the po-
tential to become the foundation of world energy in the future. The
reasons are inexhaustible and globally available fuel reserves,
emission-free industrial electricity production, inherent nuclear
safety, and constant power flow independent of the weather. The
environmental impact of fusion power plants will be comparable to
that of renewable energy resources [1].

In 1997, the JET (Joint European Torus) fusion reactor released a
fusion power of 16 MW by the controlled thermonuclear reaction
and demonstrated the feasibility of an energy utilization of nuclear
fusion. The next step, the International Thermonuclear Experi-
mental Reactor ITER [2] featuring the fusion power of 500 MW, will
be commissioned in 2025 (Fig. 1).

Nuclear fusion research has expanded rapidly over the last
decade from a narrow physical focus to a number of engineering
and technology areas, and the conceptual design activities related
to the first fusion power plant dubbed “DEMO” were launched.
Under the plan of the European Union and other world powers, the
first electricity from nuclear fusion should be produced by 2050 [3].

Fusion power reactors feature a high heat flux loading of the
plasma facing components (PFC). These components have to be
able to efficiently transfer heat, and required properties of a PFC
plasma-facing surface layer dubbed “first wall” include the high-
temperature resistance and high thermal conductivity.

Presently, it is assumed that the steady state peak heat flux limit
in the majority of the DEMO first wall will not be higher than
1.0 MW/m2. However, a power flux density modelling shows that
the peak heat flux can reach up to 6e7 MW/m2 in some locations
[4]. In theworst case, the highest nominal heat fluxwill load the so-
called divertor targets where the heat flux can reach up to 300MW/
m2 [5] (such a value of the nominal heat flux is above the present
technological capability and must be reduced before his impact on
the divertor targets). The peak of the heat flux at plasma in-
stabilities can be several times higher (up to tens of GW/m2 [6,7])
than the nominal heat flux for a short time.

In addition to the thermal load, PFC will also be exposed to a
high neutron flux of 14 MeV neutrons. The neutron flux will cause
extensive radiation damage in the range of tens of dpa (displace-
ment per atom), transmutations, and hydrogen and helium
embrittlement [5]. For this reason, the PFC must be manufactured
of radiation hardened low-activation materials. Currently, the
reduced-activation ferritic-martensitic steels (RAFMS) are expected
as a structural material. Main thermal features of the Eurofer97
steel designed in EU are low thermal conductivity of ~30 W/m.K
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and a maximum operating temperature of ~550 �C.
The high heat flux in the order of MW/m2 acting on the wall

manufactured from a material with the low thermal conductivity
like Eurofer97 causes a high gradient of temperature in the wall,
which, in combination with the middle-level maximum operating
temperature of the exposed surface, will limit a coolant tempera-
ture. In the case of fusion power reactors, low coolant temperature
can dramatically reduce the efficiency of electricity generation, or
even canmake it impossible to carry out the power from the reactor
due to a required extreme mass-flow.

The aim of this work is to analyse the capability of the water
cooling to remove the high heat flux from the first wall designed for

the European DEMO fusion power reactor. In the first part, the
cooling channel geometrical modifications related to the
improvement of heat transfer are studied. The second part of the
analysis compares two proposed first wall designs with flat,
respectively waved surface. The third part of the analysis is focused
on the benefits of reducing a coolant inlet temperature.

2. Water-cooled first wall

The cooling of the fusion power reactors first wall represents a
technological challenge. In order to minimize the absorption of
neutrons needed to produce the tritium in the blanket, it is
necessary to keep the first wall very thin. However, during the
plasma-surface interaction passing over the fusion process, the heat
flux may reach several MW/m2 and more, and it is essential to
ensure a highly efficient cooling of the wall. A cooling ability at high
heat flux conditions will affect a lifetime of the first wall/blanket
modules, which have a direct impact on the operating costs of the
future fusion power plants [1].

Two coolant options are available for cooling of the first wall -
water and helium. According to present knowledge [4], the water
cooling provides the best ability to remove the high heat flux using
various heat transfer intensification methods.

An analysed water-cooled WCLL blanket design (Fig. 2) is based
on the previous studies performed during the last twenty years
[8e12]. The initial reactor concept based on the use of the WCLL
blanket is the PPCS model A [8].

Water at typical pressurized water reactor (PWR) conditions,
which has a high capacity for heat extraction and which is widely
applied in nuclear power plants, is chosen as a coolant with the
inlet/outlet temperatures of 285/325 �C and pressure of 15.5 MPa.
The total mass flow rate in the first wall equals to 6.18 kg/s for the
equatorial outboard blanket module [9].

Nomenclature

B width of plasma facing surface (m)
cp specific heat at constant pressure (kJ kg�1 K�1)
D diameter (m)
dH hydraulic diameter (m)
F friction factor (�)
H transfer heat coefficient (W m�2 K�1)
K local loss coefficient (�)
K turbulent kinetic energy (m2 s�2)
L channel length (m)
Nu Nusselt number (�)
Dp pressure drop (Pa)
Q heat flux (W m�2)
Re Reynolds number (�)
S thickness (m)
T temperature (K)
vm mean flow velocity (m s�1)
yþ dimensionless distance from the wall (�)

Greek symbols
ε dissipation rate
h thermal performance factor
l thermal conductivity (W m�1 K�1)
r density (kg m�3)
u specific turbulence dissipation rate (s�1)

Subscripts
0 plain tube
b Bulk
f Friction
l Local
surf Surface
t Tube
w Wall

Abbreviations
CFD Computational fluid dynamics
DEMO Demonstration power station
ETPF Enhanced thermal performance factor
HELCZA High heat flux test facility
HF Helical fins
PFC Plasma facing components
PPCS Power plant conceptual study
PT Plain tube
RAFMS Reduced-activation ferritic-martensitic steels
STA Standard screw tape
STB Wall-detached screw tape
STC Intermitted screw tape
SST Shear-Stress Transport
TPF Thermal performance factor
TTA Standard twisted tape
TTB Twisted tape without core-rod
TTC Wall-detached twisted tape without core-rod
WCLL Water cooled lithium lead
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Fig. 1. Fusion reactor ITER [2].
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The first wall cooling channel module has an overall thickness of
21mm. The inner diameter of tubes is 8mmwith thewall thickness
of 1 mm. The pitch of the tubes is 26 mm. The minimum first wall
thickness in front of plasma is equal to 3 mm, plus 1 mm tube wall
thickness.

For the purpose of experimental testing, a performed 3D model
of the WCLL first wall was adapted for testing in the high heat flux
test facility HELCZA [13] designed for the cyclic high heat flux
loading of plasma-facing components and thermohydraulic testing
with preheated water. In accordance with the performed steady-
state flow analysis, the 0.5 m length of the cooling module had
been chosen.

The design study proposes two first wall geometrical concepts:
one with the waved plasma-facing surface favouring the thermal
efficiency, and the other one with the flat surface favouring the
manufacturability [9] (Fig. 3). The several studies focused on the
optimization of the first wall were performedwith the flat first wall
in order to avoid manufacturing issue or complexity due to the
waved first wall shape (e.g. Ref. [10]).

3. Heat transfer enhancement

Heat transfer augmentation techniques are used in heat
exchanger systems in order to enhance heat transfer and improve
the thermal performance. These techniques include treated sur-
faces, rough surfaces, extended surfaces, as well as incorporations
of inserts (turbulators and swirl flow devices) [14e17]. This study
covers three main and widely investigated techniques: helical fins,
twisted tapes, and screw tapes. In the area of surface modification,

the investigation focused on tubes with helical fins. Micro-finned
tubes with single-grooves or cross-grooves are usually used to
provide enhancement for tube-side refrigerant condensation and
evaporation [18,19]. Also, usages of higher and wider fins have been
performed [14]. The twisted tapes are commonly installed in tube
heat exchangers to promote the fluid mixing between the central
region and nearly the wall region. These inserts are very popular
because of their good thermal performance in a medium like single
and two-phase flow or a flow including boiling and condensation
cases. Fig. 4 shows a typical configuration of twisted tape. There are
a lot of studies of the twisted tape including several enhancement
devices for further improving heat transfer rate such as the twisted
tape with the spirally grooved tube, corrugated tube, dimpled tube,
conical ring, wire coil turbulators and the twisted tape with wire
coil [15,17].

The screw-tape includes modified wound on a single rod. In
order to enhance the heat transfer ratio, suitable modification of
the tapes are widely used, such as various widths or twist ratio,
usage of a core-rod etc. [16,20].

Both the screw-tape and twisted-tape generate a similar swirl-
ing flow in the circular tube, but they exhibit different character-
istics of the flow. For the screw-tape, the swirling flow rotates in a
single way smooth direction of flow like a screw motion, while the
twisted-tape generates the swirling flow in two-way directions of
parallel flows simultaneously (two parallel flows separated by the
twisted-tape).

All applied inserts generally induces the turbulence near the
tube wall and increase the continuance of the fluid in the tube. The
higher turbulence intensity of the fluid close to the tube wall
associated with the inserts is responsible for a higher fluid mixing
and an efficient redevelopment of the boundary layer which
consequently results in the improvement of convective heat
transfer [17].

Whenever these inserts are used, in conjunction with the
augmentation of the heat transfer rate the pressure drop increases.
Numerous studies have been carried out on heat transfer
enhancement and pressure drop characteristics in tubes with
various geometrical configurations of turbulent promoters. For
that, the main challenge for a cooling channel design is to find the
optimal relation between these two opposite behaviours. The main
criterion for choosing optimal inserts configurations is the high
value of thermal performance factor (TPF) which is relevant to
minimum pressure drop due to frictions conjugate with the
maximum heat transfer rate.

TPF involves the Nusselt number as heat transfer coefficient and
the friction factor as a pumping power or pressure drop parameter.
If a particular channel with turbulent promoters reaches the good
value of heat transfer coefficient and the minimum raise of the
friction factor, the TPF of this cooling channel is estimated as a good
one. The influence of the turbulators is generally evaluated by
comparison of the channels with the turbulence promoters versus
the plain tube. As an example of TPF usage is a review of various
twisted-tapes in turbulent flow [15]. In the review, almost all
summarized channels are observed in Reynolds numbers up to
27,000.

The highest values of the TPF factor are reached for rectangular-

Cap

Radial-poloidal
stiffeners

First wall

Double-walled
C-shaped tubes

Toroidal-poloidal 
stiffeners

Fig. 2. Water Cooled Lithium-Lead WCLL blanket [9].

Fig. 3. Temperature distribution in the first wall types: the wave concept on the top,
and the flat concept on the bottom (heat flux: 0.5 MW/m2) [9]. Fig. 4. Typical configuration of twisted-tape [15].
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cut twisted-tape, in detail described in Ref. [21]. There, for the
measured range of Re from 10,000 to 19,000, the TPF factor was
found to be in the range of 1.9e2.3 and increased with the increase
of Reynolds number. A study [22] deal with CFD models with wall-
detached twisted tape inserts. Showed TPF values for Re up to
750,000 are in interval 0.72 and 1.15, with maximal TPF at around
Re ¼ 400,000. On the other hand, in the deep study of the screw-
tape inserts [16], where fluid conditions are observed for Re be-
tween 4,000 and 12,000, TPF reached values between 1.58 and 2.35
and in all cases, it was decreasing with the increase of Reynolds
number. Similar conclusions were made in Ref. [23], where a case
study on a tube equipped with regularly-spaced twisted tapes was
analysed. However, all TPF factors reached values below the unity
(0.78e0.97).

3.1. Cooling channel designs

On basis of the above-described studies, three types and forms
of the applied promoters were selected. These promoters are the
helical fins turbulators, twisted-tape inserts, and screw-tape in-
serts. In the case of the last two, three sub-variants were solved for
more detailed analysis. In addition, the plain tube was modelled for
the heat transfer enhancement comparison of the channels.

Model of the channel with helical fins (HF) was created on basis
of the study [14]. The channel includes 12 fins with the helix angle
of 32�, fin height 3mm and finpitch 3mmwith the angle of 80�, see
Fig. 5. For all modelled channels the inlet and outlet region include
5 mm length of the plain tube (PT).

Modelled twisted tape incorporates three sub-variants: stan-
dard twisted tape (TTA), twisted tape without core-rod (TTB) and
wall-detached twisted tape without core-rod (TTC). All three vari-
ants with main dimensions are seen in Fig. 6. Chosen dimensions
are designed by virtue of studies [15,22,24].

The channel with screw tape incorporates three modelled sub-
variants. There are standard screw tape (STA), wall-detached
screw tape (STB) and intermitted screw tape (STC). All three vari-
ants with main dimensions are seen in Fig. 7. Channels proportions
are set primarily on the basis of [16,20].

3.2. Thermal performance factor

The thermal performance factor (TPF) was used for evaluation of
the influence of the turbulators to heat transfer performance. TPF
(sometimes referred to as OER - Overall enhancement ratio) is
defined as the ratio of the heat transfer enhancement to the friction
factor change based on the Darcy-Weisbach equation.

The comparison between different tube compositions is usually
made by comparing heat transfer coefficients at identical pumping
power since this is relevant to the operation cost. Based on studies
[14e17], the TPF is given as:

hTPF ¼ Nu=Nuo

ðf
.
foÞ1=3

(1)

where Nu and Nu0 denotes Nusselt numbers, f and f0 are friction
factors for the enhanced channel and the plain tube, respectively.
Nusselt number is defined as:

Nu ¼ h,dt
l

(2)

where h denotes transfer heat coefficient, dt represents a charac-
teristic dimension of the heated section (diameter) of the channel
and l is the thermal conductivity. Transfer heat coefficient h is given
by Newton law:

h ¼ qt
Tw � Tb

(3)

where qt is heat flux to the tube, Tw and Tb mean wall and bulk
temperature respectively. Because the qt could be determined from
input parameter q (heat flux on the plasma-facing surface), the qt
could be defined as:

qt ¼ q,
b

p,dt
(4)

where b represents the heated surface width. When equation (2) e
(4) will consolidate into one, the Nusselt number could be written
as:

Nu ¼ q,s
l,p,ðTw � TbÞ

(5)

and thus, the Nu is now independent of the channel diameter dt.
Because of constant values in equation (5), the ratio Nu/Nu0 could
be reduced to the temperature differences, so equation (1) then
could be rewritten to:Fig. 5. Helical fins.

Fig. 6. Twisted tapes. Standard twisted tape (top), twisted tape without core-rod
(middle), wall-detached twisted tape without core-rod (bottom).

Fig. 7. Screw tapes. Standard screw tape (top), wall-detached screw tape (middle),
dashed screw tape (bottom).
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hTPF ¼ ðTw � TbÞ
��

Tw;0 � Tb;0
�

ðf
.
foÞ1=3

(6)

Friction factor can be determined from Darcy-Weisbach equa-
tion for friction losses:

Dpf ¼ f ,
�

L
dH

�
,

�
r,

v2m
2

�
(7)

where f is the friction factor, L is the channel length, dH is the hy-
draulic diameter, r is the density of the fluid, and vm is the mean
velocity in the channel.

When the straight pipeline includes some geometrical changes
or inserts, the additional losses are added to the Darcy-Weisbach
equation. These losses are commonly referred to as local (or mi-
nor) losses and represent additional energy dissipation in the flow,
usually caused by secondary flows induced by curvature or recir-
culation. Like pipe friction, these losses are roughly proportional to
the square of the flow rate. Defining K as the (local) loss coefficient,
the local losses could be written as:

Dpl ¼
X

K,
�
r,
v2m
2

�
(8)

Where SK represents all local losses considered in themodel. Sowe
can implement these losses into the Darcy-Weisbach equation as
follows:

Dp ¼ Dpf þ Dpl ¼
�
f ,
�

L
dH

�
þ SK

�
,

�
r,

v2m
2

�
(9)

Equation (1) for TPF determination does not include local losses,
which are appeared in all channels but the plain tube. For that, the
TPF factor used for comparison of channels with inserts is not
optimal due to the different pumping power. Thus, for keeping the
same pumping power, whole pressure losses in the tube should be
taken into account. Hence, in the definition of TPF, the total pres-
sure losses Dp instead of the friction factor should be used. If we
define this factor as the enhanced TPF factor (ETPF), equation (1)
could be rewritten as:

hETPF ¼ Nu=Nuo

ðDp
.
Dp0Þ1=3

(10)

and simplified in accordance with equation (6) to:

hETPF ¼ ðTw � TbÞ
��

Tw;0 � Tb;0
�

ðDp
.
Dp0Þ1=3

(11)

Thermal-hydraulic calculations by the CFD methods provide all
variables of equation (11) directly; hence this factor could be
entirely determined due to calculations. In other words, for a
definition of pressure losses we don’t need to use any correlations,
which are often defined elaborately or which are unusable for
diametrically different types of inserts.

3.3. Numerical models

A 3D heat transfer and fluid flow analyses were performed by
numerical simulations in CFD code ANSYS Fluent 18.1.

The computational grid was generated in pre-processing pro-
grams of ANSYS package. In order to provide the sensitivity anal-
ysis, numerous grids with different density of interior cells and wall

vicinity cells were tested. A final number of fluid cells vary from
between 2.3 mills. (plain tube) to 36.7 mills. (helical fins). The main
settings of the resulting grids are summarized in Table 1. Solid parts
count 353,562 (flat surface) and 323,643 (wave surface) of poly-
hedral cells respectively. In the dependence on the geometrical
model the average yþ reaches values from between 60 and 120.

As a viscous approach, the k-u SST turbulent model with yþ-
insensitive wall treatment was chosen for further study. The u-
equation offers several advantages relative to the ε-equation. The
most prominent one is that the equation can be integrated without
additional terms through the viscous sublayer. This makes the
formulation of a robust yþ-insensitive treatment relatively
straightforward. Furthermore, k-u models are typically better at
predicting adverse pressure gradient boundary layer flows and
separation. To avoid the freestream sensitivity of the standard k-u
model by combining elements of theu-equation and the ε-equation
the k-u SST model was used. In addition, the SST model has been
calibrated to accurately compute flow separation from smooth
surfaces. This model is one of the most widely used models for
aerodynamic flows [25].

Boundary conditions are defined according to proposal variants.
Different inlet temperatures are used for plain tube and STC
channel. To find the limiting heat flux for both first wall plasma-
facing surface designs, heat fluxes between 0.5 and 2 MW/m2

with the step of 0.5 MW/m2 for plain tube and STC channel were
computed. All main model settings are summarized in Table 2.

3.4. Enhancement study results

The turbulent promoters inside the fluid part are comparedwith
using the TPF and ETPF factors. For the comparison, the results of
flat first wall design were included. The main graphical results for
chosen cases (TTA and STC) are visualized in Figs. 8 and 9 respec-
tively. These figures illustrate turbulent kinetic energy, temperature
and mean velocity formations along the channel in relation to the
current channel length position.

For both displayed channels the turbulent kinetic energy pred-
icates higher influence in the tape vicinity and in lower effect also
near the heated tube wall. In addition, two parallel flows separated
by the twisted-tape in TTA channel caused relatively symmetrical
influence. The volume average value of the turbulent kinetic energy
reaches 0.129 m2/s2 (TTA) and 0.117 m2/s2 (STC). If we compare
these values with plain tube (0.066 m2/s2) it gains up to 93%
enhancement.

Corresponding to turbulent behaviour, the swirling flow in-
fluences also the temperature course. Due to the heating process,
the highest temperatures are spread purely on the heated wall,
where the temperature non-uniformity is caused by swirling mo-
tion and the actual position of the tape. With help of the higher

Table 1
Grid parameters of the fluid part.

Cell type Tetrahedral & Prismatic

Total number of cells Plain tube 1,950,000
STA 14,090,000
STB 13,940,000
STC 4,110,000
TTA 2,250,000
TTB 7,280,000
TTC 2,930,000
HF 36,700,000

Cell base size 0.5 mm
Boundary layer - first layer 0.07 mm
Boundary layer - number of layers 5
Boundary layer - growth factor 1.2
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turbulent kinetic energy, the TTA channel reaches maximal fluid
temperature 304.0 �C and STC channel 307.6 �C. In comparison to
the plain tube with a maximum achieved temperature 312.3 �C, the
TTA channel gains the maximum wall temperature decrease of
8.3 �C.

The velocity field corresponds logically to the tape direction. The
helical screw-tape generate swirling flow rotates in a single way in
direction of flow like a screw motion and higher velocities are
concentrate in the tape vicinity. The TTA channel generates the
swirling flow in two parallel flows separated by the twisted-tape
and the velocity reached higher rotational symmetry. As could be
seen in Fig. 8, the highest velocities are concentrated in the ring
zone near the channel walls.

The main results for all solved cases are summarized in Table 3.
The hydraulic diameter in equation (7) is determined for every
channel’s geometry as his average value over the channel length.
The velocity vm is determined as a volume-averaged mean value of

Table 2
Main model parameters.

Solver type/Time Pressure Based/Steady

Viscous model k-u SST (with yþ-insensitive wall treatment)
Boundary conditions Inlet velocity magnitude [m/s] 3

Inlet temperature [�C] 285/250/200/150
Inlet pressure [MPa] 15.5
Inlet turbulent intensity [%] 3.5
Inlet hydraulic diameter [m] 0.008
Heat flux [MW/m2] 0.5/1.0/1.5/2.0
Roughness height [m] 3.10e5

Material conditions Density [kg/m3] (coolant) r ¼ f (T)
Density [kg/m3] (Eurofer97) 7600
Specific heat capacity [J/kg.K] cp ¼ f (T)
Thermal conductivity [W/m.K] l ¼ f (T)
Dynamic viscosity [kg/m.s] (coolant) m ¼ f (T)

Solution methods Pressure-velocity coupling Scheme simple

Fig. 8. Temperature, turbulent kinetic energy, and velocity contours of the channel with the twisted tape (TTA). Cross sections.

Fig. 9. Temperature, kinetic energy, and velocity contours of the channel with the dashed screw tape (STC). Cross sections.
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the coolant velocity in the channel, Tw as an average wall temper-
ature and Tb as an average temperature of the coolant over the
whole channel volume. TF,max means maximal fluid temperature
and TE97,max is the maximal temperature of the Eurofer97 on the
plasma-facing surface. The total pressure loss Dp is given as a dif-
ference between static pressures of the outlet and inlet surface. For
determination of the friction factor the density was getting from
the model results as a volume average value of the channel. On
basis of known heat flux on the plasma-facing surface (q¼ 0.5 MW/
m2), Tw and Tb temperatures and thermal conductivity for an
average coolant temperature of 290 �C (0.577 W/m.K, [20]) the
Nusselt number from equation (5) was obtained. Finally, the TPF
and ETPF factors from equations (6) and (11) presented at Table 3
were identified.

In Fig. 10 temperature courses along the channel for the upper
edge of the channel are described. As expected, the maximum
temperatures in the fluid parts reach lower values in comparison to
the plain tube. Except for the plain tube curve, remain 2 courses of
chosen channels predicate non-uniformity due to local transfer
heat coefficient values formed by the rotational movement of the
fluid. The temperature oscillations along the STC channel are
caused primarily by the actual position of the tape, which is in
physical contact with the solid part. Finally, in accordance with
values in Table 3, the TTA and STC channels feature the lowest
output maximal temperatures.

Lower fluid temperatures subsequently caused decreasing of
maximal solid temperatures, except the HF channel, which gener-
ates approximately equal maximal temperature in comparison to
the plain tube. In the cooling modules with the TTA and TTB
channel, the maximal decrease of the temperature is seen
(457.2 �C) which leads to dropping of 6.2 �C. Fig. 11 shows tem-
peratures at the upper right corner of the solid part. Corresponding
to the heat transfer ability and temperatures reached on the coolant
side, the cooling module with plain tube and channel with helical
fins return higher maximal solid temperatures, whereas cooling
modules with the twisted and screw tape channels achieves
markedly lower values.

On the other hand, turbulence promoters cause the corre-
sponding increase of the pressure drop. For comparing the effi-
ciency of particular channels the TPF and ETPF factors are
determined and shown in Table 3. In relation to the plain tube, the
TPF factor (hTPF) for all but the HF and TTC channels reached higher
values (up to 1.24 for TTA channel). According to the modified
thermal performance factor ETPF (hETPF), which fully includes total
pressure drop influence, only the channel with dashed screw tape
(STC) provides value close to one (1.01).

It is necessary to point out, that the reached TPF and ETPF values
are relevant to the input conditions. In comparison with previous
studies (see chapter 1.1) generally, lower values are achieved. It is
primarily due to relatively high Reynolds numbers (from 138,272

Table 3
Main physical results for the analysed cases of the flat cooling module design.

Channel dH vm Tw Tb TF.max TE97.max Dp f H Nu hTPF hETPF

[mm] m/s [�C] [�C] [�C] [�C] [Pa] [�] [W/m2.K1] [�] [�] [�]

PT 8.00 3.039 303.8 290.8 312.3 463.4 6375 0.02968 39 768 551 1.00 1.00
STA 6.31 3.587 298.9 290.6 304.3 458.0 25 885 0.06817 62 470 866 1.19 0.98
STB 6.74 3.398 299.5 290.6 306.4 458.6 23 686 0.07428 57 923 803 1.07 0.94
STC 7.13 3.484 299.1 290.6 307.6 458.1 22 197 0.07003 60 639 841 1.15 1.01
TTA 4.82 3.708 298.4 290.6 304.0 457.2 37 711 0.07095 66 145 917 1.24 0.92
TTB 5.08 3.679 298.4 290.6 304.3 457.2 36 785 0.07408 66 571 923 1.23 0.93
TTC 5.76 3.309 300.7 290.6 306.6 460.2 22 162 0.06258 51 062 708 1.00 0.85
HF 6.34 3.187 303.5 290.6 308.5 463.7 10 161 0.03413 41 215 571 0.99 0.89
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Fig. 10. Temperatures comparison of the fluid at the upper edge along the channel.
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Fig. 11. Temperatures comparison at the right upper solid corner along the channel.
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for TTA channel up to 190,679 for the plain tube), which, in com-
parison with the increase of pressure losses, significantly decline
the effect of the heat transfer increase.

In relation to the potential increase of the heat flux load, the
difference of maximal solid temperature on the heated surface
between all compared channels reaches only 6.5 �C.

Finally, the maximum allowed heat flux load for the plain tube
with respect to limiting temperature of Eurofer97 of 550 �C is
0.75 MW/m2. The channels with turbulent promoters then allow
only slightly higher values of the heat flux up to 0.78 MW/m2 for
TTA. Otherwise, the proposed turbulators increase the heat flux
potential up to 3.3%.

4. Plasma-facing surface design

The aim of this part of the study is a thermal load analysis of the
two previously mentioned geometrical concepts: the flat and
waved first wall cooling modules in order to identify their potential
to remove high heat flux with respect to the limit operating tem-
perature of the Eurofer97 of 550 �C.

Different maximum surface temperatures of the flat and waved
first wall under heat flux of 0.5 MW/m2 are seen in Figs. 12 and 13.
While the maximal temperature for the flat design reaches at the
end of the modelled section over 461 �C, the waved design reduces
the maximal temperature to 405 �C. Because of the given thermal
conductivity of Eurofer97, the temperature gradient over the
thickness is relatively constant. At the same time, distribution of
the heat due to solid material with constant thermal conductivity
determines the maximal surface temperature at the largest dis-
tance between the plasma-facing surface and the cooling channel.

Differences between thermal load potentialities of the
compared surface shapes are seen in Fig. 14, where the wave design
allows increasing the maximal thermal load for the plain tube from
0.75 to 1.11 MW/m2, which leads to 48% improvement. Moreover,
the waved design enables more potential improvement due to
lower slope of the load increase. In addition, seeing the tempera-
ture peaks on Fig. 13, another potential shape optimization could
lead to further surface temperature decreasing.

On the other hand, if the heat flux is incident at an angle, the
waved surface can be heated inhomogeneously. While some sur-
face areas will be in the shade others will be exposed to higher heat
flux. As a result, the peak heat flux may locally increase depending
on the surface geometry. In this study, the thermal flux is assumed
to be perpendicular to the plane of the first wall for both the surface
types.

5. Coolant inlet temperature

The third option to increase the capability of the high heat flux is
based, as well as the previous analysis, on Fourier’s law:

q ¼ l,
Tsurf � Tw

s
(12)

where l is the thermal conductivity of the first wall material, Tsurf is
the maximal operating temperature of the material at the plasma-
facing surface, Tw is a temperature at the channel wall and s rep-
resents the thickness of the material. If the first wall material is
fixed, the thermal conductivity and maximum operating temper-
ature are given. Also, the material thickness is depending on the
used material, manufacturing process or operational conditions
such as coolant pressure. Hence, only channel wall temperature Tw
could be modified. In that point, except above-solved heat transfer
coefficient increasing, we can decrease coolant temperature at the
inlet.

Therefore, variants with the lower input coolant temperatures
for plain tube and one chosen channel with inserts (STC) are taken
into account. Besides the original level of 285 �C, it covers inlet
temperatures at 150 �C, 200 �C and 250 �C in addition. Since varied
geometrical designs of the first wall heated surface generate the
different form of heat load, both, the flat and wave designs are
included.

First, Table 4 shows the maximal temperatures of the Eurofer97
under heat flux of 0.5 MW/m2 to compare the particular designs at
different inlet coolant temperatures. In relation to the maximum
operating temperature, all simulated channels grant lower
temperatures.

To find the thermal load limit, the heat fluxes up to 2.0 MW/m2

has been applied. The resulting permitted heat fluxes for the
particular designs at different inlet coolant temperatures are
summarized in Table 5. The resultant maximum surface tempera-
tures for the selected cases are depicted in Fig. 14.

6. Results summary

One of the critical points of the first wall design is the maximum
operating temperature of the Eurofer97 (550 �C). The basic design
featured the flat plasma-facing surface of the first wall and cooled
by the plain tube with the PWR coolant parameters enables
maximum allowed heat flux up to 0.75MW/m2. In order to increase
this allowed thermal load, optimization of the first wall design and

Fig. 12. Temperature distribution in the flat first wall concept with PT channel;
z ¼ 0.5 m; heat flux 0.5 MW/m2.

Fig. 13. Temperature distribution in the wave first wall concept with PT channel;
z ¼ 0.5 m; heat flux 0.5 MW/m2.
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input parameters by three potentially applicable modifications
were studied using CFD thermo-hydraulic numerical modelling of
the cooling module with the length of 0.5 m.

First, the geometrical modifications of the cooling channel
(tube) were modelled. Effect of the seven chosen turbulator types
on the heat transfer performance and pressure loss were evaluated.
Results show the standard twisted tape (TTA) and dashed screw
tape (STC) best ratios of the heat transfer enhancement versus the
pressure losses increase. As it is shown in Table 3, the maximal
temperature difference is 8.2 �C for coolant and 6.3 �C for the
maximum temperature of Eurofer97. These differences could
potentially increase the heat flux load up to 0.78 MW/m2 (for TTA),
so the enhancement of the limiting thermal load reaches about

3.3%. Thus, the channel geometrical modification proposal cannot
notably affect the possibility of the allowed heat flux increase.
Furthermore, the comparison of channels in relation to saving the
pumping power with help of the TPF and ETPF factors shows the
ambiguity of turbulators applicability in this case.

The second approach was focused on the potential geometrical
concepts of the plasma-facing surface design. Expected potential
increasing of the thermal load for the alternative wave plasma-
facing surface was confirmed. Maximal heat flux rate reached
1.11 MW/m2 for the cooling module with the plain tube. The in-
crease in the allowed thermal load reaches about 47.6%.

As the third modification, the lower coolant temperature at the
inlet leading to the decreasing of temperatures through the entire
cooling module was simulated. Because of the approximately linear
dependence, the 1 �C decrease of the inlet temperature caused
about 1 �C decrease of the maximal first wall temperature at the
plasma-facing surface. For that, usage of the inlet temperature of
150 �C instead of 285 �C enables to increase heat flux by 49.1% in
comparison with the plain tube.

Summarily, applying all three formulated modifications, the
STC-wave module with the lowest input temperature can reach the
maximum allowable heat flux up to 1.69 MW/m2 (Table 4). In
comparison to the PT-flat design with basic input temperature, it
gains 125% increment.

For a better understanding of the thermal load potentiality, the
courses with a maximal thermal load for selected design modifi-
cations of the PT and the STC modules are summarized in Fig. 14. In
the diagram, the significant potentialities of all three modifications
are evident: first, there are slightly lower situated curves of STC
modules in relation to the PT modules; second, the slopes of curves
with wave design are higher than the curves of design with flat
plasma-facing surface; and third, four rows of courses with
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Fig. 14. Courses of the first wall maximum temperature for the plaint tube channel (PT) and channel with the dashed screw tape (STC), and the flat and waved surface designs
depending on the heat flux load.

Table 4
Maximum reached temperatures [�C] of the Eurofer97 for selected coolant input
temperatures and heat flux of 0.5 MW/m2.

Input temperature [�C] 150 200 250 285

PT-flat 327.3 378.0 428.9 463.4
PT-wave 270.1 320.5 371.1 405.8
STC-flat 321.5 372.2 423.2 458.1
STC-wave 267.6 318.0 367.9 402.8

Table 5
Maximum allowed heat flux [MW/m2] for chosen channels, geometrical design, and
input temperatures.

Input temperature [�C] 150 200 250 285

PT-flat 1.121 0.981 0.844 0.752
PT-wave 1.643 1.447 1.246 1.110
STC-flat 1.159 1.013 0.870 0.773
STC-wave 1.694 1.485 1.277 1.136
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different inlet temperatures are seen.
Finally, in a confrontationwith predictedmaximal heat flux load

of 7 MW/m2 even all used proposals are not sufficient to handle the
required thermal load in the operating range of the Eurofer97 steel.

7. Discussion

The study was focused on the model of the first wall cooling
module of the fusion reactor, which is exposed to the high heat flux.
It was shown, that the heat transfer from the wall to the coolant
plays a relatively small role in the heat flux removal ability, and
consequently, the turbulators are not beneficial in the analysed
conditions.

The critical issue of the analysed blanket design is the low
thermal conductivity of the used Eurofer97 steel causing the high
gradient of temperature in combination with the middle-level
maximum operating temperature of Eurofer97. It limits the
coolant temperature and/or the permitted heat flux. In the case of
the analysed water cooling at the PWR parameters with coolant
inlet temperature of 285 �C, the first wall cooling module with the
wave design with STC channel would be able to remove the heat
flux up to a 1.1 MW/m2 as the maximum (see Table 3).

As is shown in Fig. 14, the importance of the temperature
gradient causes a significant advantage of the waved surface over
the flat surface. The waved surface has the ability to remove the
heat flux up to 50% higher than the flat surface, what is a serious
argumentation for the application of the waved surface, regardless
of its more difficult manufacturing.

The lower cooling temperature naturally causes a lower outlet
temperature, which strongly affects the thermodynamic efficiency
of the power generation. On the other hand, additional heating of
the coolant in the blanket volume is potentially available. However,
the additional coolant heating requires a higher temperature inside
of the blanket, so the first wall will be thermally loaded from both
sides (from the plasma-facing surface and from the blanket), which
will reduce the capability to remove the heat flux from plasma
retroactively.

The presented results indicate the necessity of the first wall
existing cooling concepts re-evaluation unless the designed heat
flux is sufficiently removed, for example, by using advanced heat-
resistant materials with high thermal conductivity developed for
the divertor targets [26].

8. Conclusion

The paper described a current challenge of the fusion power
plant design activities concerning to the cooling of the first wall
exposed to high heat flux. The capability of the water cooling to
carry out the high heat flux in the conditions of the Europeanwater
cooled lithium-lead blanket was analysed.

Seven types of turbulators were investigated with the reason to
determine their contribution to the high heat flux removal from the
plasma-facing first wall under specific conditions. In defined flow
conditions, the benefit of themost successful turbulators was found
to be negligible in the order of 2e3%.

The decisive role in the heat flux removal has the low thermal
conductivity of the first wall material, which cause the dominant
temperature difference between the first wall surface and the
coolant. Depending on the thickness of the wall, the thermal dif-
ference could reach up to several hundred degrees. This tempera-
ture gradient, together with the maximum temperature limit of the
surface, will also limit the coolant temperature and/or magnitude
of the permitted heat flux.

The cooling of the high heat flux loaded first wall of fusion power
reactors is a challenge to find a way for an increase of the permitted
heat flux up to required values while maintaining a suitable coolant
reactor outlet temperature for electricity production.
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