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ARTICLE INFO ABSTRACT

Keywords: The Italian tokamak DTT (Divertor Tokamak Test) is a facility for research on nuclear fusion with the aim of
DTT investigating alternative power exhaust solutions to be exploited in the future DEMO fusion power plant. DTT
ECH foresees three additional heating systems to provide the plasma with sufficient power: Electron Cyclotron
xi:; Heating (ECH) is the main one, with up to 32 MW installed. It consists of 4 clusters, each one composed of eight
. radio-frequency sources (gyrotrons) with their single-beam transmission lines, one quasi-optical Multi-Beam
Thermo-structural analysis .. . . . . .
Deformation Transmission Line (MBTL) and eight independent launchers. The power produced by the source is transmitted

quasi-optically through multiple reflections on metallic mirrors, the basic component of the transmission line,
and then injected into the plasma.

In the MBTL the reflection of the eight microwave beams on the mirror surface leads to heating of its whole
structure due to the absorbed fraction of the beam power (0.21-0.27 %) ascribed to the ohmic heating at the
mirror surface. During the radio-frequency power pulse (100 s), the mirror temperature increases, generating
deformations that could result in a loss of beam transmission efficiency. For this reason, these mirrors need to be
carefully designed from thermal and structural points of view, to guarantee the required optical performances. In
the present paper, a preliminary study concerning the design of the MBTL parabolic mirror, and its cooling is
presented, resorting to a coupled thermal and structural finite element simulation. The preliminary analyses
address a main objective: minimize the surface mirror temperatures and consequently the deformation associated
with thermal expansion, to reduce the impact on beam transmission efficiency drop. Different design choices,
namely materials, body thickness and cooling solutions, in terms of cooling channel shape and water flow, are
discussed.

The ECH system architecture is based on 4 clusters, each one consists
of 8 gyrotrons, the chosen Radio-Frequency (RF) source, one quasi-

1. Introduction

In the research field of nuclear fusion, the Divertor Tokamak Test
facility (DTT) [1] is an Italian project, aimed to investigate alternative
power exhaust solutions under integrated physics and technical condi-
tions that can be reliably extrapolated to the future nuclear fusion
DEMOnstration power plant (DEMO) [2]. In DTT, to achieve a large
value of the power crossing the boundary, an additional heating power
of 45 MW must be provided to the plasma [3]. Three heating systems are
selected for this purpose: Electron Cyclotron Heating (ECH), Ion
Cyclotron Heating [4] and Neutral Beam Injection [5].
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optical Transmission Line (TL) and 8 independent launchers [6].

The power produced by the RF sources is transmitted by a series of
flat and focusing mirrors, enclosed in a metallic envelope under vacuum,
and it is launched into the plasma by a pair of mirrors in the port plug for
each launcher.

The gyrotron frequency is 170 GHz and produces a millimetre-wave
beam of 1 MW of power. The quasi-optical TL is conceptually divided
into three parts: the first and the third ones are Single-Beam Trans-
mission Lines (SBTL), located close to the gyrotrons and preceding the
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launcher. The central part of the TL is a Multi-Beam Transmission Line
(MBTL), most of which is located in a corridor between the gyrotron
building and the torus hall. Its concept is the same of W7-X, where a
quasi-optical system was adopted for the transmission line [7,8]. The
DTT MBTL is composed of large focusing and plane Multi-Beam Mirrors
(MBMs), each dedicated to the reflection of 8 beams. 8 MBMs, 4 focusing
and 4 flat mirrors constitute the basic unit (Fig. 1) in the corridor.

The TL power handling requirements include the flexibility to in-
crease the power up to 1.5 MW, considering a future upgrade of the
gyrotron power [9]. The RF pulse is expected to be active for 100 s
continuously with a repetition rate of one pulse per hour [9]. During a
pulse, a fraction of 0.21-0.27 % of the incident power is absorbed by the
mirror. As a natural consequence, the mirrors increase their temperature
at each power pulse. Therefore, they must be cooled in order to avoid
overheating and high deformations.

The following sections describe the preliminary design of the MBTL
focusing mirror, which was optimized with the aid of thermal and
structural Finite Element (FE) simulations.

The study includes the choice of materials, the geometrical design for
both mirror and cooling channel, and the thermo-fluid dynamic water
parameters.

The design is driven by the minimization of the mirror deformations,
needed to guarantee high efficiency of beam transmission.

This requirement is strictly related to the minimization of tempera-
ture values and gradients as well.

1.1. Assumptions

The mirror under analysis is focusing, with a parabolic surface cur-
vature and an elliptical outer frame.

Fig. 2 shows the geometric configuration with the minor and major
radii of 380.0 mm and 537.4 mm, respectively. In particular, the minor
dimension depends on the beam radius, as explained in [10]. The major
dimension is determined by the beam incidence angle (6; = 45°), and
the parabolic surface of the mirror is given by a portion of a paraboloid
of revolution. Specifically, it is defined by the parabola yg = x2 /(2p) at
the off-axis radius p, where Y and XG are the axes of the Global refer-
ence system and p is defined as p = L~ 7 [ 111, with the focal length of the
mirror F = 2.85 m. The condition of (6; = 45°) results in p = 2F.

During the 100 s of the pulse length, a MBM must simultaneously
reflect on its surface 8 beams.

Ideally, at the input plane of the MBTL, the centres of the beams are
disposed on the vertices of an octagon. Being the mirror non-planar but
inclined at 45° and placed 5.7 m (2F) away from the input plane, the
reflected beams are not covering an octagonal area, but rather a quasi-
elliptical area (as shown in [9,10]).

Being inside a vacuum envelope, far from the plasma, the only load
to which the mirror is subjected is the absorbed fraction of the micro-
wave beams power. It is a surface load, defined by the Gaussian power
distribution of the beams, with the size defined by the TL design, which
is based on quasi-optical Gaussian beam propagation laws [11].

The incident power density per single beam is calculated as follows:

{650
Py = Pye ' ' @

where the peak power density is:
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Fig. 2. Representation of the parabolic mirror features. On the left the elliptical
shape with radii dimensions. On the right the representation of the parabola
generating the mirror paraboloid surface. Subscripts L and G on the reference
systems stand for “Local” and “Global”.
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Q is the total power of a single gyrotron beam (Q = 1.5 MW considering
the maximum possible power unit).

The mirror local coordinates x; and y;, (Fig. 2, left) are aligned with
the major and minor mirror semi-axes, respectively, whilst W;( and w/y are
the projected beam sizes on the x;-y; plane.

The load is the absorbed power density on the mirror surface,
calculated as:

Paps = PincA 3

where A is the power absorption coefficient, evaluated considering the
material resistivity at 30 °C, a mirror roughness factor of 1.3 [12] and
the worst beam polarization in terms of ohmic losses on the reflective
materials. An analysis with ohmic losses consistent with the mirror
surface temperature is planned for the final cooling configuration, once
completed.

The microwave power absorbed in the reflection of 8 beams is 25.2
kW in the case of copper and 32.4 kW in the case of the aluminium
mirror surface.

In Table 1 the parameters for the load calculation are reported,
where the values of w, and w'y are the average sizes, representative of the
8 beams.

Fig. 3 represents the absorbed power density as a function of the
coordinates x; and y;.

1.2. Numerical modelling
The transient thermal analyses are aimed to simulate the variation of

the temperature on the mirror during the RF pulse, but also during the
time interval between pulses (3600 s), in which the mirror temperature

Beams propagate alternatively

/ Input

crossing or parallel to each other

Table 1
Microwave load parameters.
W m] Wy m] Puss max[MW /m?] A
Cu 0.15040 0.10635 0.14329 0.21 %
Al 0.15040 0.10635 0.18422 0.27 %
Focusin, Out, ut
Dogleg g P

mirror\ f —
e '— ~~ Flat mirror

Fig. 1. Representation of the basic unit of a MBTL, with 8 reflecting mirrors (4 focusing and 4 flat mirrors). Figure from [9].
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Fig. 3. 3D Representation of the absorbed power density distribution.

should return close to the initial value.

The theoretical approach for the thermal analysis is the same used for
a mirror in the DTT launcher [13] in which the turbulent flow is treated
with the empirical “Dittus-Boelter” formulation. For the refrigerant
water, flowing in the cooling channel, the convection heat transfer co-
efficient (HTC) is considered uniform in space and constant in time,
despite the performed analyses are transient. Nevertheless, this is a
conservative approximation resulting in a small overestimation of the
maximum temperature. Moreover, from the results it will be shown that
the range of the water temperature is not too large, so the variability of
the HTC, caused by the transient condition of the water, is limited.

ANSYS® [14] is the CAE software used for the simulations via both
the Workbench interface and the APDL language.

The thermal FE approach exploits an ANSYS element type
“FLUID116" to simulate mass and heat transport, and convection effects.
This simulation approach simplifies the characterisation of the real fluid,
losing detailed information on its fluid dynamics (for example, it does
not consider centrifugal effects in non-rectilinear pipes), but still guar-
anteeing reliable temperature results.

The mesh models are mainly structured, and the elements used are
mostly linear hexahedra. A mesh sensitivity analysis was performed on
all models, which will be presented later, leading to high degree of
refinement.

2. Definition of different mirror models

To find the best configuration that limits the deformations as much
as possible, a comparison of different designs has been first performed.
The models differ in both geometry and material. At the beginning, two
simple designs were taken into account, to study the possibility to work
in simplified conditions, realizing a cooling channel with a single turn.
Then, two advanced cooling designs, with a double spiral configuration,
were introduced, which could provide more relevant results in this type
of application.

The first option considered for the material (as shown in [9]) is
aluminium, which allows reducing weight and costs as well.

The second option is a Stainless-Steel (SS) mirror coupled with a
copper layer. It is characterized by lower power to be dissipated thanks
to the lower electrical resistivity of copper (resulting in lower ohmic
losses), but on the other hand, it leads to a larger weight and lower
thermal conduction in the bulk.

The two advanced options involve improving the cooling channel, by
introducing the concept of a double spiral path, which increases the heat
exchange area and allows for better temperature uniformity. The first
application is on a SS mirror coupled with a copper layer (configuration
similar to W7-X mirror [15]), whilst the second on a pure-copper mirror.

In the following sections, the models are presented more in detail.
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2.1. Aluminium design (Elliptical channel)

The first design concerns an aluminium (Aluminium Alloy 6061-T6)
mirror with a minimum thickness of 3 cm (the curvature of the parab-
oloid produces a variable thickness; the minimum is in the centre of the
mirror).

Since copper is a noble metal and has a higher reduction potential
than aluminium, in order to decrease the possibility of corrosion prob-
lems with water, the cooling channel is realized inside a copper plate,
joined to the back surface of the aluminium mirror.

It is an elliptical plate of 50 cm x 40 cm (diameters) with a thickness
of 2 cm. The cooling channel is a duct of elliptical shape with a circular
cross-section of 1 cm in diameter. It is drawn on the ellipse containing
the imprints of the beam centres. The geometry is visible in Fig. 4. The
total weight of the mirror and the plate is ~ 87 kg.

2.2. SS-Cu design (Elliptical channel)

The second design foresees a minimum thickness of 3 cm (at the
centre) with a SS bulk (2.5 cm of constant thickness) and an upper layer
of copper with a minimum thickness of 0.5 cm (Fig. 5). The SS base is
dug similarly to the copper plate of the aluminium mirror, but in this
case, the channel has a semi-circular cross-section, being placed be-
tween the two materials. The position of the channel is translated closer
to the reflection surface and consequently, near to the thermal load,
considering the possibility to dig the channel into the SS surface and
then add the copper layer by electroforming or other joining methods.
To have approximately the same cross-section area as the previous case
(circular section with 1 cm of diameter), it is necessary to build a semi-
circular section with a diameter of 1.4 cm. This mirror has a total weight
of 181 kg (55 kg Cu and 126 kg of SS).

0.00 200.00
— —
. 100.00 300.00

400.00 (mm)

———

X

000 50.00 100.00 (mm) 5;
—_—

=
25.00 75.00

Fig. 4. Aluminium mirror geometry. (Top) General view. (Middle) Section
view with the detail of the channel section. In green the reflective surface.
(Bottom) Details of the dug elliptical plate. It is partially open to appreciate
the channel.
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Fig. 5. SS-Cu mirror geometry. (Top) General View. (Middle) Section views (x-
z, y-z planes). In green the reflective surface and the channel. (Bottom) View of
the superior surface with the dug elliptical circuit. The cover layer is partially
open to show the channel.

2.3. S8S-Cu design (Spiral channel)

The third design considers a new configuration. It is proposed to try
to: (1) decrease eventually high temperatures, (2) improve the cooling
and (3) homogenize the temperatures.

To increase the cooling effectiveness, having a close contact to the
whole reflective surface, it is possible to realize a spiral channel, as used
for the steering mirror M2 of the ECH launcher [13] and widely studied
for the TL mirrors of W7-X [15-17]. This could produce a more homo-
geneous distribution of the temperature and a decrement in the
maximum values, pursuing all objectives (1), (2) and (3), provided that
the channel covers a great part of the area of the mirror.

The concept of the spiral is interesting because it allows a more
uniform distribution of heat across the mirror, bringing the water in
contact with a larger area, and promoting heat exchange from the most
heated to the less heated mirror regions. To this aim, the inlet of the
channel is located near the maximum heat flux radius: so that the coldest
water is in contact with the hottest zone of the mirror. From the inlet,
two different spirals start, the first one towards the centre of the mirror
and the second one towards the outside of the mirror, so the mass flow
rate is divided into two channels (Fig. 6).

In this third design, the structure is composed of a SS base, dug with a
semi-circular section channel, and covered by a parabolic layer of cop-
per, as in the second design. In this case the thickness is reduced, to
reduce the weight. The total minimum thickness is 2 cm, with a mini-
mum thickness layer of 3 mm. The diameter of the semi-circular section
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Fig. 6. Mirror with spiral cooling circuit geometry with hollowed-out channels
and the holes of the inlet and the internal/external outlets.

is equal to the previous one: 1.4 cm.

The trajectory of the channel is an elongated spiral that follows the
elliptical shape of the mirror. The spiral pitch is 3 cm for the minor axis
and for the major axis 3 cm multiplied by the ratio between the ellipse
radii. The angular range of the spiral is 37 — 20.5x.

This mirror has a total weight of 122 kg (43 kg Cu and 79 kg of SS).

2.4. Copper design (Spiral channel)

The fourth design considers the double spiral concept, with the same
dimensions and features of the third one, but in a pure-copper mirror. To
pursue objectives (1), (2), (3) of Section 2.3, a pure-copper mirror could
be better than the previous materials due to a higher thermal conduc-
tivity, lower thermal expansion coefficient (with respect to aluminium)
and the possibility to use 3D printing. The con is the higher cost.

This mirror has a total weight of 132 kg.

3. Thermo-structural simulations, inputs, and results

Thermo-structural analyses are the basis on which the search for the
best model is developed. In the following sections, the main results for
all the simulations are shown, starting from the input conditions. For
each design proposed in Section 2, the transient thermal and static
structural simulations are given.

The transient analyses are carried out on three pulses (10,800 s),
divided into 114 time-steps, finer (10 steps) during each RF pulse (100 s
long). The thermal load only is active for 100 s and three times in the
whole simulation.

The input parameters of the thermal analysis are:

o volumetric flow rate: V = 20 I/min
o water inlet temperature Tyaer (intery = 30°C
(first attempt value: temperature easily available in every season
to not create problems of condensation)
e water inlet pressure: Pyqeer (inler) = 10 bar (conservative value
considering possible high pressure drops in the whole circuit)
e heat transfer coefficient: defined for each configuration.

In this preliminary design, the structural analyses are performed with
simplified boundary conditions. In order to decrease the computational
effort, it was decided to analyse a steady-state structural condition at a
given time, corresponding to a specific thermal condition. A transient
structural analysis will be considered with the most promising mirror
design.

Hereafter the structural simulation will concern the time instant
related to the highest temperature, occurring at the end of the third shot
(7300 s).
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In the static structural analysis, the loads are:

e the temperature distribution at 7300 s

e the water pressure on the channel walls (10 bar conservatively
constant)

e the forces at the inlet and the outlet that simulate the continuity of
the flow.

Concerning the constraints, a free displacement is simulated. As the
load is quasi-symmetrical with respect to the mirror centre, it is possible
to assume a null displacement in the directions normal to the symmetry
planes and a null displacement on the vertical direction of the centre of
the back surface (indeed, the real support could be connected to the
mirror in the central back area). The equivalent support will be
improved subsequently, considering a more realistic condition.

In this paper, gravitational effects, which have a non-negligible
impact on the shape of the mirror, will not be considered, in order to
assess only the effects related to thermal load. In a future detailed
design, they will be added, and if necessary, the possibility of compen-
sating them in the original shape of the mirror will be considered.

3.1. Aluminium design (Elliptical channel) thermo-structural results

The input parameters of the thermal analysis have already been re-
ported. Only the HTC needs to be specified for each configuration:

e heat transfer coefficient: h = 17000 W/(m2K), constant, calculated
considering the water properties at Tyqser (inter)-

e The Reynolds number is ~ 53000, a value that confirms fully tur-
bulent flow inside the channel.

Fig. 7 reports the first simulation result of the design of Section 2.1:
the temperature distribution at the end of the third pulse, at 7300 s (the
distributions at the end of the first and second pulses are the same as the
third, so they are not shown). The maximum temperature reached on the
mirror is 116.2 °C, an acceptable value in this kind of application (as
seen in [13]), but it must be considered in relation to the thermal
expansion effect. For this reason, a structural analysis is essential.

The water outlet temperature at the end of the 3rd pulse reaches 41
°G, still low, and its properties change little enough to consider the HTC
constant.

The maximum heat power absorbed by the water during the simu-
lation is Q = mcyATyaer = 15.25 kW, ~ 47 % of the total absorbed
power (Section 1.1).

Type: Temperature
Unit: °C
Time: 7300

116.2 Max
I 108.8
1014

94.07
86.71
79.34
71.98
64.62
57.26
49.89
42.53
35.17 Min

D
z
0.00 200.00

400.00 (mm)
— — .
100.00 300.00 X

Fig. 7. Aluminium mirror design: (Top) Contour plot of the temperature dis-
tribution at the end of the third pulse, front view. (Bottom) Temperature dis-
tribution on the section view (x-z plane).
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Type: Total Deformation
Unit: mm

Time: 1

Deformation Scale Factor: 80.
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Fig. 8. Contour plot of the total deformation of the aluminium mirror design.
Deformation scale factor (x80).

The time evolution of the maximum mirror surface temperature will
be reported in Section 3.5.

Considering the structural constraints mentioned above, a static
structural analysis (at 7300 s) is carried out. Fig. 8 shows the contour
plot of the total deformation.

Asvisible in Fig. 8 the maximum total deformation is 0.912 mm. The
directional deformations out of the reflection plane are the most critical
for the propagation efficiency of the beam, so the most important to be
analysed. The trends and the maximum values of the Z-directional
deformation (out of the mirror plane) in the main axes (on the superior
surface) of the mirror will be reported in Section 3.5.

3.2. SS-Cu design (Elliptical channel) thermo-structural results

The input parameters of the thermal analysis have already been re-
ported. Only the HTC is here different with respect to the previous
design due to the small change in the cross-section area:

o heat transfer coefficient: h = 17600 W/(m?K), constant, calculated
considering the water properties at Tyater (inter)-

e The Reynolds number is ~ 46000, a value that confirms fully tur-
bulent flow inside the channel.

The reflective material of the design of Section 2.2 is different from
before, as reported in Table 1. The heat flux distribution changes and the
peak is lower.

Fig. 9 shows the temperature distribution at the end of the third

Type: Temperature
Unit: °C
Time: 7300

113.5 Max
= 106.2
98.83

91.48
84.12
76.77
69.41
62.06
5471
4735
40
32.65 Min
z
0.00 200.00 400.00 (mm)
— — -
100.00 300.00 L X
Fig. 9. SS-Cu (Elliptical) mirror design: (Top) Contour plot of the temperature

distribution at the end of the third pulse, front view. (Bottom) Temperature
distribution on the section view (x-z plane).
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Type: Total Deformation
Unit: mm

Time: 1

Deformation Scale Factor: 40.
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03213 v X
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Fig. 10. Contour plot of the total deformation of the SS-Cu (Elliptical) mirror
design. Deformation scale factor (x40).

pulse. The pattern is different from the previous one, but the maximum
temperature is 113.5 °C, only 3 °C lower than the previous case. The
channel contour and the effect of the cooling along the path is well
visible.

The difference with the previous case is due to the change of the
materials and the different thermal behaviour. As already mentioned,
the thermal conductivity of the SS is lower than the one of the
aluminium or copper, so the back surface remains colder and heat
conduction gets worse, but the position of the channel, close to the load,
still allows for lower maximum temperature. Maintaining the same
conditions and moving the channel closer to the rear surface would in-
crease the temperatures.

In this case, the maximum water outlet temperature is 38.1 °C (at
7300 s). The water temperature difference is low, and the maximum
heat power absorbed by the water during the simulation is Q =

mMcyATyarer = 11.2 kW,~ 44 % of the total absorbed power. It is lower
in absolute value than in the previous case, but similar in percentage,
because the total power is lower for copper (Section 1.1).

The time evolution of the maximum temperature of the copper
mirror will be reported in Section 3.5.

As done previously, a static structural analysis has been carried out
with the thermal condition at 7300 s, with unchanged boundary
conditions.

The first important result is that the maximum total deformation
increases by ~ 94 % compared to the aluminium case, up to 1.767 mm
(Fig. 10).

The trends and the maximum values of the Z-directional de-
formations for the major and minor axes of the superior surface will be
reported in Section 3.5.

3.3. SS-Cu design (Spiral channel) thermo-structural results

The analysis of the designs of Sections 2.3 and 2.4 considers the same
diameter and the same volumetric flow rate (10 1/min) for internal and
external spirals. The heat transfer coefficient is h =~ 10000 W/(m?K),
with Re = 23100.

The results of the thermal analysis of the third design of the SS-Cu
mirror with spiral channel, at the end of the third pulse (7300 s), are
visible in Fig. 11.

The maximum surface temperature is remarkably decreased, up to
67.6 °C. The temperature distribution is also more uniform, resulting in
a lower maximum gradient. The water outlet temperature in the inner
spiral reaches a value of 43 °C, while in the external spiral the maximum
value is 49 °C, which is not reached at the outlet because, during the last
round, the heat exchange changes and the water heats the outer edge of
the mirror, which remains colder. This result is useful to better even out
the temperature over the mirror, reducing the temperature gradients.

The maximum absorbed thermal power by the water during the
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Type: Temperature
Unit: °C
Time: 7300

67.56 Max
I 64.35
61.14
57.92
54.71

51.5

48.29
4508
41.87
38.65
3544
32.23 Min

z
L.

X
Fig. 11. SS-Cu (Spiral) mirror: (Top) Contour plot of the temperature distri-

bution at the end of the third pulse, front view. (Bottom) Temperature distri-
bution on the section view (x-z plane).

0.00 200.00
— —
100.00 300.00

400.00 (mm)

transient is Q = McpATyaer = 21.9 kW, ~ 87 % of the total absorbed
power (Section 1.1). This value is much higher than in previous con-
figurations because, in this design, the cooling system is more effective,
for the reason seen in Section 2.3.

The time evolution of the maximum temperature of the copper
mirror will be reported in Section 3.5.

From here on, a more realistic constraint in structural analysis is
considered.

With the hypothesis of a spherical joint to sustain the mirror at the
centre of the back surface, new constraints are implemented in the
simulations, as visible in Fig. 12.

The back central zone of the mirror has a compression-only support
(in blue in Fig. 12), the central orthogonal faces are blocked to move in
their normal direction (orange and green reference in Fig. 12) and the
back centre is blocked in Z-direction (red reference in Fig. 12).

The maximum total deformation of the SS-Cu (spiral) mirror (at 7300
s) is 0.866 mm, and the contour plot is visible in Fig. 13.

With respect to the second design, the remarkable decrease in
maximum AT across the mirror (56 %), leads to a 51 % decrease in
maximum total deformation. However, this value is only 5 % lower than
the result of the first design.

The trends and the maximum values of the Z-directional deformation
in the main axes of the mirror will be reported in Section 3.5.

- Compression only support
(Z direction)
-Ux=0
-Uy=0
-Uz=0

400.00 (mm)

=

Fig. 12. Structural constraints of the Mirror with spiral cooling circuit.

0.00 200.00
—

—
100.00 300.00
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Type: Total Deformation
Unit: mm

Time: 1

Deformation Scale Factor: 80.
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I 0.787
0.708

0.63

0.551
0472
0393
0315
0.236

4
V‘J/’ ?
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Fig. 13. Contour plot of the total deformation of the SS-Cu (spiral) mirror
design. Deformation scale factor (x80).

3.4. Copper design (Spiral channel) thermo-structural results

The results of the thermal analysis of the fourth design of the pure
copper mirror, at the end of the third pulse (7300 s), are visible in
Fig. 14.

The maximum surface temperature is 55.1 °C, ~12 °C lower than the
previous result. Fig. 15 allows to better appreciate the more uniform
temperature, using the same scale of the third design. In this case, not
only the maximum value is lower, but also the minimum value is higher,
and this leads to a maximum gradient AT of 17 °C, against the previous
one of 35 °C.

The water reaches the same condition, because there are no differ-
ences in the thermodynamic features, and the absorbed thermal power is
the same.

The maximum total deformation of the copper mirror (at 7300 s) is
reduced to 0.144 mm, and the contour plot is visible in Fig. 16.

Type: Temperature
Unit: °C
Time: 7300

55.14 Max
I 5358
52.03

5048

39.61
38.05 Min

EE v~ . . osaes ey - |

z

0.00 200.00 400.00 (mm)
— — O
100.00 300.00 X

Fig. 14. Copper mirror: (Top) Contour plot of the temperature distribution at
the end of the third pulse, front view. (Bottom) Temperature distribution on the
section view (x-z plane).

67.56 61.14 5471 48.29 41.87 3544
6435 57.92 515 45.08 38.65 3223

..

Fig. 15. Copper mirror: contour plot of the temperature distribution on the
section view with the scale of the previous case.
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Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 400.
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Fig. 16. Contour plot of the total deformation of the copper mirror design.
Deformation scale factor (x400).

The large temperature drop leads to a significant decrease in the
deformation. The maximum total deformation at the end of the pulse is
about 83 % lower than the SS-Cu (spiral) result.

The trends and the maximum values of the Z-directional deformation
in the main axes of the mirror will be reported in Section 3.5.

3.5. Comparison of the thermo-structural results

In this section, a comparison of the results of the four designs is
illustrated.

Table 2 reports the main results in temperature and the Fig. 17 shows
the time evolution of the maximum mirror surface temperature for the
four configurations. The trends are pairwise similar in two aspects: the
reached peak and the cooling rate. Both aspects are related to the
channel characteristic. The elliptical channel leads to higher peaks and
slower cooling (blue and grey trends), while the spiral channel to lower
peaks and faster cooling (green and orange trends). In particular, the
fourth design has a peak temperature reduced by ~ 52 % compared to
the first configuration. This important improvement in the temperature
distribution is certainly positive for the structural results.

Furthermore, in the first and second designs, the temperature after 1
h returns close to the initial condition, but not equal and they do not
reach steady state before the next pulse. However, the maximum tem-
perature rise at the end of each pulse is very low (~0.1 °C). In the third
and fourth designs, the mirror recovers the initial condition before the
next pulse, reaching the steady state 1100 s after the end of the pulse for
the SS-Cu mirror and 700 s for the Cu mirror. Thus, it appears unnec-
essary to evaluate the thermal performance over three pulses, because
one pulse is sufficient.

The Z-directional deformation maximum values in the major and
minor axes of the superior layer of the mirror are reported in Table 3, in
addition to the maximum value of the total deformation. In Fig. 18 the
trends of the Z-directional deformations are shown for the main axes.
The comparison of the four configurations shows that the design in SS-
Cu (Elliptical) is the worst solution, the design in SS-Cu (Spiral),
despite the improvement of the cooling and better thermal results, does
not have a good structural performance, as opposed to the pure copper
mirror. The main reason is the low thermal conductivity of the SS, which
results in poor heat transfer within the structure and between successive

Table 2
Main temperature results of the four designs.
Mirror AL SS-Cu SS-Cu Cu
7300 s Elliptical channel Spiral channel
Max T mirror [C] 116.2 113.5 67.56 55.14
Max T water ["C] 41 38 43 int 43 int
49 ext 49 ext
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Fig. 17. Evolution of the maximum mirror temperature over time for the four
design configurations considered.

Table 3
Maximum values of the total deformation and the Z-directional deformation on
the major and minor axes of the four designs.

Mirror AL SS-Cu SS-Cu Cu
Elliptical channel Spiral channel
Max TOT def [mm] 0.912 1.767 0.866 0.144
Max Z def MAJOR axis [mm] -0.568 -1.744 -0.851 0.037
Max Z def MINOR axis [mm] -0.815 -1.091 -0.523 -0.031
. 0.300
€
E 0.000
s
-2-0.300
£
é -0.600
8 0.900
g e AL (Elliptical)
©-1.200 SS-CU (Elliptical)
S
Q .
- iral
%JJ‘SOO SS-Cu (Sp al)
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Fig. 18. Comparison of the Z deformation on major (top) and minor (bottom)
axes between the four designs.

turns of the spiral, which is much less evident in copper. Reducing the
pitch of the spiral (increasing the spiral range) can improve heat transfer
and thus temperature distribution.

The pure copper mirror seems to be the best option. Not only the
maximum total deformation decreases by 83 % in the pure copper
mirror, but the maximum value of the Z-directional deformation de-
creases by 96 % on the major axis and 94 % on the minor axis (compared
with SS-Cu (Spiral)).
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The difference is that the deformation of the copper mirror on the
major axis is positive contrary to the previous cases.

The copper mirror turns out to be the most suitable solution,
certainly not free of charge. To achieve this, it was essential to consider a
more complex cooling system and a heavier (more expensive) material.

4. Optimization of the mirror performance

Having found the best solution in the copper mirror design, as shown
in Section 3, some features are then optimised.

4.1. Effect of the mirror thickness

The first optimization concerns the thickness. Pursuing the objective
of reducing the deformations, different thickness values of the layer
(3;4;5 mm) and of the mirror (1.5;2 cm) are studied.

The first solution of the copper mirror foresees a total thickness of 2
cm, with a minimum thickness for the layer of 3 mm. A parametric
analysis for the different cases is executed. The results of the comparison
are reported in Table 4 and the graphs of Fig. 19.

From the maximum values of the total deformation reported in
Table 4, it is worth noting that the solution using 1.5 cm thickness is
worse than 2 cm, regardless of layer thickness: less material allows a
reduction of the weight of the structure, but it also reduces the stiffness,
so the mirror becomes more prone to deformations.

Table 4
Comparison of the maximum values of total deformation and Z-directional
deformation between five configurations of the copper mirror.

2cm 2cm 2cm 1.5¢cm 1.5cm
3 mm 4 mm 5 mm 3 mm 5 mm
Max TOTdef [mm)] 0.144 0.145 0.145 0.154 0.155
Max Z def 0.037 0.017 0.016 0.039 0.019
Major axis [mm)]
Max Z def -0.031 -0.043 -0.051 -0.044 -0.064
Minor axis [mm)]
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Fig. 19. Comparison of the Z deformation along major (top) and minor (bot-
tom) axes between the five configurations of the copper mirror.
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Fig. 20. Parabolic profile on the major axis in undeformed condition (blue
trends) and deformed condition (scaled x100 in red and orange trends) for the
case 4 mm (top) and 3mm (bottom).

The choice among the layer thickness (3 mm, 4 mm, or 5 mm) is not
trivial. The 5 mm case seems to be better considering z-deformations on
the major axis, but the 3 mm one exhibits lower deformation along the
minor axis. The solution of 4 mm presents intermediate values of the
maximum Z-directional deformations.

To individuate the final choice, it is useful to refer to Fig. 19,
reporting the trends of Z-directional deformations on two main axes for
all the configurations and Fig. 20, reporting the parabolic profile on the
major axis in the deformed and undeformed conditions, for the cases
with 4 mm and 3 mm layer thickness.

From Fig. 19, it is noteworthy that the trend for 4 mm case defor-
mation is in the middle of the previous two. It produces a more homo-
geneous deformation in the major axis. From Fig. 20 the 3 mm case
seems to be better in the central area where the beams reflect, but the
total curvature increases more than the 4 mm case, affecting the
focussing effect of the bundle of the 8 beams. So, the option with 2 cm
bulk and 4 mm layer is chosen as the best solution.

4.2. Hydraulic flow balancing

As reported in Section 3.3, the mass flow rate is equal for both spirals
internal and external. This leads to different pressure drops because the
spiral lengths are not equal. With regard to the future installation of the
cooling circuit, in order to avoid the use of intermediate valves or
pumps, the system must be designed to have the same pressure drops.
For this purpose, the following conditions must be satisfied
simultaneously:

Equal AP for internal and external spirals (evaluated for straight

tubes and multiplied by a corrective factor of 1.5)

e AP =1 bar (arbitrary choice inside the range of 4 bar, compatible
with DTT water cooling system)

® Vit = Vig + Vexe (flow rate in the internal and external spiral,

respectively)

Vit = 20 I/min
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Table 5
Values of the channel diameters and velocities related to specific volumetric
flow rates.

Ve[l /min] i) Vit m /5] da[m] -
4 0.0084 2.4 0.0177 2.2
6 0.0098 2.6 0.0168 2.1
8 0.0109 2.8 0.0159 2.0
10 0.0119 3.0 0.0149 1.9
12 0.0127 3.2 0.0137 1.8
14 0.0135 3.3 0.0123 1.7
16 0.0142 3.4 0.0105 1.5

The system is solved by setting an array of internal mass flow rates
(Table 5) and finding for each value a couple of internal and external
diameters (consequently the external mass flow rate), which guarantee
equal pressure drops.

In order to choose the optimal pair of diameters, seven thermal
simulations, corresponding to the cases reported in Table 5, are carried
out, without changing the geometry of the mirror (the diameters of the
spirals), but using a reference geometry (2 cm - 5 mm) with dipy = dexe =
1.4 cm) and applying adaptive HTCs, calculated as follows:
Asidey

hfem = heff' (4)

sidefem

where hg,, is the fictitious HTC to be used with the reference geometry,
he is the effective HTC (calculated analytically with the correct di-
ameters), Aside,, is the convection area of the effective geometry and
Asidey,,, of the reference geometry.

The results of these thermal simulations are visible in Fig. 21, where
the maximum AT, the Tayerqge and Tingx Of the mirror are plotted.

The choice of the pair of diameters is driven by the goal to minimize
the temperatures. The lowest values are related to an internal flow rate
of ~10 I/min.

The pair of diameters corresponding to this value of flow rate is
approximatively diy; = 12 mm, de¢ = 15 mm. Such approximation
leads to a Vip, = 10.279 I/min and V., = 10.280 1/min.

4.3. Complete thermal and structural analysis

Once all the studies and the comparisons have been executed, having
the final design in geometry and material, the chosen thickness values
and the hydraulic condition, it is useful to carry out a complete analysis.
It concerns a coupled transient thermo-structural simulation, analysing
the mirror temperature and deformation due to the heat flux and out of
the loaded condition. The time evolution of the deformation will be thus
analysed. The total analysis time is 300 s, considering one pulse only, as
explained in the results of Section 3.5. The thermal load is active in the
range of 10 s-110 s, to have stable conditions in the first 10 s.

Considering the final geometry (2 cm-4 mm) (Fig. 22), a structured
mesh is realized, as visible in Fig. 23.

The thermodynamic parameters and values are:

80 | —@—dT[°C] —o—T_max[°C]

70
6o ‘\0\.__._/0/./‘
5o
40

30
. .\.\.__./

10

T_averge [°C]

T[°C]

2 7 12 17
Flow rate Internal spiral [I/min]

Fig. 21. Comparison of the results of the 7 sets of values Vints dint, Aoz
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Fig. 22. Copper mirror (2 cm-4 mm) geometry: section view of half mirror.
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Fig. 23. (Top) Mesh of the (2 cm—4 mm) version of the copper mirror. In the
bottom left corner, the detail of the mesh of the bulk with the channel is visible.
(Bottom) Section view of half mirror.

o volumetric flow rate: Vi, = 10.279 I/min, Ve, = 10.280 I /min
e water inlet temperature Tyaer (intery = 30°C
e water inlet pressure: pyacer (intery = 10 bar
e heat transfer coefficient:
hine 22 1400097 hexe = 900017, with
(Reine =2 28000), (Reexr = 22000).
HTCs constant, calculated considering the water properties at

Twater (inlet) -

The boundary conditions of the structural analysis are the same as
previously defined:

e temperature field

e channel internal pressure (10 bar)

o forces at the inlet and outlets for flow continuity
e support constraint (Fig. 12).

The results at the end time of the RF pulse are visible in Fig. 24.

The maximum surface temperature of the mirror over time is 54.97
°C. The water temperature reaches the value of 48.5 °C in the external
spiral, whilst 43.8 °C in the internal spiral.

Figs. 25 and 26 show the contour plots of the total deformation at
two different times, 44 s and 110 s, respectively. In the graph of Fig. 27,
the maximum total deformation and maximum temperature over time
are plotted, while Fig. 28 plots the maximum and minimum Z-direc-
tional deformation over time along the major and minor axes.

It is possible to observe that the total deformation is higher at 44 s (i.
e. 34 s after the pulse start) than at the end of the shot (110 s, namely 100
s after the pulse start). The deformation value is 0.177 mm at 44 s versus
0.140 mm at 110 s. The temperature gradient across the thickness
around 44 s is higher than that at the end time.

As visible from Fig. 28 the main difference between these instants is
the deformation out of the mirror plane.

At 44 s the Z components are much higher than those at 110 s (see
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Unit: °C
Time: 110

54.97 Max
5342
51.88
50.33
48.78
47.24
45.69
4414
42.59
41.05

39.5

37.95 Min

ke

0.00
100.00

200.00

400.00 (mm)
300.00

. . o ocaees & -viT  cEEmEE
z

0.00 200.00 400.00 (mm)
| .
X

100.00 300.00
Fig. 24. Contour plot of the temperature at the end of the pulse in the latest
version of the copper mirror: (top) frontal view, (bottom) section view (x-
z plane).

Type: Total Deformation

Unit: mm

Time: 44

Deformation Scale Factor: 400.
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Fig. 25. Contour plot of the total deformation at 44s in the last version of the
copper mirror: (top) frontal view, (bottom) side view. Deformation scale fac-
tor: x400.

also Fig. 28), where most of the total deformation is given by the X and Y
components. Indeed, looking at Fig. 26 the deformation out of the mirror
plane is lower than the expansion on the mirror plane. The black ellipse
in Fig. 26 shows the undeformed mirror.

Looking at the first instants (~1.5 s from the start of the pulse) in
Fig. 27, despite the low temperatures, the distribution of the tempera-
tures produces a fast increment of the deformations. As visible in Fig. 28,
this kind of deformation is in the opposite direction with respect to the
one occurring at 44 s. Indeed, the Z-directional deformation at ~11.5s is
negative, whilst at 44 s it is positive. Therefore, considering this kind of
results, not only the deformation at 110 s needs to be verified with
electromagnetic codes, in order to study beam deflection, but also the
mirror deformation at 44 s, which seems to be more effective, mainly
due to the deformation out of the mirror plane.

Looking at Fig. 27, it is worth noting that an even higher total
deformation is recorded around 150 s, but what happens after the 110 s
is of little interest from the optical point of view. Indeed, at 150 s the
impulse has already been interrupted, so these deformations do not
affect the transmission efficiency of the beams.
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Time: 110
Deformation Scale Factor: 40¢
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Fig. 26. Contour plot of the total deformation at 110s in the last version of the
copper mirror: (top) frontal view, (bottom) side view. Deformation scale fac-
tor: x400.

From a structural point of view, the deformations associated with
these thermal loads do not create problems for the system either during
the impulse or afterwards.

Finally, Fig. 27 shows that after 300 s the temperatures return close
to the initial conditions, as do the deformations. At the end of a duty
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cycle, lasting 1 h, the mirror temperature will have completely recov-
ered to the initial conditions and its profile as well.

5. Conclusions

In this paper, a comparison of different parabolic mirror designs of
the DTT ECH Multi-Beam Transmission Line was presented. The four
configurations analysed include an aluminium and copper mirror (first
case), a stainless-steel and copper mirror (second and third cases) and a
pure copper mirror (fourth case). Different cooling options were studied:
two simple designs with an “elliptical channel” for the first and second
cases, and two advanced designs with a double “spiral channel” for the
third and fourth cases. Thermo-structural simulations were carried out
to evaluate the best option from a thermal and structural point of view.
The study led to identify the pure copper mirror with “spiral channel” as
the best configuration, which was optimized in the thickness and the
hydraulic parameters.

It involves a copper mirror with a bulk dug by a cooling channel in
the shape of a double spiral, with the addition of a cover layer. The
minimum total thickness of the mirror is 2 cm, including 4 mm (mini-
mum thickness) of the cover layer. The inlet of the cooling channel is
located on the major axis, in correspondence with the peak of the heat
flux hitting the mirror. Two outlets are foreseen, because the circuit is
divided into two channels, one towards the centre of the mirror and one
towards the external edge, to simultaneously cool two different areas of
the mirror. Considering an inlet water temperature of 30 °C and a mass
flow rate of ~ 10 1/min for both spirals, the maximum temperature on
the mirror, during the 100 s of the pulse, is ~55 °C, recorded at the end

Total Deformation & Temperature over time on the mirror

__0.300 60
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© i i
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S 0.000 P rel [mm 0
0 50 100 150 200 250 300
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Fig. 27. Maximum total deformation and temperature over time in the last version of the copper mirror.
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Fig. 28. Minimum and maximum Z-deformation along the major (left) and minor (right) axes in the last version of the copper mirror.
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time, with an increase in water temperature of 13.8 °C and 18.5 °C in the
internal and external channels, respectively.

The thermal gradient along the radius and especially across the
thickness results in thermal expansion effects. At the end of the pulse,
the maximum total deformation is 0.140 mm. Despite the maximum
temperatures are registered at the end, the most critical instant from the
deformation point of view is approximately 34 s after the start of the
pulse, when the maximum total deformation reaches a value of 0.177
mm. Even the first instants could be dangerous, because a sudden in-
crease in deformation occurs about 1.5 s after the start of the pulse,
producing deformation in the opposite direction (negative deformation
in the Z-direction). However, the maximum value is lower than the one
at 34 s and more abrupt. If the deformation at 34 s will be acceptable, it
will not be necessary to further analyse the deformations occurring at
later times.

The resulting deformed geometry at the critical instant will be
verified with electromagnetic codes to study its effect on the beams’
propagation.
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