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ARTICLE INFO ABSTRACT

Keywords: The central column of the COMPASS Upgrade tokamak, where the plasma discharges will be started and shut
Plasma facing components down, is covered by a continuous first wall composed of 8 bulk tungsten guard limiters with recessed Inconel
Field line tracing tiles in between. In diverted configurations, the plasma will be limited for a short duration (~0.2 s-0.4 s)

Charged particles heat flux
Shaping
Shortwave misalignment

during the plasma current ramp-up and ramp-down phases but high heat fluxes due to short power decay
lengths are foreseen. An adapted shaping is therefore needed to spread the heat loads over a maximum area.
A novel method taking into account the different magnetic equilibria and the incident angle of the field lines
was used to design a roof shape able to ensure a constant heat flux on the toroidal direction, accounting
for the A, —sor @and A,z,._sor- Due to the diversity of plasma scenarios considered on COMPASS-U, the
optimized shape of the inner wall tiles strongly differs from one scenario to another, thus a compromise has
to be found among all foreseen scenarios. The tile shaping also needs to take into account possible short
wave misalignments. Calculations with the 3D magnetic field line tracing code PFCFlux validates the design,
confirming the constant toroidal profile of deposited heat flux for the COMPASS-U workhorse scenarios, or
slightly decreasing or increasing heat flux profiles (from the center to the sides of the tile) for scenarios with
smaller or higher 4,,,,_s0,, respectively, within the expected large range (1.7 mm< 1,,,,,_so,; <5 mm), but still
providing acceptable loads. Estimated heat fluxes are in the range of 5 MW/m? to 35 MW/m? on the 8 guard
limiters, receiving 70%-80% of the power deposited to the inner wall. In case of shortwave misalignments
up to 0.5 mm in the radial direction, calculations show that leading edges are still protected, confirming the
robustness of the design.

1. Introduction the PFC should be maintained to a small value (1°-4°) and the design

should take into account possible misalignment during the assembly

COMPASS-Upgrade is a new medium size, high field tokamak of the PFCs. The current design of the plasma facing components is

(R=0.9m, a=0.27 m, B, = 5T, I, = 2MA) currently under design illustrated on Fig. 1, with a closed divertor on the bottom (made of
in the Czech Republic, with metallic plasma facing components (PFC), Tungsten) and an open divertor on the top (made of Inconel).

the possibility to operate up to 500°C and heated by Neutral Beam In order to not reach critical temperature on the PFCs (below

Injection (NBI) and Electron-Cyclotron Resonance Heating (ECRH). It 2000°C for tungsten tiles and below 1000°C for Inconel tiles), the
aims to address some of the key challenges in the field of power exhaust

physics, advanced plasma configurations and confinement modes, new
plasma facing materials and liquid metal divertor concepts [1,2].

The PFCs (Fig. 1) are inertial and cooled only by thermal diffusion
to the structure, which limits the cooling of the PFCs during operations.
The front face shape of the PFCs will influence the charged particle heat
flux received, in particular due to a modification of the wetted area. It
has not really influence on the radiative heat flux received. Thus, the
front face shape has to be design in function of the charged particle heat
flux, carried by the magnetic field lines. Due to the high parallel flux
encountered inside fusion devices, the incident angle of the field line on

front face of the PFCs will be shaped in order to minimize the charged
particles heat flux by keeping it uniform on the largest possible area
for the different foreseen scenarios. It is also necessary to ensure that
the leading edges are protected against high heat fluxes (the incident
angle of the field line is close to 90° on the leading edges, resulting to a
heat flux up to 20 times higher to the one on the top surface), meaning
that the maximum heat flux should not be located on a leading edge. It
does not mean that the leading edges have to be shadowed in any case,
because far of the Last Closed Flux Surface (LCFS), the parallel heat flux
carried by the magnetic field lines become so small that wetting the
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Fig. 1. 3D CAD view of the COMPASS-U metallic plasma facing components. Tiles are
either made of bulk W (dark blue) or Inconel 718 (light gray), with the latter being
coated by a thin layer of W.
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Fig. 2. Inner wall of COMPASS Upgrade. 8 columns of Tungsten tiles (dark blue)
distributed every 45°. Other tiles made of Inconel 718 (light gray) with Tungsten
coating.

leading edge with normal incidence does not create higher heat fluxes
compared to the touching point area. Thus, far of the LCFS, there is no
need to shadow the leading edges.

2. Design of the inner wall in COMPASS upgrade

This work is focused on the design of the inner wall in COMPASS
Upgrade. The Fig. 2 shows the inner wall design. It is composed of
24 columns of Inconel tiles and 8 Tungsten guard limiters (distributed
every 45°) which protrude towards plasma with respect to the Inconel
tiles by 2 mm. The latter will collect a larger part of the heat flux during
plasma current Ramp-Up (RU) and Ramp-Down (RD) phases.

Indeed, during RU and RD, the plasma will be located on the inner
wall, involving several tens of MW/m? on the inner wall during up to
0.2-0.4 s. During the initial phase of COMPASS Upgrade, the plasma
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(b) Inconel tile.

(a) Tungsten guard limiter tile.

Fig. 3. The two types of tiles composing the COMPASS-U inner wall.

scenarios will be mostly inner-wall limited, up to Bt = 5T and Ip =
1MA. It is thus of importance to optimize the shape of the inner wall
PFCs to reduce the heat flux during these scenarios, which correspond
to normal operating conditions. No off-normal events were taken into
account for the design of these PFCs since it is the inner wall, so it will
not be affected by ELM during H-mode (the heat flux is going only on
the lower divertor) neither affected by VDEs (the plasma will hit the
upper/lower baffle and stay enough far of the inner wall). Additional
studies could be made in the future to study a loss of control of the
plasma during a H-L transition, where the plasma could hit the inner
wall.

2.1. Tungsten guard limiters

The major part of the heat flux will be deposited on 8 Tungsten
guard limiters (WGL) (equally distributed every 45°, see Fig. 2). Each
guard limiter is composed of 10 Tungsten tiles of 65 mm height and
115 mm width (see Fig. 3(a)). Pair of tiles are attached on a back plate,
with a toroidal gap of 0.5 mm between the two tiles and separated
with other pair of tungsten tiles by a toroidal gap of 1.5 mm. Each pair
of tungsten tiles are separated toroidally with the surrounding Inconel
tiles by a poloidal gap of 1.5 mm as well. A chamfer of 15° over 6 mm
is made on horizontal top and bottom edges.

2.2. Inconel tiles

The remaining part of the inner wall is made on Inconel 718 tiles
with a thin Tungsten coating. Each tile is of 130.5 mm height and
115 mm width, with a central attachment using three bolts on the front
face for easy removal (see Fig. 3(b)), which will need a dedicated design
to protect the holes (a double roof with two apexes, see Section 4).
Poloidal and toroidal gaps with neighboring tiles are 1.5 mm wide. As
for the WGL, chamfer of 15° over 6 mm is made on horizontal top and
bottom edges.

3. Field line tracing calculations
3.1. PFCFlux

Charged particles heat flux calculation using 3D field line tracing
codes are widely used to estimate the heat load on PFCs for different
plasma configuration. SMARDDA [3] (included inside SMITER [4])
was used to estimate the charged particle heat flux on DEMO first
wall and limiter with some misalignments [5,6] or used on JET di-
vertor for thermo-mechanical modeling [7]. PFCFlux was used on
WEST [8], JET [9], ITER [10], DEMO [11], EAST [12], CFETR [13].
Integrated tool containing a field line tracer module HEAT was used
on NSTX-U [14].

The 3D field line tracing code used for this study was PFCFlux. The
charged particles heat fluxes on the inner wall tiles during RU and RD
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phases will be estimated. The main assumptions of PFCFlux are that
particles come from the Outer Mid Plane (OMP) and will strictly follow
the magnetic field lines. A parallel heat flux function (defined by the
user, it can be for example an exponential decay) is set at the OMP
and is then mapped to the PFCs in function of the magnetic flux of
the scenario. The calculation of the magnetic shadowing is made in
backward direction (from the PFC to the OMP). A PFC will receive heat
fluxes from the plasma if it is magnetically connected to the OMP.

For limited plasma, the heat flux function which defines the parallel
heat flux in the Scrape-Off Layer (SOL) from the OMP is made with two
exponential decay, following the expression [10]:

—d —d
Q||(d) = q”(o,n)x <e a4 Rieiqf > oS
q

where 4, relates to the near-SOL decay length while 4, is for the far-
SOL decay length, ¢,(0,n) is the parallel flux at the Last Closed Flux
Surface (LCFS), d is the distance to the LCFS. R, describes the ratio
between near-SOL and far-SOL parallel heat flux:

Ry = qy0.0/90.5) *

The heat flux on the target ¢, is given by

P x sin(a) 3

R
g =q) X

where ¢ is the parallel heat flux carried by the magnetic field line
(from Eq. (1)), RO—,’;“’ is the magnetic expansion and « is the incident
angle of the field line on the PFC.

3.2. Studied scenarios

COMPASS Upgrade will aim to study various different plasma sce-
narios, from limited plasma to various Lower Single Null (LSN) or
Upper Single Null (USN) configuration, heated by up to 4 MW of NBI
and 2 MW of ECRH.

The scenarios are designed with the use of METIS [15]. It requires
as input information about the shape of the plasma and the scenario
wanted (R, a, B, I,, x). It also need the mean density, Z,,, and the
composition of the plasma to calculate the radiative losses. Associated
with a scenario of heating power (injected power from NBI and ECRH),
METIS is able to calculate the ohmic power, the effective plasma
heating of ions and electrons and the radiative power losses on the
electrons. An estimation of the power inside the SOL (Pg,;) is made
in function of the injected power, ohmic power, radiative losses and
dwydt.

The magnetic equilibria at each timestep of the scenario are simu-
lated by FIESTA [16].

To estimate the near-SOL decay length 4, , a scaling from [17] was
used:

1/8(1 +k2)5/8417/8 pl/4
18R

X( 21& )7/16<Zeff+4>1/8
1+Z 5

where « is the plasma separatrix elongation, a the plasma minor radius,
B the value of the vacuum toroidal field at the position of plasma major
radius central position, I, the plasma current, R the plasma major
radius central position, Z,,, the plasma effective charge with alpha
particles, assuming Z =1 and A =2 [17].

The far-SOL decay length 4, , comes from a mean of various scaling
from [18].

The Table 1 gives a list of scenarios planned on COMPASS-Upgrade,
among purely limited, LSN, or Negative Triangularity (NT) cases, yield-
ing the largest scatter in 4, during RU and RD. These scenarios were
chosen in function of their diversity (very different parameters) or
importance (scenario #5400 will be the main LSN scenario). As the
design will not changed when the scenario will be different, it is

A, = 5671 % Pgq

G
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Table 1
Parameters of some of the foreseen plasma scenarios in COMPASS-U yielding the largest
scatter in 4,.

Scenario B I, Gos 7, Pypr + Pec Type of
[T] [MA] [102°m—3] [MW] scenario
#1401 5 1 4.3 0.8 0+0 Lim.
#3100 2.5 0.8 3.2 1.2 0+0 LSN
#5400 5 1.6 3.6 2.2 4+2 LSN
#6403 5 2.0 2.7 2.3 4+2 LSN
#11300 2.5 0.5 3.9 0.9 2.8+1 NT
#13400 5 0.8 7.7 1.3 4+2 LSN
Table 2

Expected power decay lengths and Pg,, at an arbitrary time
during each phase for the selected scenarios.

Scenario Aq, A ” Pgor
[mm] [mm] [MW]
#1401 FT 1.70 13.5 0.80
#3100 RU 2.70 12 1.08
#5400 RD 2.45 17.2 0.63
#6403 RU 4.89 13.5 1.06
#6403 RD 2.07 13.6 1.25
#11300 FT 4.10 9.0 4.03
#13400 RD 3.34 11.2 1.85

important to ensure that a different scenario will not endanger the
PFCs. Time evolution of plasma current /,, total plasma energy W and
power loss by the plasma P;gg are given on Fig. 4 for the different
scenarios. The solid line correspond to the limited phase while dash line
is during the diverted phase. The plasma current (Fig. 4(a)) RU and RD
phases are mostly done during the diverted phase, the plasma is limited
only during the beginning of the RU or the end of the RD. The plasma
energy (Fig. 4(b)) remains below 80kJ during the limited phase, but
the power loss by the plasma (corresponding to the power of the SOL)
(Fig. 4(c)) can reach 4 MW during the NT scenario or 2 MW during the
limited scenario #1401 which could create some high heat load on the
inner wall. The Table 2 gives the estimated 4, , 4, and Pgo; during
phases where the plasma is located on the inner walI/(e g. limited phase
during RU and RD). The range of expected decay length are quite large
(with a factor of 2.9 between smallest and largest 4, and a factor of
1.9 for A ).

It is possible to optimize the shaping of the PFC for one particular
power decay but for a wide range of power decay, the best compromise
between all scenarios needs to be found. In function of the parallel heat
flux decay length and flux expansion of the scenarios, the optimized
shape can be more rounded or more straight (Fig. 5).

The magnetic equilibria corresponding to the scenarios in Table 1
are presented in Fig. 6, with the radial and vertical positions in meter
for abscissa and ordinate. The mid plane is at z = 0 m.

4. Method to optimize the shape of the PFCs front face

An optimized shaping of the front face means that the heat flux is
well distributed on the tile, at least toroidally, with the largest possible
area wetted by the plasma to limit the maximum heat flux. The shaping
needs also to shadow the leading edges of the neighboring component
to avoid high heat fluxes due to almost normal incident angle. Thus, an
axi-symmetric wall is not possible to use since the leading edges would
be exposed. During RU and RD, on inner wall, the particles can hit the
wall from both sides, it thus needs a roof-like symmetric shape.

Analytical methods were developed to obtain the optimized shape
for a defined 4, on a target, with a defined power decay law, like [10,
19,20] for the design of the inner wall of ITER. These methods rely on
calculating a logarithmic shape which will compensate the exponential
decay of power. This method will allow to obtain the exact shape
needed for a particular 4, and particular expression of the power decay,

with one A, or twWo 4; (Ageqr 4q7q-)- However, this analytical method
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Fig. 4. Time evolution of some plasma parameters for the different scenarios.
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Fig. 5. Example of triangular shape for short and long decay length.

works only for this particular expression of power decay and to obtain
the ideal shape for another expression of power decay, a new analytical
expression has to be found.

A new way to obtain the exact shape needed to obtain a toroidally
constant heat flux on the front face of a PFC is proposed, based on a
numerical computation of the shape step by step. This method presents
the advantage to be usable for any power decay expression.

4.1. Set back needed to protect the neighboring edges

The first challenge is to avoid leading edges, even in case of some
possible misalignment of PFCs. Thus, the shape of the PFC needs to
be adjusted so that the field line passing just above a PFC at grazing
angle will not hit the side of the neighboring PFC at near normal
incidence. The set back needed between the side of the PFC and the
apex is function of the magnetic field of the scenario. The Fig. 7 shows
the magnetic field lines passing above both apexes of the Inconel tiles
and which will impact the central part of the inconel tile or the WGL.
The magnetic field lines have not got the same inclination in function
of their vertical position. For field line above or below the strike
point, the radial magnetic field increase while the vertical magnetic
field decreases, involving a more vertical inclination on the field line
when you go far of the touching point vertical position. The different
magnetic field line plotted here are for different parallel heat flux
values. The far the field line is of the touching point and the smaller the
parallel heat flux is due to the power decay. The magnetic field lines are
represented for a parallel heat flux down to 5% of the parallel heat flux
at the touching point. This value was chosen because when a leading
edge is wetted, the heat flux will be approximatively 20 times higher,
due to the increase of the sinus of incident angle (sin(87°)/sin(3°)
= 19.1). So if any of these field line is wetting the leading edge, the
maximum heat flux will be located on the leading edge. For all other
field line further of the LCFS, so with a parallel heat flux less than 5%
of the parallel heat flux at LCFS, if they wet the leading edge, they
will not increase the maximum heat flux compared to the LCFS one on

the front face. These field lines will not be critical for the design and
shadowing the leading edges is thus not mandatory in all cases.

On Fig. 8, the magnetic field line presenting the highest needed
set back (for a relevant parallel heat flux, as defined above) for each
scenario is extracted. For the majority of the scenarios, the needed set
back is at around 3 mm for the WGL and 1 mm for Inconel tiles. For
the negative triangularity scenario (#11300), the set back needed is of
3.6 mm for the WGL and 1.6 mm for the Inconel tiles. A margin is added
to allow some tolerance of shortwave misalignment (misalignment of a
PFC with the neighboring one). Thus, set back of 2 mm for the Inconel
tiles and 4 mm for the Tungsten limiter were chosen. This allows almost
a misalignment of 0.5 mm for the negative triangularity scenarios
(which are not the main scenarios) and 1 mm of misalignment for the
large majority of the scenarios. For the central part of the inconel tiles,
with a shaping needed to protect the holes for the bolts, a set back of
0.5 mm is needed for the majority of the scenarios. For the NT scenario,
some field lines have a too large incident angle because of a too low
toroidal magnetic field compared to the poloidal one and therefore the
holes are not fully protected. However, these field lines are far from
the LCFS, therefore not carrying the highest power. A higher set back
on the central part (more than 0.5 mm) would lead to an increase of
the incident angle of the field lines on the whole Inconel tiles and this
would strongly increase the heat fluxes by reducing the wetted area
for the large majority of the scenarios. As NT scenarios are not the
main scenarios, if hot spots are detected (by Infrared camera systems)
during the future experiments, the operation for such NT scenarios will
be reduced, e.g., by lowering the power and/or the plasma duration.

4.2. How to get toroidally constant heat flux

The perpendicular heat flux (defined in Eq. (3)) aims to be constant
on the tile to avoid gradients and as low as possible to minimize heating
of the components. It is thus needed to determine how each term of this
equation evolve with respect to the radial position. The Rome ratio is
modified by only 1%-2% in the range of radial position studied so its
influence can be considered as negligible in the present study.

The parallel heat flux function defined at the OMP is function of the
decay lengths 4, and Agpe On Fig. 9(a), different normalized parallel
heat flux functions are represented for different distances to the LCFS
and for the scenarios presented in Section 3.2. Due to the different
decay lengths, some scenarios see their parallel heat flux decreasing
more or less faster in the SOL. With the short 4, , the parallel heat flux
decreases by 60% to 80% in the first 5 mm after the LCFS. Different
time slices of one scenario, e.g., scenarios #6403, can present large
discrepancies of parallel heat flux decrease, since during the RU, the
decay lengths are much larger than during the RD. Some scenarios can
presents a relatively similar 1, (e.g. scenario #3100 and #5400) and
thus have a similar parallel heat flux decrease for a distance up to 6 mm
to the LCFS at the OMP. But the different 4, on these scenarios make
then the parallel heat flux decrease different, with a smaller one for the
scenario #5400 (larger Aqf).
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(a) #1401. (b) #3100.

(c) #5400.

(d) #6403RU.
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(e) #6403RD.

(f) #11300. (g) #13400.

Fig. 6. Magnetic equilibria of the selected plasma scenarios.
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On Fig. 9(b), the distance to the LCFS at the OMP is represented
for each scenario, for different radial positions on the target (at a fixed
vertical position, here the touching point position on the target, at z
= 6.75 mm). This figure expresses the radial magnetic compression of
the field line. When a curve is above the dash gray line, it means that
the field lines are more compressed on the OMP side. For the scenarios
#6403 and #3100, a field line at a radial distance of 5 mm to the
touching point will be at around 4 mm to the LCFS at the OMP, while
for the scenarios #11300, this field line will be at only 2.5 mm to the
LCFS, due to an higher compression of field line at the OMP.

By combining Figs. 9(a) and 9(b), one gets the normalized parallel
flux as a function of the radial position on the target (see Fig. 9(c)). This

highlights the fact that the flux expansion is an important parameter
to take into account. Despite a narrower 4, for the scenario #11300
compared to scenario #6403RU, its parallel heat flux decrease less on
the target, due to a much stronger compression of the field line on the
OMP. Scenarios #3100 and #5400 presents very similar parallel heat
flux decreases, showing that for this range of radial positions on the
target, the effect of the 4, is not important.

Since the parallel heat flux on the target is decreasing with the
radial position, an increase of the incident angle a of the field lines
on the target can compensate this decrease of parallel heat flux (see
Eq. (3)) to keep a constant heat flux. Thus, the optimal angle g on the
PFC front face as function of its radial position can be deduced from
Fig. 9(c) and is calculated from the needed incident angle « of the field
lines to compensate the power decrease and from the incident angle
®xisym induced by the field line on an axisymmetric PFC (see Fig. 9(e)
for the representation of the different angles), following:

p=a-

The radial evolution of the angle # on the PFC to have a constant
heat flux is shown on Fig. 9(d). Cases with higher decrease of power
(like scenario #1401) will see their angle evolving from 2.2° to 9.1°
while scenarios with smaller decrease of power (like scenario #11300)
will see a less evolving angle between 3.1° to 5.7°.

The shape of the front face is then deduced step by step, starting
from the apex. There is actually an infinity of possible shapes which
allow a constant flux, depending on the initial angle g, defined at the
apex. This angle has to be calculated so that the radial position at the
side of the PFC gives the set back needed calculated on Section 4.1.

Starting from an initial angle defined at the apex f,, a small toroidal
step along the PFC tile is performed. A radial step is done to obtain
the desired angle g,. From this new radial position, the needed angle
p, is deduced from Fig. 9(d). A new toroidal step is done, then a new
radial step to obtain the angle g, etc. The procedure is repeated until
the total toroidal extend of the PFC tile is reached (see Fig. 9(e)). If
the obtained set back is too large, the initial angle is also too large and
need to be reduced. On the contrary, if the set back obtained is too
small, the initial angle at the apex has to be larger. A new calculation
is performed with an adjusted angle to obtain a better set back and the
process is repeated several times to finally get the wanted set back for
the wanted toroidal extend. On Fig. 9(f), the different optimized shapes
of the WGL for each scenario are plotted, from the apex to the side (the
global PFC uses a symmetry of this shape to obtain a triangular shape
like in Fig. 5). The initial angle at the apex shown on Fig. 9(d) are the
one to obtain the wanted set back and are different for each scenario.

The shape for the scenario #3100 was chosen for the design of the
WGL and Inconel tiles. This scenario corresponds to one main scenario
for the first phase of the COMPASS-Upgrade operation, the optimized
shape is also really close to the one of the scenario #5400, and this
shape is a good balance between cases with shorter 4, like #1401 or
#6403RD and cases with longer 4, like #11300 and #6403RU. With
this shape, the heat fluxes will be slightly more concentrated close to

aaxi.vym (5)
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Fig. 9. Normalized parallel heat flux, flux expansion, angle on the PFC shape and corresponding optimized shape.

the apex for shorter 4, cases and more on the side of the PFC for longer
Ag -

The shape of the Inconel tiles was calculated in the same process,
keeping the touching point defined on the WGL. Thus, the normalized
parallel heat flux in function of the radial position on the Inconel tiles
still can be defined by the curves on Fig. 9(c), but from the radial
position R = 597 mm. This part of curve were rescaled to have a
maximum normalized parallel heat flux at 1 for R = 597 mm and then
used in the same previous process to define the angle on the Inconel
tiles and thus the optimized shape for any scenarios. The shapes on the
central parts are symmetric to the shapes on side parts.

5. Result of heat flux loading on the optimized shape
5.1. Aligned cases

For these first studies, results on perfectly aligned PFC will be
presented. Meshes of the WGL and Inconel tiles were made with a
mesh size varying between 1 mm to 5 mm, to keep a discrepancy
between the CAD model and the mesh (due to the curvature of the
shape) below than 0.1 mm. An automatic refinement of the mesh was
also made at the boundary between area wetted by the plasma and the
ones magnetically shadowed, reducing the mesh size down to around
0.1 mm at these boundaries.

5.1.1. Spatial evolution of heat flux profiles for scenario #3100

The first result will be on the scenario #3100RU for which the shape
was optimized (Fig. 10). All colored areas correspond to the inner wall
wetted by the plasma, while all blank areas are magnetically shadowed.
The heat flux is mainly concentrated on the WGL with a maximum heat
flux of 13.4 MW/m2 while the maximum heat flux on inconel tiles
is of 4.4 MW/m2 (see Fig. 10(a)). On the WGL where the maximum
heat flux is located, three different horizontal profiles were drawn at
different vertical positions (10 mm above or below the poloidal chamfer

and at half height, see Fig. 10(b)). This WGL is located just above the
mid plane (the midplane is at z = 0 mm while the bottom side of
this WGL tile is at z = 0.75 mm). In this region above midplane, the
field lines are going from right to left in the standard configuration
(forward fields in clockwise direction from top), but some field lines
are able to wet the bottom left part of this WGL tile coming from the
region below the mid plane, from left to right. On Fig. 10(c), one can
see the charged particles heat flux on each of these profiles on the
WGL. The heat flux is toroidally constant for each profile, even if they
have different magnitudes between left and right side, since different
magnetic field lines are impacting the same vertical position of the PFC.
The magnitude are also decreasing from bottom to top part of the tile,
since the touching point is located on the bottom. The top part of the
WGL is thus further away of the LCFS.

5.1.2. Time evolution of heat flux profiles for scenario #6403

The heat flux profile along the toroidal bottom slice of the WGL (see
Fig. 10(b) for the location of the slice) is plotted for different time of the
scenario #6403 on Fig. 11. During this scenario, the 4, is evolving by
a factor 2.4 between the shortest and the largest values (see Table 3).
The heat flux profiles for these different time slices cannot be toroidally
constant due to this strong variation of 4, . For the time slices at t
= 0.05 s or at t = 2.85 s, when the Aq, is the largest, the heat flux
profile is increasing toroidally from the apex to the side (blue triangle
up and black triangle down), while the profile is slightly decreasing
from the apex to the side at t = 2.60 s when 4, is minimal (blue triangle
down). In general, the profile is relatively toroidally constant for most
of the time slices. Optimizing the shape of the WGL for the time slice at
t = 0.05 s would reduce the maximum heat flux only from 21 MW/m2 to
19.5 MW/m2 by making it toroidally constant, whilst creating toroidal
heat flux gradients for most of the other time slices, what is preferable
to avoid.
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Fig. 12. Toroidal profiles of the charged particles heat flux on the WGL for different
scenarios.

5.1.3. Comparison of heat flux profiles for all scenarios

A comparison of toroidal profiles extracted from the bottom part of
the WGL tile for different scenarios is shown on Fig. 12. At the apex,
the heat fluxes are close to zero, since the incident angle is almost null.
After few millimeters (due to the mesh size), the heat fluxes are at a
relevant value. The profile of scenarios #3100 and #5400 are flat since
the shape is well optimized for these scenarios. For some scenarios with
slightly narrower decay length 4, (#1401, #6403RD), the heat fluxes

Table 3
Expected decay lengths and Pg,, at different time slices of
scenario #6403.

Time slice A, g, Psor
[s] [mm] [mm] [MW]
0.05 4.89 13.5 1.06
0.10 3.19 14.1 1.00
0.15 2.57 16.8 0.59
0.20 2.34 15.6 0.64
2.60 2.07 13.6 1.25
2.65 2.30 15.9 0.95
2.70 2.44 17.2 0.64
2.75 2.77 17.2 0.53
2.80 3.41 17.6 0.42
2.85 4.87 19.2 0.30

are higher on the central part of the WGL tile and decrease slightly
towards its side. For scenarios with wider decay length 4, (#6403RU,
#11300, #13400), the heat fluxes are minimal at the central part of the
WGL tile and increase towards its side. This highlights the compromises
to be found for this shape. The negative triangularity scenario (#11300)
is showing the biggest variation of heat flux between the central part
and the side (globally from 26 MW/m2 close to the central part to 35
MW/m2 on the side). A better compromises could be chosen to limit
this range of heat flux fluctuation, by using a shape for higher decay
length (like the shape optimized for the scenario #13400), but as the
NT scenarios represent only a very small fraction of COMPASS-Upgrade
future scientific operation, it was decided to stay with the current
shape, best optimized for the large majority of the scenarios. With the
current shape, excluding scenario #11300, the maximum variation of
heat flux between the central part and the side of the WGL tile is 2.4
MW/m2 for the RU of scenario #6403.

5.2. Shortwave misalignment

A shortwave misalignment represents a misalignment between a
PFC and its neighboring one, leading to potential exposed leading
edges.

A PFCFlux calculation with a radial misalignment of two WGL tiles,
located around the mid plane (in red on Fig. 13(a)), was performed for
the scenario #1401. The radial misalignment of 0.5 mm (see Fig. 13(b))
can expose the leading edges of these WGL tiles to particles impacting
with a normal incidence and can create hot spots along this edge. It
is mandatory to protect the leading edges for the misalignment. The
present design made with a set back of 4 mm should be able to ensure a
radial misalignment of 0.5 mm between two neighboring PFCs, without
creating leading edges (see Fig. 7).
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(a) Location of the misaligned guard limiters.

aligned position in red.

(b) Radial misalignment of the guard limiter by 0.5mm. The
original position of the guard limiter is in green, the mis-
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(c) Comparison of the area wetted by the plasma between
aligned PFCs (triangles) and misaligned PFCs (color), sce-
nario #1401.

Fig. 13. Shortwave misalignment of two WGL tiles for scenario #1401.

The location of these WGL tiles is where the parallel heat flux is
maximum, so where a wetted leading edge would cause the strongest
heat fluxes.

The Fig. 13(c) highlights the difference of area wetted by the
plasma during aligned and misaligned cases. The area with triangles
corresponds to the surface wetted by the plasma with perfectly aligned
PFCs, while the colored area is the one with the misalignment (and
show the value of expected heat fluxes on this tile). The wetted area
for the misaligned WGL tile is bigger since it is less shadowed by
the neighboring PFCs. However, even if the PFC is misaligned, the
leading edge is still protected by the neighboring PFCs. For this case,
the misalignment is not enough significant to influence the heat flux
pattern, almost similar heat fluxes are calculated on the tiles between
the aligned and misaligned case.

5.3. Poloidal chamfer

A poloidal chamfer of 15° on 6 mm was added on top and bottom
part of each WGL tiles and Inconel tiles. Without poloidal chamfer, high
heat fluxes (above 100 MW/m?) were observed on top or bottom part
of some WGL tiles or Inconel tiles, due to the presence of the touching
point around the horizontal gap between two tiles. Some magnetic field
lines were able to reach these part of the tile (see Fig. 14). As these
magnetic field lines impact the tiles with a large incident angle (around
14°) and can be very powerful (close to the LCFS), the resulting heat
fluxes are high. As a consequence, the poloidal chamfer was added.
It has two purposes. The first one is obviously to reduce the incident
angle of the magnetic field line (see Fig. 15), where the incident angle
can decrease from 14° (with no chamfer) to 10° with a chamfer of 45°
and less than 4° for a chamfer of 15°. The second one is to put the
bottom/top faces further of the LCFS, in order to reduce the heat fluxes
they could receive with a large incident angle of field line.

The set back needed is tough to calculate in this case. Contrary to
the estimation for the front face, where the radial position of the apex is
constant vertically and the radial position on the neighboring tile is also
constant vertically and making the calculation easy, for the poloidal
chamfer, the radial position on both side are evolving toroidally since
the chamfer is following the shape of the PFC. At the mid plane, the
radial magnetic field is negligible, meaning that the radial position
of the “apex” (green point) will hit the poloidal chamfer at a similar
radial position on the neighboring tile (red point), but as this radial
position is evolving toroidally, the set back needed will depend on
each starting position. Moreover, when adding a larger chamfer, this
increase the toroidal distance traveled by the field line flowing between
both chamfer. Thus, the field line can pass just above the chamfer of
one tile and reach the chamfer of 1 or 2 neighboring tiles further (so
it can pass from an Inconel tile to a neighboring W tile or Inconel tile

Fig. 14. Magnetic field line impacting the bottom part of a WGL tile, without poloidal
chamfer. High heat fluxes are expected on a width of several hundreds of micrometers
for this case.

further). A trial and error method was used with different sizes and
angles of poloidal chamfer with PFCFlux calculations to check if some
high heat fluxes are still present on top/bottom part of the PFCs. The
final chamfer chosen is of 15° which offer a decent incident angle of the
magnetic field line (less than 4°) and a distance of 6 mm gives enough
setback to collect the heat fluxes and put the top/bottom faces enough
far of the LCFS to received eventually smaller heat fluxes than on front
face. For the tiles around the midplane, the maximum heat fluxes will
be still on the poloidal chamfer since it is the location of the touching
point and the field line will impact the poloidal chamfer with a slightly
higher incident angle compared to the front face.

6. Conclusion

COMPASS-Upgrade tokamak is under design, involving the need to
design the metallic PFCs which will receive the charged particle heat
loads from the plasma. The front face shape needs to be optimized in
order to reduce the thermal stresses on the PFCs by having a constant
heat flux and also needs to prevent hot spots (which could provoke
melting and cracking) in case of misalignment of tiles.

A method to calculate an optimized shape of the inner wall of
COMPASS-Upgrade in order to homogenize the heat flux on the PFC
was established, in function of the power decay in the SOL and the
flux expansion of the magnetic equilibrium. This method determines
how the angle of the shape evolve toroidally so that the increase of the
incident angle of the field lines on the PFC compensates the decrease
of the parallel heat flux.

As the expected scenarios on COMPASS-Upgrade present a wide
range of 4, and flux expansion, the shape is optimized for only one
scenario (and actually, at one time of the scenario). The shape chosen
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need to offer a good compromise between scenarios with short 4, and
those with large 4,.

3D field line tracing calculations were done with the code PFCFlux
and confirm the toroidally constant heat flux on an optimized shape of
PFCs. When scenarios present narrower 4, than the optimized shape,
the heat fluxes are decreasing linearly from the apex to the side of tiles
and for larger 1,, the maximum heat flux is on the side on the tile
and decreasing toward the apex. The optimized shape chosen offers a
good compromise among narrow 4, and large 4, and is convenient for
most scenarios, especially when accounting for their time evolution.
The shaping also offers a margin for the radial misalignment of tiles
for at least 0.5 mm.

This method was applied on a power decay in the SOL with using a
double exponential decay, but any other power decay can be modeled,
following some exponential decay or coming from transport code like
SOLPS or SolEdge2D, making this method more flexible compared to
an analytical solution obtained for a given exponential decay function.
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