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The study presents the results of numerical simulation and experiments of thermal processes
in the mock-ups of the ITER divertor dome plasma facing units (PFU). The divertor is a
critical component subjected to extreme thermal loads which imposes high requirements
on the reliability of its PFUs. The purpose of the study is to assess the impact of the param-
eters (geometry, size, localization) of defects in the brazed joint of tungsten-copper armour
and bronze heat sink under heat loads g, = 1—6 MW/m’. The simulation by the finite-element
method was performed for the PFU configurations with defects of various shapes and sizes.
The results were compared with the experimental data of thermal tests. It was found that
an increase in the defect size leads to an increase in the armour temperature: at the maxi-
mum defect area (50% of the joint area), the local temperature increases by 55%, and the
average temperature by 40% (g, = 6 MW/m®). The defect shape (rectangular/triangular) has
a minor effect: deviations do not exceed 1.4% for the maximum and 10% for the average
values. The longitudinal castellation (electrical discharge machining) of tiles in the model
can affect the temperature distribution. The maximum armour surface temperature for all
versions did not exceed 1200 °C. At loads < 4 MW/m’, cooling remains convective, while
at the higher loads, local boiling zones occur without transition to a critical heat flux. The
comparison between the calculated and experimental results has detected the similarity in
the temperature distributions.
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1. INTRODUCTION

conductivity (167 W/(m-K) at 25 °C), low coefficient of
thermal expansion (4.67-10° K™"), heat resistance, high

The ITER divertor consists of 54 demountable cassettes
each of which includes a supporting structure (cassette
body) and three components with PFU sets: the inner ver-
tical target, the outer vertical target and the dome involving
the umbrella, inner particle reflector plate and outer parti-
cle reflector plate [1-8]. These components are located at
the intersection of magnetic field lines where high-energy
plasma particles directly interact with the material surface
and produce extreme thermal and radiation loads.

The plasma facing armour of the divertor will be com-
pletely made of tungsten, a refractory metal with a melt-
ing point of 3422 °C and with the maximum interatomic
bonding strength. Tungsten was selected due to its prop-
erties: low coefficient of physical sputtering, high thermal

modulus of elasticity, corrosion resistance and chemical
inertness [9—12]. These characteristics make tungsten a
nearly irreplaceable material suitable for use under the
extreme thermal loads up to 20 MW/m” at slow transient
processes in plasma lasting about 10 seconds.

To minimize thermomechanical stresses due to the
incompatibility of temperature deformations at the inter-
face between the tungsten armour and the bronze heat
sink caused by a difference in the thermal expansion co-
efficients of these materials by more than three times, an
intermediate layer technique is used. Soft oxygen-free
copper with a high thermal conductivity is used as a buf-
fer material which is applied on the tungsten surface by a
melting method. The thickness of the specified intermedi-
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ate layer which ensures a gradient redistribution of stress-
es during thermal cycles is 1-2 mm [13].

The ITER divertor PFUs will be affected by deuterium
and tritium ions, their fusion products (helium atoms and
free neutrons), as well as impurity particles deposited on
the vessel walls [14—16]. During plasma disruptions, these
high-energy particles can heat the component surface to
extremely high temperatures which leads to the thermal
fatigue of the materials as one of the most important dam-
aging mechanisms.

To reduce the peak thermal loads on the divertor ar-
mour to an acceptable level of 5-10 MW/m’, the divertor
operation in the (complete or partial) detachment mode is
considered. In this mode, the charged particle flux which
reaches the divertor surface is significantly reduced: plas-
ma is as if detached from the receiving plates, and the pow-
er coming to the wall layer from the central plasma reaches
their surface mainly in the form of radiation and kinetic
energy of neutral particles. Photons and neutrals are not
confined by the magnetic field; therefore, the related ener-
gy flux is distributed over the surface more uniformly [16].

The production of the divertor components is a complex
manufacturing problem due to the properties of the materi-
als used. The technology of joining the tungsten-copper (W-
Cu) armour tiles with the bronze substrates of water-cooled
heat sinks is particularly problematic. The quality of such
joints directly affects the heat transfer and, consequently,
the temperature modes of operation of the PFUs [1,13].

The study [17] specifies the maximum acceptable
defects (size, shape, location) when brazing the bimet-
al tungsten-copper armour tiles to the water-cooled heat
sinks of the ITER divertor. It was found that the defects
with an area up to 40% of the brazed joint (Cu/CuCrZr)
do not result in the critical reduction of the component
performance at specified cyclic thermal loads. The aim of
work [17] was to elaborate the acceptance criteria for the
joints based on ultrasonic testing (UT) data; furthermore,
the examined defects were due to manufacturing and were
not related to post-brazing damages.

To ensure the performance and durability of the ITER
divertor dome PFUs, it is of the highest importance to
evaluate the effect of the joint defects on the thermome-
chanical behavior of the structure. The defects in the joints
may substantially impair the heat transfer which will lead
to local overheating of the armour and to the possible rup-
ture of material. The defects in the copper sublayer and
the tungsten-copper armour joint may occur both under
the specified operating conditions of the thermonuclear
reactor and during the experimental (thermal) simulation
of these processes.

The presented study is focused on the comprehensive
assessment of the impact of the defect parameters (geom-
etry, size, localization) in the joints at the thermal loads
1-6 MW/m” including the load of 5 MW/m® which is

specified for the operation of the divertor components.
These defects simulate delamination of the copper sub-
layer which may take place during the thermal tests with a
surface thermal load [14,15,18].

To carry out experiments on the ITER divertor com-
ponents, the JSC “NIIEFA” built a special ITER divertor
test facility (IDTF) which allows simulating heat fluxes
corresponding to actual operating conditions [19]. The test
results are supplemented by the numerical simulation us-
ing the ANSYS software which makes it possible to obtain
the comprehensive information on the thermomechanical
behavior of the tested structures.

The study of the ITER divertor dome PFUs is of a
fundamental importance for the operability and safety
of the future thermonuclear reactor. Understanding the
mechanisms of the impact of the defects in the joints on
the thermal processes will allow, if necessary, to optimize
the design and manufacturing technology for the divertor
components, as well as to improve their reliability and to
extend their lifetime under the extreme thermal loads.

2. CALCULATION MODEL

The free-of-defect geometric model of the Dome PFU
mock-up is a bimetal steel-bronze substrate: the upper part
is CuCrZr bronze heat sink and the lower part is 316L(N)-IG
stainless steel (SS) base. The W-Cu armour tiles are brazed
onto the PFU in two longitudinal rows, 13 tiles each. Two
front armour tiles have a straight cut at an angle of 20° to
the vertical. Inside the PFU there is a water-cooling channel
the upper part of which is made in the form of a hypervapo-
tron [1,2,13,17,18]. Coolant (water) inlet/outlet pipes of the
cooling system manifolds (removed from the calculation
model) are connected to the PFUs from below on the both
ends of the mock-up.

In addition to the free-of-defect model of the PFU
mock-up, two versions of this model were considered with
defects in the joints between the copper substrates of the
W armour and the bronze heat sink in the brazing area.
These models have serial numbers PFU 040 p08 (Fig. 1a)
and PFU 035 p03 (Fig. 1b). In the PFU 035 p03 model,
the longitudinal castellation of W tiles was additionally
made in the ratio of 1:1 for each tile, and the castellation
gap thickness is 0.3 mm. The castellation is understood to
be the electrical discharge machining of the bimetal W-Cu
tile surface involving the formation of oriented grooves
which improve the heat sink characteristics of the PFU.

The rectangular and triangular defects of various ar-
eas and spatial positions were introduced into the calcu-
lation models of the brazing area for armour tile rows A
and B (PFU 035 p03) and C u D (PFU 040 p08), with
the number of tiles in each row varying from 1 up to
13 (Fig. 2). The defects for the specified versions are the
gaps in the brazing area on the joints of the Cu substrates
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Fig. 1. Defect location under the dome PFU armour after brazing: (a) PFU 040 p08, (b) PFU 035 p03.
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Fig. 2. Defect arrangement (quantity and place) under the dome PFU armour after brazing: (a) PFU 040 p08, (b) PFU 035 p03.

and the bronze heat sink with a total thickness of 0.3 mm,
0.15 mm of which is Cu and remaining 0.15 mm is bronze.
Figure 2 shows the arrangement of the defects in the W-Cu
joints in the horizontal longitudinal cross-section for the
both mock-up versions with defects. The defects under the
edge tiles on both sides are located at the outer corners of
the mock-up and have a triangular shape, while the de-
fects under the remaining tiles are located along the width
of the mock-up and have a rectangular shape. The defect
area sizes in the both versions and for the both shapes vary
from 5 to 50% of relevant initial areas of the joints be-
tween the Cu substrates and the bronze heat sink. Mean-
while, in the PFU 035 p03 model, the rectangular defects
are located in the middle of the joint surfaces of the Cu
substrates, and in the PFU 040 p08 model they lie along
the edge of the joint surface, on one side.

For the specified models, finite-element calculation
meshes were constructed with dimensions of 3.3 million
elements for the initial free-of-defect model, 4.7 million
elements for the PFU 035 p03 model and 4.4 million ele-
ments for the PFU 040 p08 model.

The finite element calculations were performed using
the ANSYS 2019 R3 software (thermal module Mechan-
ical APDL), which is certified for numerical simulations
within the ITER project. The problem statement repre-

sented a simulation of thermal testing of divertor element
mock-ups exposed to plasma, taking into account the
physical conditions of the experimental tests. Thermal
loads were applied as specified surface heat fluxes from
the electron beam gun, and convective heat removal by
the water flow inside the cooling channels was modeled
through the heat transfer coefficient and water tempera-
ture. Adiabatic boundary conditions were applied on un-
specified surfaces, and radiative heat exchange with the
environment was considered negligible.

Volumetric finite elements SOLID70 were used to
solve the three-dimensional heat conduction problem,
having one degree of freedom—the temperature. Surface
finite elements SURF 152 were applied to represent bound-
ary conditions including prescribed temperature, heat flux,
convective heat transfer, and radiation. Mesh convergence
was verified on local model fragments, resulting in an op-
timal cell size of approximately 50—100 microns near the
cooled surfaces, balancing numerical accuracy and com-
putational cost.

The material parameters used in solving the problem
in the steady-state mode included only thermal conduc-
tivity, the values of which for each material are presented
in the article (Fig. 3), while the properties of the coolant
(water) were based on classical reference data.
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Fig. 3. Thermal conductivity-temperature plot for tungsten, bronze, CuCrZr-1G, copper, 316L steel.

Special attention was given to modeling thermal con-
tact at the defect interfaces: since the experiments were
conducted in vacuum and direct thermal contact was
absent, radiative heat transfer across the narrow gaps
between copper and bronze interfaces was modeled by
introducing fictitious thin layers with equivalent thermal
conductivity. This approach ensured equivalence between
the radiative heat flux and the artificially introduced con-
ductive property, thus not assuming the interfaces as per-
fect thermal insulators.

Figure 3 shows the dependence of thermal conduc-
tivity on the temperature of the materials of the mock-up
components used in the calculations (W, Cu, bronze and
SS) [20-23].

Figure 4 presents boundary conditions for the thermal
calculations. A given constant value of heat load densi-
ty g, [MW/m’] is set on the open outer surfaces of the
armour tiles; the study considers the range 1-6 MW/m’
of values ¢, (Fig. 4, in red). On the cooling channel sur-
face (Fig. 4, highlighted in blue), the condition of con-
vection heat exchange with the cooling water flow is set.
The value of convection heat flux is specified through the
value of convection heat transfer coefficient o [W/(m?*-K)]
and the water flow temperature 7}, [°C]. The heat transfer
coefficient is specified as dependent on the cooling chan-
nel surface temperature 7, [°C] in the form of a boiling
curve (Fig. 5), the shape of which depends in turn on the
hydraulic diameter of the cooling channel D, [mm], as
well as on the pressure P [bar], velocity v [m/s] and tem-
perature 7, , of the water flow in the cooling channel. The
hydraulic diameter D, for all calculation versions is speci-
fied as the 4-S, / 11, ratio (S, is the hydraulic cross-section
area [mm’], 71, is the wetted perimeter of the hydraulic
cross-section [mm]) and is equal to 16 mm (cross-sec-
tion) with a minimum area of the hydraulic cross-sec-
tion (S),,,,, = 448 mm’, 77, = 11.2 mm). The water flow
pressure p is also assumed to be the same for all calcu-
lation versions and is equal to the inlet water pressure
P, =39 bar (38.5 atm); the water pressure loss in the cool-
ing channel is only 6 kPa (0.15% of P,). The water flow

min

a=f(Tws, Dn, P, v, Toun) [W/(m?K], Tbulk:Tuur(qs)[ﬂC]

Fig. 4. Boundary conditions for thermal calculations: convection
flux in the hypervapotron and heat flux on the PFU surface.
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Fig. 5. Boiling curves for versions g=1 MW/m’ (v=4.2 m/s,
D,=16 mm, P=39 bar, T, ,=72 °C) and ¢.=6 MW/m’ (v=4.2 m/s,
D,=16 mm, P=39 bar, T,,,=82 °C).

velocity v is determined through the specified water flow
rate in the cooling channel G = 1.84 kg/s and is equal to
4.2 m/s by formula v = G/(p-S,,...) (p = 977.7 kg/m’ is the
water density at 70 °C). The water flow temperature 7, , is
given equal to the outlet water temperature 7, , = 7, + AT,
where AT is maximum water heating during the water
flow through the mock-up cooling channel, which is de-
termined by formula AT = Q/(G-C,) (C, =4180 J/(kg-K)
is the heat capacity of water at 70 °C), where the inte-
gral heat release power Q is determined as ¢,-S,,,,, Where
S, =317.5:(49.2 +45.5) /2 =15033.625 mm’ is the area
of heat load absorption by the mock-up armour. Table 1
presents the dependencies of the outlet water temperature
T, and the maximum water heating AT on ¢,. As Figure 5
shows, there are slight differences between the boiling
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Table 1. Integral heat release power, maximum water heating and outlet water temperature in the cooling channel at various heat load

surface densities.

Heat load surface density, MW/m’

Integral heat release power, kW  Maximum water heating, °C  Outlet water temperature, °C

1 15.03
2 30.07
3 45.1
4 60.13
5 75.17
6 90.2

2 72
4 74
6 76
8 78
10 80
12 82

curves for g, = 1 MW/m’ and ¢, =6 MW/m’, and the maxi-
mum difference between the curves at the critical heat flux
point is no more than 5%. The boiling curves for interme-
diate heat loads (g, = 2+5 MW/m’) are located between
them, therefore, they are not shown in Figure 5.

3. ARMOUR BRAZING DEFECTS AND
ULTRASONIC TESTING OF THEIR SHAPE
AND SIZE

After the deposition of the STEMET® 1108 alloy on the
bronze heat sink, each W-Cu tile was mounted, followed
by the paired fixation of the tiles using a patented pressing
device with a gas bellows [1,2,17,18,23,24]. The PFU was
assembled in a heat-resistant tooling and then was placed
in a vacuum resistance furnace. The thermal process of
brazing combined with the heat treatment of bronze in-
volved brazing and aging.

After armour brazing, the defects were made in the
brazing area using the electrical discharge machine. The
defects were located similar to those of the calculation
model. The cutting thickness was 0.3-0.45 mm in the
brazed joints of the copper substrates and the bronze heat
sink, with a thickness of 0.15 = 0.07 mm for copper and
0.15 £ 0.07 mm for bronze.

Similar to the calculation models, in the experimen-
tal models the brazing areas of the armour tile rows
are designated A _ and B, (PFU 035 p03) and C_, and
D, (PFU 040 p08); the number of tiles in each row is from

i
D,

12345678910111213

1 up to 13, and the rectangular and triangular defects of
various areas and spatial positions are introduced (Fig. 6).
After the defects were made, the UT of the brazed joint
was performed to monitor the shape and size of the in-
troduced defects. An analysis of ultrasonic defectograms
has detected discrepancies between the actual sizes of the
defects and the data obtained as a result of the UT. Sys-
tematic differences between the measured and actual UT
data were found in both tested groups of mock-ups, and
the total number of significant deviations was 48, 12 in
each row. The most pronounced discrepancies were ob-
served in PFU 035 p03, especially at the initial testing
points which is due to the impact of the edge defects.
In PFU 040 p08, the moderate but significant deviations
were registered with the maximum differences at the mid-
dle testing points. It should be considered that due to the
edge effects of ultrasound propagation, the UT does not
allow detecting the defects of W-Cu and Cu-CuCrZr joints
located at the distance of less than 1 mm from the edges
of the armour tile which reduces the size of edge defects.

4. THERMAL TESTS

Thermal tests of the PFUs were carried out at the IDTF test
facility [ 19]. This test facility is an electron beam complex
constructed for thermal cycling tests of the ITER divertor
components to be supplied not only by the Russian Feder-
ation but also by other countries participating in the ITER
project. The IDTF test facility (Fig. 7a) consists of a test-
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Fig. 6. Defect appearance and UT defectograms of defect location after brazing under the dome PFU armour: (a) PFU 040 p08,

(b) PFU 035 p03.
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(@)

(b)

Fig. 7. IDTF test facility. (a) IDTF model: 1 — electron beam gun, 2 — vacuum chamber, 3 — test object, 4 — target device. (b) Mock-up

on the target device of IDTF test facility.

ing vacuum chamber with a pumping system, an electron
beam system (EBS) with a maximum power of 800 kW,
target cooling circuits and other auxiliary systems, and ex-
perimental data acquisition equipment. The EBS is served
as the source of thermal cycling load on the test objects.
An electron beam with an energy up to 60 keV interacts
with the metal surface of the test object, with much of the
kinetic energy being converted into thermal energy which
is the surface heat load. This thermal energy is released in
the surface layer several microns thick. Using the magnet-
ic deflection system of the EBS, the electron beam travels
along the test object surface in a programmed path and
warms up the required area. By controlling the power and
magnetic deflection system of the EBS, it is possible to
apply the surface heat load of the required density. The
mode of surface heat load switching between two identical
loading areas is often used. In this case, the EBS operates
continuously in the constant power mode, and the electron
beam jumps from one area to another.

The mock-up with three dome PFUs, two of which
had defects in the brazing area, was installed on the target
device of the IDTF and connected to the water-cooling
circuit of the target. The free-of-defect PFU mock-up was
located in the center, and the rows were designated as “No
defect”. Then, a map of mock-up armour surface emis-
sivity was obtained using an infrared imager. To obtain
the map, the mock-up was uniformly heated with cooling
water up to 70 °C without application of the surface heat
load. As mentioned above, the armour tile surface emis-
sivity map makes it possible to adjust the readings of the
infrared imager during the thermal tests.

The mock-up armour surface was surrounded by four
copper water-cooled masks protecting the target device of
the test facility from the side parts of the electron beam raster.

The thermal tests of this mock-up consisted of a grad-
ual thermal mapping with a step variation in the absorbed

power density from 1 to 6 MW/m’. Upon attaining each
successive value of this parameter, an infrared image was
recorded using the infrared imager. Figures 7b, 9b and 12b
show the examples of this image.

The power generated by the scanning electron beam
was preset prior to each stage of the thermal tests. The
specific thermal power ¢, absorbed by the heat loading
area was measured by the water calorimetry and calculat-
ed by formula

qabs = I)abx /S = QCAT/S [MW/mz],

where O is the mass flow rate of cooling water, ¢ is the
specific heat capacity of water, AT =T, — T, [°C], T, is the
cooling water temperature at the mock-up outlet, 7 is the
cooling water temperature at the mock-up inlet, S is the
heat loading area. The cooling water parameters and the
calculation of the absorbed power density were recorded
continuously during all tests.

The parameters of mock-up cooling water during the
thermal tests were in accordance with those specified in
the relevant procedure and were maintained as follows:
the water flow rate through the mock-up 4.35 kg/s, the
mock-up inlet temperature 70 + 10 °C, and the pressure
39+ 0.5 bar.

The analysis of thermodynamic parameters of the
PFU 040 p08 and PFU 035 p03 models under different
heat fluxes (from 1 to 6 MW/m?) has detected a consistent
increase in average and maximum temperatures both in
the absence of the defects and in their presence (Fig. 8).
The most pronounced increase in the maximum tempera-
tures is typical for the models with defects during the ther-
mal tests.

Figure 8 shows the results of the dependencies of the
average and maximum temperatures with/without defects
on the heat loads. The temperature designations are given
in Table 2.
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Table 2. Designations of calculated and experimental, average and maximum temperatures used in Fig. 8.

Parameter

PFU 040 p08

PFU 035 p03

Calculated average temperature, with no defects
Calculated average temperature, with defects
Experimental average temperature, with no defects
Experimental average temperature, with defects
Calculated maximum temperature, with no defects
Calculated maximum temperature, with defects
Experimental maximum temperature, with no defects
Experimental maximum temperature, with defects

T avg calc no_def 040
T avg calc_def 040

T avg exp no_def 040
T avg exp_def 040

T max calc no def 040
T max calc_def 040

T max_exp no_def 040
T max_exp_def 040

T avg calc no def 035
T avg calc_def 035

T avg exp no_def 035
T avg exp_def 035

T max calc no def 035
T max_calc_def 035

T max_exp no_def 035
T max_exp_def 035

940
360 ——T av g calc no_def 040

780 — —#—T avg calc def 040

700 ——T avg_exp_no_def 040
620
@) T_avg_exp_def 040
5. 540
—
460
380
300 )
220 /
140 &
1 2 3 4 5 6
4, MW/m?
(a)
940
——T avg calc no def 035
860
—@—T avg calc def 035
780
700 #—T avg exp_no_def 035
620 T_avg_exp_def 035
§ 540
[—1
460
380
300
220
140 &
1 2 3 4 5 6
q,, MW/m?2
()

1200

1100
1000 =i Tvmaxical Cidef7040

—&—T max calc no def 040

900 =T max_exp_no_def 040

800 T max_exp_ def 040

O 700
= 600
500
400
300
200
100
1 2 3 4 5 6
45, MW/m?
(b)
1150
—&—T max calc no def 035
1050
—@—T max calc def 035
950 = —F

g50 A T max_exp no_def 035

T max_exp def 035

Fig. 8. Dependences of the average and maximum temperatures with/without defects on heat loads: (a) average calculated and experi-
mental temperatures for PFU 040 p08; (b) average calculated and experimental temperatures for PFU 035 p03; (¢) maximum calculated
and experimental temperatures for PFU 040 p08; (d) maximum calculated and experimental temperatures for PFU 035 p03.

With an increasing heat load, a stable growth of the
average values of the maximum temperatures is ob-
served: from 171 °C to 733-770 °C for the mock-ups

with no defects, and from 182 °C to 812-898 °C for
the mock-ups with defects. The maximum temperatures
for the mock-ups reach 755-796 °C and 920-1188 °C
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Fig. 9. Stationary temperature [°C] distribution over the PFU mock-ups in all versions at ¢, =2 MW/m’: (a) calculation models, top —
PFU 040 p08, center — model with no defects, bottom — PFU 035 p03; (b) experimental models — arrangement similar to (a).

Table 3. Designations of maximum calculated and experimental temperatures (with/without defects) used in Figs. 10, 11, 13, 14.

Parameter PFU 040 p08 PFU 035 p03 No defects
Calculated maximum temperature, the upper tile row C A No calc_def up
Calculated maximum temperature, the lower tile row D B No_calc_def down
Experimental maximum temperature, the upper tile row Cm Am No_exp_def up
Experimental maximum temperature, the lower tile row Dm Bm No_exp def down
380 360
No_calc_def up No_exp_def up
360 No calc def down 340 No_exp_def down
—— Cm
340 D 320 Dm
£ 320 300
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Fig. 10. Maximum temperature distribution plots for the thermal loaded surfaces of the tiles for the PFU 040 p08 model and for the
model with no defects at ¢, = 2 MW/m”: (a) thermal calculation; (b) bench tests.

without and with defects, respectively, while the bench
tests record not only higher peak (maximum defect
area) but also slightly lower average temperatures as
compared to the thermal calculations. The PFU 040 p08
model demonstrates the higher maximum temperatures
as compared to the PFU 035 p03 model (Fig. 8c,d). The
defects multiply the thermal values. The data indicate a
good correlation between the calculated and experimen-
tal values at all levels of the heat load, thus confirming
the reliability of the selected models and thermal anal-
ysis techniques.

The calculated and experimental stationary tempera-
ture distributions over the surface of the PFU tiles are pre-

sented in Figures 9—14, and the temperature designations
are given in Table 3.

Thus, the analysis of thermodynamic parameters of
the PFU 040 P08 and PFU 035 P03 models under the dif-
ferent heat loads demonstrates that both the average and
the maximum temperatures grow with the increasing heat
flux, with the presence of defects contributing to a signif-
icant increase in the maximum temperatures. The bench
tests confirm the tendencies of the thermal calculation and
show the slightly underestimated values of the average
temperatures and the highest peak temperatures which in-
dicates the influence of the actual operating conditions on
the heat load and temperature distribution.
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Fig. 11. Maximum temperature distribution plots for the thermal loaded surfaces of the tiles for the PFU 035 p03 model and for the
model with no defects at ¢, = 2 MW/m’: (a) thermal calculation; (b) bench tests.
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Fig. 12. Stationary temperature [°C] distribution over the PFU mock-ups in all versions at g, =6 MW/m”: a) calculation models, top —
PFU 040 P08, center — model with no defects, bottom — PFU 035 p03; b) experimental models — arrangement similar to (a).
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Fig. 13. Maximum temperature distribution plots for the thermal loaded surfaces of the tiles for the PFU 040 p08 model and for the
model with no defects at g, = 6 MW/m”: (a) thermal calculation; (b) bench tests.
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Fig. 14. Maximum temperature distribution plots for the thermal loaded surfaces of the tiles for the PFU 035 p03 model and for the
model with no defects at ¢, = 6 MW/m”: (a) thermal calculation; (b) bench tests.

Fig. 15. PFU defects: (a) PFU 040 p08 (bottom) and PFU 035 p03 (top); (b) close-up view of the PFU 040 p08 area in tile row # 11,
50% defect; (c) close-up view of the PFU 035 p03 area in tile row #11, 50% defect; (d) tungsten side surface on the edge, above the
PFU 035 p03 defect zone; (e) tungsten side surface on the edge, above the PFU 040 p08 defect zone, (f) side surface of the defect zone
in the PFU 035 p03 brazed joint; (g) side surface of the defect zone in the PFU 040 p08 brazed joint.

5. OPTICAL MICROSCOPY

The examination was performed using an optical micro-
scope (Olympus SZX16). A tungsten surface was ex-
amined above the largest defect # 11 (50% defect) for
PFU 035 p03 (Fig. 15b,d,f) and PFU 040 p08 (Fig. 15c¢,e,g).

No marks of near-surface tungsten melting or cracking
were detected. Actual measurements of cutting zone de-
fects were also carried out after the tests. Neither geome-
try changes, nor reduction/broadening of the cutting zone
was found.
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6. ANALYSIS OF THERMAL
CHARACTERISTICS OF PFU MOCK-UPS
WITH DEFECTS UNDER VARIOUS HEAT
LOADS

The presented data demonstrate the comprehensive study
of the temperature distribution on the surfaces of the PFU
mock-up tiles with different defect types. The analysis
shows a substantial impact of artificial defects in the joints
of the W-Cu armour and the bronze heat sink on the ther-
mal characteristics of the models. With an increase in the
heat load from 1 to 6 MW/m’, a nonlinear temperature
growth is observed, especially in the models with defects.
Significant differences between the calculated and exper-
imental data indicate the difficulty of accurate simulation
of heat transfer in systems with defects which emphasizes
the importance of experiments.

When analyzing the presented data, it is evident that
the models with defects consistently demonstrate higher
temperatures as compared to the models with no defects
at all heat loads. The relatively uniform temperature dis-
tribution along the PFU surface is typical for the mod-
els with no defects, while the models with defects show
significant temperature peaks, especially in the positions
corresponding to the location of the maximum defects.
For the PFU 040 p08 model at the heat load of 1 MW/m’,
the temperature of 212 °C (thermal calculation) was re-
corded in position # 11 (50% defect), while for the free-
of-defect model the average temperature was 171 °C and
the maximum temperature in position # 13 was 176 °C.
When increasing the load to 4 MW/m’, the gap between
the temperatures in the defect zone and the average val-
ues of the free-of-defect model becomes wider: the tem-
perature attains 689 °C (thermal calculation) for posi-
tion # 11 with defects against the average temperature of
499 °C for that without defects which corresponds to the
difference of 190 °C (38.2%).

For the PFU 035 p03 model, where the defects are
located in the center, the temperature peaks are less pro-
nounced as compared to the PFU 040 p08 model, where
the defects are located at the edges of the joint surface. For
example, at 4 MW/m’, the maximum temperature in posi-
tion # 13 (defects) for PFU 035 p03 is 621 °C (thermal cal-
culation), while for PFU 040 p08 under similar conditions,
the maximum temperature in the same position is 689 °C.
This emphasizes that not only the size of the defect but
also its localization affects the thermal distribution.

The differences persist during the bench tests. For in-
stance, at 4 MW/m?, the PFU 040 p08 model with defects
in position # 11 demonstrates 743 °C, and the PFU 035 p03
model in position # 1 — 709 °C which confirms more in-
tense overheating of the edge defects. Thus, the defect
position affects the formation of local temperature anoma-
lies, especially under high heat loads.

With a growing heat load, a significant increase in
the temperature gradient between the tile surface areas
is observed, particularly in the models with defects. For
example, for PFU 040 p08 at g, = 1 MW/m’, the differ-
ence between the maximum temperature in the defect
zone (212 °C, position # 11) and the average temperature
of the model with no defects (171 °C) is about 41 °C.
However, at g, = 4 MW/m’ this gradient sharply grows:
the maximum temperature reaches 689 °C in the model
with defects (position # 11), while the average tempera-
ture for the model without defects is 499 °C, which corre-
sponds to the difference of 190 °C. For PFU 035 p03 at the
similar load, the gap between the maximum temperature
in position # 13 (621 °C) and the average temperature of
the model with no defects (499 °C) is 122 °C.

At the load over 2 MW/m’, the defects not only pro-
voke general overheating but also form temperature con-
trasts. For instance, for PFU 040 p08 at ¢, = 6 MW/m’
during the bench tests, the difference between the maxi-
mum temperature in position # 11 (1188 °C) and the av-
erage temperature of the model with no defects (733 °C)
attains 455 °C. For PFU 035 p03 at the same load, the dif-
ference between 1096 °C (position # 13) and 771 °C (av-
erage value, with defects) is 325 °C.

The defects, particularly located at the edges of the
joint surfaces, create the areas of intense thermal stress.
Such discontinuities can accelerate the degradation of ma-
terials, reduce the strength of joints and increase the risk
of critical failures which must be considered during the
design and operation of the components.

The bench tests have detected the underestima-
tion of temperatures in the calculation models, partic-
ularly pronounced at the high loads (4-6 MW/m®). For
PFU 040 p08 with defects at 6 MW/m’, the discrepan-
cy between the calculated and experimental average
temperatures was 68 °C (812 °C vs 880 °C), and for
PFU 035 p03—112 °C (786 °C vs 898 °C). This indicates
the need to consider the additional factors in the experi-
mental models, such as imperfect joints and nonuniform
heat removal.

The heat load growth from 1 to 6 MW/m”* is accom-
panied by a non-linear increase in the temperature differ-
ence between the defect and free-of-defect mock-ups. For
PFU 040 p08, the gap between the average values increas-
es from 11 °C (1 MW/m?) to 110 °C (6 MW/m®), and for
PFU 035 p03—from 8 °C to 127 °C. The maximum peaks
increase exponentially: for PFU 040 p08 from 212 °C to
1188 °C, and for PFU 035 p03—from 199 °C to 1096 °C,
which emphasizes the crucial importance of defect moni-
toring in the enhanced heat flux modes.

Thus, both types of models demonstrate the degrada-
tion of thermal stability in case of defects, but the response
to defects varies. PFU 040 p08 is prone to the formation of
extreme local peaks in specific areas (position # 11), while
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PFU 035 p03 is characterized by more uniform but less
intense temperature growth.

It is important to note that in the PFU 035 p03 model,
longitudinal castellation of W tiles was additionally made
in a 1:1 ratio for each tile with a gap thickness of 0.3 mm.
This design solution has an additional effect on the ther-
mal characteristics:

1. Castellation promotes smoothing of the temperature
peaks in the defect zones.

2. Total surface heating remains consistent with that of
the PFU 040 p08 model.

These observations confirm that the longitudinal
castellation of the tiles can be an effective measure to
reduce local temperature overheating in case of defects
in joints.

Data analysis makes it possible to identify several
factors which may explain the observed discrepancies be-
tween the calculation and the experiment:

1. The complexity of accurate simulation of the ther-
mal contact in the defect zones, particularly at the heat
loads exceeding 2 MW/m’.

2. Possible differences between the actual properties
of materials and their theoretical properties used in the
calculations.

3. Additional factors affecting the heat transfer in the
actual conditions which are not fully taken into account
in the calculation models (e.g., nonuniform cooling water
flow, transient thermal processes).

These discrepancies underline the importance of the
experiment on the calculation models and the need for
their further improvement to estimate the thermal char-
acteristics of the components with defects more accurate.

With an increasing heat load, the efficiency of the cool-
ing system with the specified parameters (water flow rate
G =1.84 kg/s, inlet pressure P, = 39 bar, inlet temperature
T., =70 °C) changes unevenly:

1. At the heat loads 1-2 MW/m’, the cooling system
efficiently copes with the heat removal both in the mod-
els without defects and in the models with defects as evi-
denced by relatively small differences in the temperatures.

2. At the heat loads greater than 3 MW/m’, the cool-
ing efficiency in the defect zones decreases noticeably,
which results in the formation of significant temperature
gradients.

This observation is of great practical importance for
the development of the cooling systems for the compo-
nents operating under high heat loads and emphasizes the
necessity of taking into account the potential defects when
calculating the cooling parameters.

7. CONCLUSION

Based on the thermal calculation results, the steady-state
temperature distributions over the PFU mock-up were

obtained for three versions (original with no defects, and
two modified with defects) at the surface heat load on
the mock-up armour from 1 to 6 MW/m” and at the fixed
input parameters of water in the cooling channel (water
flow rate per a mock-up 1.84 kg/s, inlet water pressure
39 bar (38.5 atm) and inlet water temperature 70 °C).

The steady-state temperature fields obtained based
on the thermal calculation results for the specified cal-
culation versions allow us to draw the following major
conclusions:

The defects in the joints between the copper substrates
of the armour and the bronze heat sink of the PFU cause a
noticeable increase in the armour temperature (both local
and average), which directly depends on the defect size.
In particular, the maximum considered defect size is 50%
of the initial joint area (in the absence of defects); and the
defect of this size may cause a temperature increase up to
55% at the maximum and up to 40% at the average rela-
tive to the value for the free-of-defect model at the heat
load on the armour up to 6 MW/m’.

The maximum temperature of the armour does not ex-
ceed 1200 °C for all examined calculation versions, i.e., at
the heat load on the armour up to 6 MW/m” and the defect
size up to 50% of the joint area.

At the heat loads on the mock-up armour up to
4 MW/m’, water cooling of the mock-up is carried out
in the convective mode over the entire area of the cool-
ing channel surface, i.e., without boiling; and at the heat
loads greater than 4 MW/m’, the local boiling zones oc-
cur on the cooling channel surface without transition to
the critical heat flux.

Additionally, the comparison was made for the results
of the thermal calculations and thermal bench tests of the
mock-up according to the average temperature distribu-
tions for the enhanced heat flux tile surfaces. This com-
parison has shown that the calculated and experimental
distributions in all considered calculation (test) versions
are quite similar in shape and average temperature behav-
ior in the longitudinal and transverse directions and at the
same time have quite a lot of noticeable discrepancies in
average temperature values, which are most likely due to
inevitable differences in the conditions of numerical simu-
lation and experiments.
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Bausinue neeKToOB NAsIHOTO COeIMHEHNSI HA PA00TOCIIOCOOHOCTH
o0palleHHBbIX K IJ1a3Me 3JIeMeHTOB IIeHTPAJIbHOI COOPKH IMBEpPTOPA
Tokamaka UTIP

A.A. Prioukos ’, A.B. Epemxun ', A.O. Komapos ', B.E. Kysnenos', A.B. Bosiogun ',
ILIO. INuckapes ', U.I1. Bornanos ', B.H. Tanuyk', C.A. I'puropses ', M.B. Jloporos’,
H.U. Apxunos’

' AO «HUUD DA, nopora Ha MeTamioctpoii, 1. 3, moc. Meramnoctpoii, 196641, Cankr-Iletep6ypr, Poccus
> MHCTUTYT MEePCEeKTUBHBIX CUCTEM Tiepeiadn naHHbIX, Yiusepcuter UTMO, Kponsepkekuii np., 49, mut. A, 197101, Cankr-
[MerepOypr, Poccust
: Vupexnenue «I[Ipoextusiii nentp UTOPy», yin. Pacineruna, . 11, crp. 2, 123182, Mocksa, Poccust

AnHoTanms. B pabote mpecTaBiieHbl pe3ynbTaThl YUCICHHOTO MOJICIIUPOBAHUS M AKCIIEPUMEHTAJIbHBIC Pe3YJIbTaThl TEIIOBBIX MPO-
LIECCOB B MaKeTax 0OpalleHHbIX K ma3me aneMenToB (OI1D) nenrpansHoi coopku nquseptopa UTOP. [luBepTop KpUTHUECKH BaXKHBII
KOMITOHEHT OH II0J[BEpPraeTcst SKCTPEMAaIbHBIM TEIIOBBIM HAarpy3KaM, U4To IPEbSIBILIET BBICOKHE TpeOoBaHMs K Hajie:kHOoCTH ero OI1D.
VccenoBanne HapaBiIeHO Ha OLCHKY BIMSIHUS [TapaMeTPoOB (F€OMETpPUsl, pa3Mep, JIOKAIN3aINsI) MEXaHHYEeCKUX J1e()EKTOB KOHTAKT-
HOM 30HbBI BONL(PaM MeIHOI OGITUIIOBKH ¢ GPOH30BBIM TEMIOOTBOIOM MPHU TEIIOBBIX HATPY3Kax ¢, = 1-6 MBT1/M’. BrinonHeno Mozie-
JIMPOBAHUE METOIOM KOHEUHBIX dJIeMeHTOB KoHpuryparuii OI13 ¢ nedexramu, pasnuanoii popMmsl 1 pa3mMepoB. PesyibraTsl cornocras-
JICHBI C DKCIIEPUMEHTAJIBHBIMH JJAHHBIMH TEIUIOBBIX UCIIBITAHUH. YCTAaHOBJICHO, YTO YBEJIMYCHHE pa3Mepa JedexTa IPHUBOAUT K POCTY
TeMIeparypbl OOJIMIIOBKU: IPH MakcuMaibHOM Jedekte (50% rurolnanay 30HbI COMHEHHMS) JIOKAJIbHAS TEMIIEpaTypa Bo3pacTaeT Ha
55%, cpennsis — Ha 40% (g, = 6 MB1/M’). ®opma nedekta (MpAMOYTobHAS/TPEYTOIbHAS) OKA3IBACT HE3HAYUTENLHOE BIUSHHUE: OT-
KJIOHEHHS He npeBbimaroT 1,4% mis makcumyma u 10% i cpeaHnx 3HadeHuid. [IpomospHas KacTeusius (3IEKTPOIPO3UOHHBIH pe3)
IUTMTOK B MOZIEJIN MOYKET BHOCHTbH BIIMSIHUE B pacipe/ieieHle Temiieparyp. MakcuMaibHas TeMIepaTrypa Ha IIOBEpXHOCTH OOJIHI[OBKH
BO BCeX BapuaHTax He mpesbicuiia 1200 °C. ITpu Harpyskax < 4 MB1/M” oxNaskieHue 0CTaeTcsi KOHBEKTUBHBIM, NPH 60Jiee BHICOKHX
Harpyskax BO3HHMKAIOT JIOKaJIbHBIC 30HBI KHIICHUsI 03 repexo/ia B Kpu3uc TermioooMena. CpaBHEHHE Pe3y/ibTaToB PACYETHBIX M DKCIIe-
PUMEHTAJIBHBIX JAaHHBIX BBIIBUIIO CXOXKECTh PACIPE/ICJICHUI TeMIeparyp.

Kniouesuie cnosa: neHTpaibHas cOOpKa JUBEpTOpa; OOPAILEHHBIH K M1a3Me JIEMEHT; MeXaHNUeCKuii edexT naiku;
TEIJIOBbIE UCTIBITAHUS; KaCTEIUISIUA

Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 3, pp. 184-197



