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Abstract

The design of the monoblocks constituting the ITERertor vertical targets
comprises a simple toroidal (i.e. toroidally-facirmevel of 0.5 mm in order to magnetically
shadow poloidal (i.e. poloidally-running) leadindges, arising from radial misalignments
between toroidally neighbouring blocks, from pahheat loads between and during ELMs.
Previous studies suggest that excessive heatinigngf toroidal edges could also occur,
possibly leading to melting during ELMs. Furthermodespite the toroidal bevel, tiny regions
of the poloidal leading edges known as "optical ymdts”, accessible along magnetic field
lines through toroidal gaps, remain exposed tollghtzeat flux from ELMs. The intense heat
flux onto those optical hot spots could be largeugih to trigger tungsten boiling. A possible
solution at the outer vertical target is to implemna planar toroidal-poloidal bevel that would
hide all poloidal and toroidal edges and elimirtage optical hot spot. It will be demonstrated
that a reasonable "shallow" toroidal-poloidal beselution solves all these problems with
minimal trade-offs, under the condition that moraiils on neighbouring plasma-facing units
be well aligned poloidally in order to prevent thppearance of exposed leading edges,
meaning, in the worst case, a stepwise downwaiitl @heach toroidally upstream plasma-
facing unit by -2+2 mm with respect to their doweam neighbours. A more deeply beveled
solution has also been studied that is immune loighed misalignments, but which comprises
important trade-offs in terms of higher heat loadte main wetted surface, and excessive
ELM heat loads onto the magnetically shadowed sfdbe toroidal gaps. Unfortunately, due
the inclination of magnetic flux surfaces, the @latoroidal-poloidal beveling solution does
not work at the inner vertical target, meaning tistapplication at the outer target alone
leaves the inner toroidal gaps unprotected. Thgether with the technologically challenging
requirement for a high degree of poloidal alignm&itioroidally neighbouring plasma-facing
units, has led to a decision not to apply the pialbtoroidal bevel solution on the ITER
vertical targets.



1 Introduction

The ITER divertor targets will consist of plasmaifey units (PFU) made of pure
tungsten monoblocks (MB) bonded to copper coolingnoels [1]. This design, aimed at
minimizing thermomechanical stress, introducesr8#tFU toroidal gaps” (TG) as narrow as
0.4 mm between neighbouring MBs on a given PFU,@bdmm "inter-PFU poloidal gaps"
(PG) between neighbouring PFUs (Figure 1). TheipddPFU assembly tolerance of +0.3
mm normal to the nominal divertor surface resuitpoloidal leading edges (LE) that would
be directly exposed to the parallel plasma heat 8tnear perpendicular incidence. Bulk
melting, which poses an unacceptably high risk doccessful ITER operation, would be
inevitable. Recent analysis [2] of MB heat loadimga simple ion orbit model showed that
the magnetic shadowing provided by beveling themkfacing surfaces of MBs 0.5 mm in
the toroidal direction should protect the poloitd&s at the inter-PFU PGs from overheating
due to steady state heat loads, while partiallygaiiing the risk of ELM-induced melting.
Kinetic modelling including the self-consistent atteelectric field [3] and measurements [4]
in the COMPASS tokamak have confirmed the physickEb heating, and provide further
justification for the decision to include a tordidzevel at the high heat flux areas of the
divertor vertical targets [5]. An unexpected prédic of [2] is that toroidal MB edges that are
nearly parallel to the magnetic field could excedldwable limits due to steady state heat
loads and mitigated ELMs, even if those should @all melting of the principal plasma-
facing surface. The heat deposition mechanism tiradAFU TGs has been experimentally
confirmed in the COMPASS tokamak [6] in a dedicaggberiment designed to test the
predictions. Furthermore, despite the toroidal beirey regions of the poloidal LEs known as
"optical hot spots” (OHS), accessible along magnfetid lines through TGs, were identified
[2]. The intense parallel heat flux from ELMs orttiose optical hot spots could be large
enough to trigger tungsten boiling.
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Within a Larmor radius of any plasma-facing surfacea tokamak, due to the
removal of ions from the plasma, there is a poloiodia flux directed in the ion diamagnetic
direction (clockwise when looking in the toroidakettion, and when BB is directed
downward). At the ITER inner vertical target (IV{Higure 2), as shown previously [7], this
ion flux strikes the lower TG edges due to Larmgragjon. The electron component of the
heat flux, assuming that it can be described bygthiding center, or "optical" approximation



(the Larmor radius being negligibly small compatedhe TG width), strikes the upper edge
due to the inclination of the magnetic flux surfack is therefore not possible at the IVT to
protect one TG edge by a planar bevel in the palodirection (poloidal bevel) without
sacrificing the other. At best, a better up-dowruildorium of the poloidal heat flux
distribution could be sought. On the other handhatouter vertical target (OVT), both ion
and electron fluxes strike the upper edges of tiBs NFigure 2). It is therefore feasible to
protect simultaneously the short poloidal LEs ahé tong TG edges at the OVT by
implementing a planar toroidal-poloidal bevel. Téen of this work is to find the optimal
planar toroidal-poloidal bevel to avoid the tordi@age heating and OHS problems at the
OVT, recognizing that there is no possible solutionthe IVT and therefore that TG gap
overload, particularly during ELMs which are exmetto load both targets at similar levels
[8], will be a potential issue even if the problean be solved at the OVT. It will be shown
that such a solution does exist for the OVT, bsitiniplementation in practice is either too
onerous in terms of the requirements for compoakghment or results in too high a penalty
in terms of increased front surface steady stadifm. It is for those reasons that the planar
toroidal-poloidal bevel will not be implementedIiFER [8].

The modelling assumptions and the design critemadeetailed in Section 2. The
reader who is not interested in the details ofahalysis can skip, without loss, to Section 3
which summarizes the results. The Appendix contanalysis of the consequences of
poloidal misalignment between neighouring PFUSs.

Inner target Outer target

Figure 2. Schematic illustration of an ITER divertassette. Due to their Larmor radii being complara
to the gap widths, ions (orbits shown in blue ie ihsets) strike the upper edges of OVT monoblatids
the lower edges of IVT monoblocks, whereas elestratrike the upper edges at both targets dueeto th
inclination of the magnetic flux surfaces (red msk Electrons can be described under the guidingec
approximation, making their orbits equivalent te tled curves. This means that at the IVT, heatihgad
occurs at both edges of the TGs, whereas at the, OMY the upper edges are affected. A poloidakbev
can only be effective at the OVT. At the IVT, théseno solution to simultaneously mitigate heatafg
both edges by poloidal beveling; trying to protece edge only exposes the other to higher heaf{fux

2 Modelling assumptions

For the reference simple toroidal bevel,

htor 2 Mpry + §rad (1)



defines the minimum bevel depliy, for a given inter-PFU radial tolerano@g,;=+0.3 mm
and an additional margid.,g Which is set to 0.2 mm. This is the origin of ttleoice of
ho=0.5 mm for the ITER vertical targets [9,10]. Iretheneral case when poloidal alignment
Mo between neighbouring PFUs is not specified, theduction of a poloidal beveiy
imposes a deepening of the toroidal bewglin order to guarantee poloidal LE protection.
Without poloidal alignment imposed, for example,sTk&tween PFUs are not aligned, and it
is possible that the highest corner of the LE pbbidally beveled MB be directly exposed to
parallel heat flux downstream of the lowest comiethe preceding MB's trailing edge. With a
poloidal bevel of depth,q, therefore, the toroidal bevel depth must incresse

htor = Mpry + 5rad + hpol (2)

if the heat handling capabilities of the poloiddt are not to be degraded with respect the
reference single toroidal bevel. The bevelinglisstrated in Figure 1.

The question is then how to define a design catetd choosé,,. In Section 2.1, it
will be shown that geometrical arguments sufficéirid a solution at the OVT, since both ion
and electron components of the heat flux strike upper TG edge, and thus they can be
mitigated simultaneously. The analysis presente® lgensists of a series of dimensional
scans for each toroidal-poloidal bevel combinat®lasma parameters of the 15 MA burning
plasma scenario are adopted, and the ions arenadsig mass number &=2.5 to
approximately account for the mix of deuterium #&mttlim [2]. The magnetic field strength at
the OVT isB=6 T for the nominal ITER toroidal field dBt=5.3 T atR=6.2 m. MBs
downstream of inter-PFU gaps are considered fardBLM (ion temperaturd; = 10 eV
ions) and ELM T = 5 keV) heat loads. The assumed baseline, int&f-Erget heat flux is
taken asq-»™=15 MWm?. This is defined in terms of a cylindrically syratric divertor
target, with no shaping or target tilting.

The global temperature field is calculated forititer-ELM heat loads, while for ELM
loading, the transient temperature spike is caledl@n a local scale since the heat diffusion
time is such that the peak surface temperatureashed when the heat pulse has diffused
only ~0.15 mm into the bulk. For each of these sd4sger-ELM and ELM), scans of intra-
PFU MB alignment, that is, variations of the raditdpmg and the TG widtlgys between
neighbouring MBs on a given PFU are made. The rafif¢fee dimensional scan gfs (0.2
mm) exceeds the extremely tight specified asserdlgrance of the present ITER design
(0.2 mm). The scan of the tolerance to radial higeenent (+0.3 mm) is fully explored, even
though, based on full scale prototype manufactuiiinig expected that better results will be
obtained [11]. The misalignments analyzed herdisied in Table 1 (see Table 1 in [2] for
the full set of specified tolerances). The worssecgoloidal gap widthgbr=0.7 mm)
between neighbouring PFUs is adopted, and theyassamed to be radially well aligned
(mpry=0). The latter is a simplifying assumption onliyce the focus of this paper is on TGs.
As shown in [2], inter-PFU radial misalignment udhces the toroidal wetted fraction for
inter-ELM loads and poloidal LE heating during ELM$1e geometry is illustrated in Figure
3. Three measurement points are defined at eathediading and trailing poloidal edges:
one at each corner and one in the center.



Table 1. Values of intra-PFU gap widgiys and radial misalignmenty,q, and inter-PFU gap widthpry and
radial misalignmentney used in this studjL.
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Figure 3. (a) lllustration of the simulation geometvith definitions of intra-PFU and inter-PFU radi
steps .g and mery respectively) and TG and PG widthg.¢ andgpry respectively). (b) Definition of
heat flux/temperature measurement points on tlyetdiB#5 on which the heat loads are calculated as
function of shadowing by its five neighbours. TGppar or "upstream” toroidal gap edge; TOP=the
principal exposed surface at the center of théingapoloidal edge; TGd=lower or "downstream" talali
gap edge; CRu=upper corner of the PG LE; PG=ceftire leading poloidal edge; CRd=lower corner of
the PG edge.

The simple finite difference thermal model develbpe [2] is employed to calculate
the MB temperature response to the specified iBtévt heat loads. The MBs are treated as
cuboids tilted in the toroidal and poloidal directs to obtain the same B-field incidence
angle on the top surface as would be the case&bbeveled MBs, and shifted relative to one
another to simulate the radial steps arising froeveling. The error induced by this
approximation has been quantified by comparisoh Witite element simulations of the true
geometry using the commercial software package ASIS¥ee Figure 4). Two inter-ELM
cases are examined here as examples. In bothtbaskeesat flux to the nominal axisymmetric
target is taken to bg:>™=10 MW/nt and is assumed to be purely convective (no raufipti
The first is a simple toroidal beveh{=0.5 mm,h,;=0.0 mm) with q""%=15.6 MW/nf
applied uniformly over the top surface except fbe tfirst 2 mm to simulate magnetic
shadowing of the poloidal LE, amg*"™=20.8 MW/nf on a 0.4 mm deep strip inside the TG
to simulate toroidal edge loading. The second ¢asa “shallow” toroidal-poloidal bevel
(Ntor=hpo=0.5 mm) withq"""=16.1 MW/nt applied uniformly over the top surface, again with
the first 2 mm shadowed, and no heat load insidddioidal gap which is now protected by
the additional poloidal bevel. The slightly higltep surface loading in comparison with the

1 In [2] the notation my was used to designate radial misalignment betvaegnMB with respect to another,
whether it be on the same PFU or on a neighbourirgg In this paper it was felt necessary to difiete radial
misalignments between MBs on a given PFU.dnwhich is the main topic here, from radial misahgents
between neighbouring PFUs (here newly defined gs)mit would have been better to replacggthy myg for
example, to be consistent with the definition op geidths (g¢ry between PFUs, and,g between MBs on a
given PFU) but the authors decided to maintain ashntonsistency with [2] as possible.



first case is due to the additional slope due eopbloidal bevel. The total power integrated
over the surface is roughly the same in both casspecting the conservation of magnetic
flux tube cross-sectional area.
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Figure 4. Comparison of the simple finite differenmodel (full curves) with finite element simulat®

(dashed) of the true geometry for (a) a simpleittzddbevel and (b) a shallow toroidal-poloidal bleve

(a) the temperature is shown along the upper (blurees) and lower (red curves) TG edges. In (18, th

upper and lower edge temperatures are equal isithgle model (black curve), while for the ANSYS

simulation the upper (blue curve) and lower (redvey edge temperatures are shown. The toroidal

distance along the TG edge is designatgd

Both simulations find that the upper edge is 2088@er than the lower edge due to

TG loading in the case of the simple toroidal befl@gure 4a). For the shallow toroidal-
poloidal bevel with poloidally uniform heat loadiog the top surface, the simple model finds
identical temperatures at the edges by symmetre fiilnte element model of the full
geometry yields slightly lower temperature at thgper edge. This is due to the shorter
distance between the top surface and the cooliagra associated with the poloidal bevel
(5.25 mm as opposed to 5.75 mm). The absolute satigeemperatures calculated by the two
models agree to better than 5% along the toroidall@s, more than justifying the use of the

simple model for scoping studies.

2.1 Design criterion for thetoroidal-poloidal bevel

At the OVT, assuming as a design criterion fullicgdtshadowing of the TG edge in
order to prevent electrons from striking it duriBgMs, the minimum poloidal bevel depth is
given by the local flux surface inclination and tiMra-PFU radial alignment,q between
poloidally adjacent MBs

0, + A0 + h,,, /L
hpol ngB - 9" o +mrad (3)

which depends on the toroidal bevel depth. Theemtlyl and6, describe the magnetic field
incidence with the target (see detailed definitionSection 2.2 of [2])A6=0.5° is the global
OVT tilt angle (required to protect against radmalsalignments between neighbouring
cassettes [1]), and=28 mm is the toroidal length of the MBs. The twevél depths are
coupled due to the fact that increasing toroidalebeesults in deeper penetration of the
magnetic field lines into the TG (Figure 5). Nokatt when the TG edge is shadowed, the
OHS is eliminated (see Section 3.4.3 in [2]). Camry Eqgs. (2) and (3), the minimum
toroidal bevel depth is



Iup (01 +A8)/0) + Myqq + Mppy + Sraq

1—-gus/0)L '

Taking gvs=0.5 mm, mpr=0.3 mm,m,=0.1 mm,&,~0.2 mm,6=2.7°, 6,=5.6°,

andAB=0.5°, the optimal toroidal and poloidal bevel depat the OVT aré,=1.1 mm and
hpo=0.6 mm. Such deep beveling would lead to an optieat flux on the top surface
q-""MgrY™=2.1, about twice higher than that to an idealsyximetric vertical target (VT).
The main culprit responsible for increasing thelara incidence of the magnetic field lines
is the toroidal bevel depth, due to the dominarfch@ toroidal component of the magnetic
field (toroidal beveling rotates the MB surface gvilom it, whereas poloidal beveling only
rotates the surface around it). The poloidal beweteases the heat flux only slightly. The
geometric heat flux enhancement factor is showirigure 6 for a range of toroidal and
poloidal bevel depths. The decision as to what baésgths are acceptable must evidently take
into account the increased heat load at partidotzations. Any heat load increase resulting
from MB shaping implies a reduction of the maximuatiowed stationary heat flux
transported to the VTs, impacting the entire openal domain of ITER [8].

htor 2

(4)

|
I
[/ Figure 5. Schematic illustration of why toroidalveéng leads to deeper

g [ /_@/ penetration of magnetic field lines into TGs. Theper diagram
4_(£ represents the frontal view of two MBs on a divertertical target

|
: separated by a TG. The magnetic field line (redwyrgrazes the lower
I edge of the upper MB at the position indicatedh®ydashed line, crosses
: o the TG, and strikes the lower MB at its trailingged The lower diagram
.A/’; shows the view along the cooling pipe for the az#gd) an unshaped MB
R and (2) a toroidally beveled MB.
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If it were feasible to impose an inter-PFU poloiddgnment to guarantee that the
higher MB corner never be optically exposed, theittal and poloidal bevel depths could be
decoupled. For example, the toroidal bewgk0.5 mm could be maintained, and a poloidal
bevelh,,=0.5 mm [Eq. (3)] would be sufficient to shadow @ edge. In that case the heat
load to the top surface would only be enhancechbyfactorg""q-Y™=1.64, as compared to
q-""qrYm=1.56 for the simple toroidal bevel. The conseqesnof poloidal inter-PFU
misalignment are discussed in the Appendix.

In the following analysis three geometries will ftedied. The first is the reference
simple toroidal bevelh,=0.5 mm, hy,,=0.0 mm). The second is the “shallow” toroidal-
poloidal bevel lf;x=0.5 mm,h,,=0.5 mm) referred to above. The third is a deepmidal-
poloidal bevel varianth{,=1.1 mm,hy,,=0.6 mm), discussed above as the optimum solution
for complete shadowing of the TGs and the OHS dvierer-PFU poloidal MB alignment is
not provided. This will be henceforth referred totlhe “deep” toroidal-poloidal bevel.
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Figure 6. Relative increase of heat flux to MB mpfaces as a function of toroidal and poloidaldiev
assuming VT tilting angl&B8=0.5°. Numbered circles indicate (1) the referesiogple toroidal bevel, (2)

the shallow and (3) the deep toroidal-poloidal h&eegamined in this paper.

Before focusing on the three specific geometriese(ence toroidal bevel, shallow
and deep toroidal-poloidal bevels) it is worth itggthe simple geometric criterion of Eq. (4)
for choosinghye. Two dimensional ion orbit simulations were pemnfied for a range of bevel
depths assuming botm,;~0.1 mm as a realistic case based on feedback inolunstry
concerning what has been achieved to date on dalesprototype PFUs [11], and,&0.3
mm which is the formally specified radial intra-PRblerance in the present design (2D
simulations are sufficient for calculating the T@&ah loading over most of the MB toroidal
length, far from the poloidal LE). If a toroidaldpadal bevel solution were to be implemented
in ITER, it might be difficult to guarantee the Orim assembly tolerance because each MB
would have to be machined individually before slglit onto the cooling tube, as opposed to
the pure toroidal bevel for which the simultanemoachining of all the MBs is foreseen
before and/or after assembly. That is the reasonregults for a "realistic” industry tolerance
based on recent mock-up results and the more pes&" tolerance are presented here.

Following the procedure detailed in Section 6 2f, [the normalized temperature
increase resulting from ELMs (that is, the tempemincrease with respect to that at the top
surface of an ideal, axisymmetric target for a giee.M energy fluence) at the upper and
lower TG edges of OVT MBs was calculated as a fonodf hr andhpo assumingma=0.1
mm (Figure 7) andn,=0.3 mm (Figure 8). In both cases, the upper TGeddgperature
rises to about twice the reference temperature whénedge shadowing is marginally
achieved. The poloidal bevel needed to achievestméglowing is naturally deeper when the
radial intra-PFU MB tolerance is relaxed fram,=0.1 mm tom,~=0.3 mm.
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Figure 8. As in Figure 7 now wittm,=0.3 mm.

The analysis of edge heating until now has focusethe excess with respect to an
ideal axisymmetric surface. Another way to exprbesresults is to evaluate how much the
edge heats up with respect to the real top suriadependently of the acceptability of the
latter. The data of the two previous figures ardisglayed in Figure 9 and Figure 10
normalized to the heat flux to the top surfacehwiite idea that if a certain top surface heat
load can be accepted, then the associated edgedean be accepted if it is equivalent.
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lower (right panel) edges assuming intra-PFU radtiesalignment ofm,~0.1 mm. The dashed line on the left
panel indicates the poloidal bevel depth for whatlal magnetic shadowing of the TG edge is achieved
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Figure 10. As in Figure 9 now witin,,=0.3 mm.

The upper toroidal edge heating is about the sanba of the top surface when the
poloidal bevel achieves magnetic shadowing of tgeeconfirming the intuitive criterion for
the choice ofh,o (the dashed red line in each of the four previbgsgres). This happens
because of the absence of electron heating on @eedge, and because the ion flux is
reduced compared to the top surface far from the Gaat said, the lower toroidal edge
receives 1.3 to 1.4 times higher ion heat flux ttr@nunperturbed top surface due to gyration
of ions downstream of that edge. Returning to tired specific geometries defined earlier
(for each of which the value of, is dictated by the need to guarantee poloidal idEegation
depending on poloidal inter-PFU alignment), thisiligstrated by the poloidal heat flux
profiles in (Figure 11) and the ion orbits in theinity of TGs (Figure 12).
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Figure 11. Poloidal profiles along an OVT MB (assugnworst case misalignment with respect to its
neighbours, see Table 1) of ion (blue curves) dadt®n (red curves) ELM heat flux for the referersimple
toroidal bevel (left panel), shallow toroidal-palai bevel (middle panel), and the deep toroidabjolall bevel
(right panel). The surface coordinag runs from inside the upper TG poloidally down #& to the lower
TG. The upper MB edge is 8f,=0 and the lower edge isgt=12 mm (see Figure 1). Heat flux is expressed in
terms of that;™¥™) to a smooth, axisymmetric target with no shagargyiven plasma parameters.

Figure 12. lon orbits at the point of highest ELM
heat load in the vicinity of a TG at the OVT
illustrating how the ion load is transferred from
(a) the upper edge<£0) with simple toroidal
beveling to (b) the lower edgg=12 mm) with
deep toroidal-poloidal beveling. The toroidal
direction is into the page, tlyecoordinate is
parallel to the MB cooling tube axis and points
downwards toward the bottom of the vacuum
vessel, and is the vertical target surface normal
vector. The magenta line indicates the magnetic
flux surface defining the depth of the wetted area
in the vicinity of the upper TG edge, and it also
indicates the path followed by guiding-center
electrons. Worst case misalignment is assumed,
i.e.M,=0.3 mm andjy=0.6 mm.

y [mm]

The simple criterion for choosing the poloidal Hedepthh, has been validated for
the case of ELMs which in ITER will release pedegias having Larmor radii up to 2 mm
onto the divertor, and which cannot be modelledh®yoptical approximation used to define
the criterion. This is perhaps coincidental, buaiseast partly related to the fact that the
electrons are modelled by the guiding-center (aptiapproximation. Full 3D simulations of
the thermal response due to steady state inter-Blallls (Section 2.2) and transient response
due to ELM loads (Section 2.3) will be detailed foe full range of tolerances on TG width
gve and intra-PFU MB radial misalignmem,g.

2.2 Inter-ELM heat loads

The temperatures at the defined measurement p(ats Figure 3b) after a 10 s
exposure (chosen to be more than sufficient tonalloe actively cooled MB to come to
thermal equilibrium) to an inter-ELM heat load @fY™=15 MW/n¥ are shown in Figure 13
for the reference simple toroidal bevel. It should noted that the extremely high
temperatures seen in this figure are the resudtro@ilating the maximum allowable heat flux
to the divertor, §°"™~20 MW/nf to stay within the prescribed margin to criticalah flux).
Avoidance by mitigation techniques which should makich occurrences very rare is a high
priority for ITER operation. The temperature at thailing (poloidal) edge (Figure 13a-c)
varies with the penetration depth of field linewithe TG. Plotting all the upper and lower
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TG edge temperatures against the field line pet@tradepth into the TG (Eq. 3)
demonstrates that the upper edge temperature aisesvinearly with TG gap loading, as
expected (Figure 14). Negative abscissa valuegspond to full magnetic shadowing of the
upper edge, and indeed the upper edge temperakoeases below the lower edge
temperature. At the poloidal LE, for large valudsradial and toroidal misalignment, the
upper corner of the MB heats up due to the appearahthe OHS (Figure 13d), although
consistent with the conclusions of [2], the tempe® increase due to an intense but
extremely localized point heat source remains modée poloidal LE far from gap crossings
(Figure 13e) is cooler because it is magneticdligdowed. The lower corner temperature
(Figure 13f) is nearly identical to that at the tegrof the LE because it receives essentially
the same heat flux (the OHS appears on the uppeersowhen the PFUs are poloidally well-
aligned, as assumed here, because the magnetie iofathe preceding TG is projected
downwards).

(a) TGu temperature [°C] (d) CRu temperature [°C]
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Figure 15. Steady state
temperatures at OVT MBs
having a shallow toroidal-
poloidal bevel I,=0.5 mm,
hpe=0.5 mm) with the intra-
PFU MB alignments varied
according to Table 1. The PFUs
are poloidally aligned nf,,=0
mm). For definition  of
measurement points see Figure
3.

The equivalent calculations shown in Figure 13 tfeg simple toroidal bevel are
compiled in Figure 15 for the shallow toroidal-pdial bevel f,=0.5 mm,h,,=0.5 mm). The

TOP temperature is only slightly (~50°C) higherrttibe simple toroidal bevel case because
the B-field incidence angle is only slightly inceeal. The upper TG edge is about 300 °C
cooler due to the suppression of the heat fluxregehe gap. Nonetheless, for the largest

radial misalignmentsn,q, the upper edge is slightly hotter than the togase because the
poloidal bevel was optimized fon,=0.1 and for larger values the upper edge is expdsw
the smallest misalignments the reverse is true tdué¢he shadowing. The poloidal LE

temperature is about the same as the simple tdro@leel case because the radial step from
the toroidally upstream PFU is the same, whicth&énks to the TGs between neighbouring
PFUs being poloidally aligned. Now both the upped &wer corner temperatures are the

same as the center of the LE because the optitaplod has been eliminated.

To complement these results, spatial profiles &f telmperature along three toroidal
and three poloidal cuts through the MBs are shawfkigure 16 for the "most reasonable"

misalignment ¢vs=0.5 mm, the present OVT design specification, apg=0.1 mm, the

typical misalignment reported by industrial fullaée PFU prototype manufacturing [11]). The
slight global temperature increase at the top sarfs more than compensated by the

suppression of TG and OHS loading.
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Figure 16. Steady state temperatures at OVT MBmbavsimple toroidal beveh{,=0.5 mm,hy,,=0.0
mm): (a) Toroidal profiles at upper TG edge (blueves), through the center of the MB (green curves)
and at lower TG edge (red curves). (b) Poloidafilm®at poloidal LE (blue curves), through the tegrof
the MB (green curves), and along the trailing padbiedge (red curves). The same profiles are sliown
(c,d) for a MB with toroidal-poloidal beveh{,=0.5 mm,h,,=0.5 mm). In both casesg=0.5 mm and
M,=0.1 mm. The PFUs are poloidally aligned,{=0 mm).

At first glance the shallow toroidal-poloidal bevelpromising, but only if inter-PFU
poloidal alignment can be guaranteed. If it cantiogn deeper beveling is required. The
thermal response of a deep toroidal-poloidal bé¥gkE1.1 mm,hy,,=0.6 mm) is qualitatively
similar to that of the shallow bevel in that the Tdading (Figure 17a-c) is suppressed. The
same holds at the LE (Figure 17d-f) due to elimarmabf the OHS. However, the top surface
heat load increases by 30% with respect to theaeée simple toroidal bevel case, which
itself already increases the load compared to te@éyr aligned flat surface by roughly the
same amount. This is the essential trade-off aatamtiwith the toroidal-poloidal bevel
solution: edge and corner protection against irsgeéanain surface loading.
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2.3 ELM heat loads

As introduced at the beginning of Section 2, indhee of transient ELM heat loads
the thermal response is expressed as the peak remmeeduring the heat pulse, normalized
by the peak temperature that would occur on arl mdaymmetric target (see Eq. 34 in [2]).
In the case of the reference simple toroidal bethel,upper TG edge is hit hard by electrons
and ions, the latter of which are strongly focusatb the top of the TG due to their Larmor
gyration (Figure 18a), except when the MB is reedsgn,«<0) and the edge becomes
magnetically shadowed. At the magnetically wettgadurface (Figure 18b), far from TGs or
the magnetic shadow, the heat flux depends oniherocal magnetic field angle and not on
the TG gap dimensions. The lower TG edge (Figu® iceives more heat flux than the top
surface due to the gyration of ions over the pallbyddownstream MB, and this kinetic effect
increases with radial misalignment. The upper corfiegure 18d) suffers from direct
irradiation of the OHS by an electron beam peniegahrough the TG between the MBs of
the upstream PFU. For the largest ELMs expectddkiR, such high heat flux could lead to
tungsten boiling [12]. The poloidal LE (Figure 18eyen though it is shadowed, is struck by
ions which gyrate into the PG due to their largenh@r radii (~2 mm). The PG ELM heat flux
is negligible for the deepest radial steps, sugygst beneficial result of incorporating a
deeper toroidal bevel (or equivalently, imposinggr@ater margind,,g), even though that
would be at the expense of higher main wetted sarfaads. The lower corner (Figure 18f)
behaves like the rest of the poloidal LE far frdra OHS.
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Figure 18. Transient ELM
temperature spike (normalized
to that of an ideal
axisymmetric surface) at OVT
MBs having a simple toroidal
bevel (©=0.5 mm, hy=0
mm) with the intra-PFU MB
alignments varied according to
Table 1. The PFUs are
poloidally  aligned  1f,,=0
mm). For definition  of
measurement points see Figure
3.

The shallow toroidal-poloidal bevel=0.5mm,hy,=0.5mm) eliminates the worst

problems encountered above for the simple torob#alel. The top surface (Figure 19b)
receives slightly higher heat flux because the idaldevel results in larger B-field incidence

angle. Remembering that the intra-PFU gap at th& @Vspecified agyus=0.4+0.1 mm in
the actual design, and that realistic radial migatient is expected to In@,=+0.1 mm rather

thanm,=+0.3 mm based on feedback from industry, it carsdsen that the upper TG edge
heating is even lower than on the top surface thaoknagnetic shadowing of the electrons
and a reduction of the ion flux (Figure 19a). Towér TG edge receives more flux than the
previous case both due to the increased slopeiat=sbaevith the poloidal bevel, and greater
accessibility of ions that gyrate over the poldgaownstream MB, due to the deeper radial
step (Figure 19c). The poloidal LE behaves the saspreviously because the radial inter-
PFU step does not change (Figure 19e,f). The drastting of the upper corner has been

eliminated and it is even cooler than the reshefltE (Figure 19d).
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The deep bevel (Figure 20b), as for inter-ELM lgadsreases the top surface heat
load about 30% with respect to the simple beveté Uipper TG edge loading (Figure 20a) is
adequately mitigated, although at the expensearéased loading of the lower edge (Figure
20c). The LE (Figure 20d-f) receives practicallyhemat flux due the deep radial step between
PFUs.
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Figure 20. Transient ELM
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3 Summary of 3D analysis of inter-ELM and ELM loading for the three shaping
solutions under consideration

As a reminder to the reader who may have optedliptke details in Section 2, the
thermal response of three MB shaping solutionshiees analyzed: the simple toroidal bevel
that has been retained as the reference desighddiTER vertical divertor targets (toroidal
bevel depth of 0.5 mm), a shallow toroidal-poloit@vel with 0.5 mm beveling in each
direction, and finally, a deep toroidal-poloidalvieewith toroidal bevel depthy=1.1 mm
and poloidal bevel depth,,=0.6 mm. The aim of poloidal beveling is to hide tbng upper
toroidal edges of the monoblocks from direct iredidin by electrons, and to reduce the heat
flux from ions that can still penetrate into the S@ue to their large Larmor radii. The
shallow bevel solution only works if the TGs of gigbouring PFUs are well aligned
poloidally, while the deeper bevel works indeperilyenf poloidal alignment.

For each of the three shaping variants, two tygdseat loading were considered.
First, the equilibrium temperature resulting froneagly state, inter-ELM heat loading of
q-¥™=15 MWm? was calculated, defined as being that onto an yeshacylindrically
symmetric divertor target (the quantitigs™ andq""" were writtengy, andgsu in [2], but
have been changed here to be consistent with J8i)s value was chosen based on the
findings of Ref. [2] as being roughly the maximumowable that provides a 1.4 margin
against critical heat flux during slow transierdittachment events for the 6 mm W thickness
now decided as the final design value for the ITBS. Recently, is has been more precisely
concluded that the maximum allowable local surfaeat flux should not exceeg>"=20
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MW/m? [13]. Coincidentally, the surface heat flux for ial critical heat flux to the cooling
tube can occurg>"*=28 MW/n?), leading to catastrophic failure, is also rougtigt for
which full surface melting is observed in high hélak tests. The limit of 20 MW/fmthus
simultaneously provides a margin against criticahthflux and full surface melting. The
q-¥™=15 MWm? used here leads tp°"*=23.4 MW/nf for the simple toroidal bevel, making
it higher than the allowed limit, and provides omlyfactor 1.2 margin against critical heat
flux. The aim of this analysis is to provide quative comparison between the different
shaping solutions, so the exact choicegg?™ should not be regarded as important. The
steady state temperatures given here can be doseady with heat flux to obtain the results
for other loading conditions with reasonable accyra

The second type of heat loading is due to tran&é&Ms that deposit a large amount
of energy onto the surface in a very short timee pbak temperatures at specific points on
the MBs are normalized to that which would occuraondeal, axisymmetric divertor surface
with no gaps or shaping. This formulation allowsireates of edge and corner heating for a
given ELM energy fluence-""", or inversely, allows the calculation of the ELMeegy
fluence that would result in a specific temperatsjpé&ke. Solution of the 1D transient heat
equation for a triangular ELM pulse on a semi-iéindomain provides a simple relation
between the energy fluence and the temperature §pjik

ZTA1/4
ATy /™ = 2150 + 50 (Z—A‘) [°C/(M]/m2)] (5)

whereZ, A, andT,; are respectively the charge number, mass numhberteamperature (in
keV) of the incident ELM ions. For example, assuthat a MB temperature is initially
1000°C due to steady state heat loading, and tixénman allowed ELM energy fluence that
avoids melting the upper toroidal edge of the exiee simple toroidal bevel is to be
estimated. FozZ=1, A=2.5 (a 50/50 deuterium/tritium mixture), amg5 keV the temperature
spike on an ideal axisymmetric surface would be502€C/(MJ/nf) [Eq.(5)]. The upper edge
(TGu in Table 2) heats up 5.5 times more than thiaérefore, the maximum allowed ELM
energy fluence would be ™ =(3422°C-1000°C)/2150/5.5=0.2 MJnin the case of the
shallow toroidal-poloidal bevel, the upper edgethies only 1.8 times more, increasing the
allowed energy fluence t0>" =0.6 MJ/n.

The introduction of toroidal and poloidal bevelinghich steepens the angle of
incidence of the magnetic field lines, increasesdteady state and ELM heat loads at the top
surface with respect to those onto an ideal, axisgtric surface, which is itself an issue of
concern. Despite that, Table 2 indicates which egkcorner temperatures exceed those of
the top surface for the three shaping variants. ilea is that if the edge and corner
temperatures do not exceed the top surface tenuper@reen colour) or do not exceed them
by "too much" (yellow colour), then a given shapsajution could be deemed acceptable (if
the top surface temperature increase could itseladrepted). Red colour indicates shaping
solutions for which significant risks are incurreshd which must be mitigated. The numbers
are extracted from the contour plots detailed intiBes 2.2 and 2.3. In this context, "worst
case" intra-PFU misalignment refers to the offidiHER specifications for target TG width
gus Within 0.4+£0.1 mm (even though our simulations evektended to 0.4+0.2 mm), but not
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to the official intra-PFU MB radial misalignment 0.3 mm tolerance omq Instead, for
the latter, the worst case intra-PFU MB radial tiggement is taken to bet,g 0.1 mm,
which is realistically attainable based on firguks from full-scale prototype manufacturing
[11].

To assist in reading Table 2, consider, for examiile lower toroidal edge for the
deep bevel case (TGd). For the steady state |taelgdge temperature isgE=2991°C while
T10=2966°C. The lower edge temperature exceeds theudpce temperature by 25°C, so
yellow is the appropriate colour according to thedirdtion (not exceeding the top surface
temperature by more than 100°C). For ELM loads té¢ngperature spike at the lower toroidal
gap edge is 2.9, while at the top surface, it Is 30 again, yellow is the appropriate colour
(red would be appropriate if the normalized tempeeaspike were to exceed 4.2).

Concerning inter-ELM loads, at the corners and ereat the poloidal leading edge
(CRu, PG, and CRd) the temperatures of the singutadal bevel and the shallow toroidal-
poloidal bevel are roughly the same because tlued@rbevel depths are the same (0.5 mm).
However, in the case of the deep toroidal bevel|¢lading edge is about 500°C cooler due to
better magnetic shadowing. At the trailing edge mimain surface loading (TOP and TGd)
increases with deepening toroidal bevel, whichxjgeeted because the incidence angle of the
magnetic field increases (see Figure 6). The teatper at the upper edge (TGu) which is
300°C hotter than the top surface in the referarase becomes lower than that of the main
wetted surface for the cases with poloidal bevelgagisfying the design requirement. On the
other hand, for the deep toroidal-poloidal bevieg¢ thain surface temperature (~3000°C) is
20% higher than that of the other two cases (~2500The surface heat load to the deep
toroidal-poloidal bevel is 30% higher than to tleference simple toroidal bevel. That the
temperature dependence on top surface heat flahgistly less than linear reflects the fact
that blackbody radiation starts to be importantuach~3000°C.
Table 2. Temperatures during inter-ELM phases archalized peak temperature spikes during ELMs afsth
measurement points (defined in Figure 3) of eacthefthree reference shape designs of OVT MB fenthrst
case intra-PFU misalignmentgy6=0.5 mm,m,~0.1 mm). Colour coding indicates how the resuthpares to
the main surface temperaturgdr). For inter-ELM and ELM loads, respectively, greadicates temperature
not exceedindrop and ELM spike not exceedin§T/AT at the top surface; yellow indicates temperatwe n
exceedingdltop by 100°C and ELM spike not exceedifi@/AT,y by more than a factor of 2; red indicates that the
previous conditions are violated. Recallly is the temperature spike due to an ELM calculddedan ideal,

axisymmetric surface on the basis of the heat pramisequation on a 1D semi-infinite domain (see fi&#]
details).

hror [Mm] 0.5 0.5 1.1 0.5 0.5 1.1
hpol [MM] 0.0 0.5 0.6 0.0 0.5 0.6
load inter-ELM g™ =15 MW/n? for 10 s normalized ELM
TGu 2720°C 2451°C 2437°C 55 1.8 2.1
TOP 2483°C 2536°C 2966°C 1.6 1.6 2.1
TGd 2449°C 2530°C 2991°C 1.8 2.2 2.9
CRu 1100°C 1071°C 596°C 3.7 0.3 0
PG 1057°C 1091°C 602°C 1.4 1.6 0.1
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CRd 1046°C 1100°C 607°C 1.4 1.8 0.1

Concerning ELM heat loads, the main effects of gshallow poloidal bevel are to
eliminate the optical hot spot, and to stronglemttate the upper edge heating (TGu) at the
expense of a modest increase of the lower edgebgaiGd and CRd). The latter increase is
an ion orbit effect illustrated in Figure 11 andydiie 12. However, these positive results
depend on the MBs on neighbouring PFUs being wajhed poloidally. If they are not,
exposed LEs can arise where strong melting mayro&ace the whole point of a toroidal
bevel is to eliminate such edges, the shallow tiaigpoloidal bevel would therefore be a step
backwards in the design if attention is not paighddoidal inter-PFU alignment (calculations
to determine the required poloidal alignment betwieEUs can be found in the Appendix).

The deep bevel, which does not depend on pololdairaent, also performs well in
that it eliminates all ELM heating of the LE andnigis the upper toroidal edge heating down
to the same level as that of the top surface. Hewethe top surface heat loading itself
increases to ~30% higher than that of the simpladal bevel, and the lower edge heating is
no longer acceptable (50% higher than on the tdjace). It can be noted that this lower edge
heat load enhancement (factor 2.9) is nonethelet$sriihan that of the upper edge in the case
of the reference simple toroidal bevel, which exise®€ly by a factor of 5.5 (though they can
both be judged excessive).

4 Conclusions

In order to complete and extend previous studieg] [2 detailed investigation of
monoblock shaping at the ITER outer target has bwade for the reference design that
includes a 0.5 mm simple toroidal bevel, and mammex planar toroidal-poloidal beveling.
The motivation for the more complex shaping is Yoid overloading of toroidal gap edges
identified in [2,7], particularly during ELM trarents, and to eliminate optical hot spots
arising due to penetration of electrons down theidal gaps. At the inner target, because of
its inclination with respect to magnetic flux swésg, plasma loading is shared between the
two sides of the toroidal gaps, so a planar totgudéoidal bevel there is of no use. Electrons
strike the upper toroidal edges and ions, due éa targe gyroradii, strike the lower edges
causing the edge temperature to exceed the maiacsuremperature by factor of two or
higher during the ELM pulse. It was found [7] thiplementing a poloidal bevel to shield
the lower edge from ELM ions does mitigate the heatl. However, the upper edge is then
more exposed to inter-ELM heating, and it absonesELM ions that previously would have
struck the lower edge of the poloidally upstreamrmoiock. Furthermore, the optical hot spot
deepens, making the poloidal leading edge moreevabie to ELM-induced damage. A
single ELM can deliver enough energy fluence todpacal hot spot to exceed the boiling
threshold of tungsten [12].

At the outer target, the flux surface inclinatiorthwespect to the target is opposite
the inner, so ions and electrons both strike theeumnonoblock edges. A planar toroidal-
poloidal bevel has the potential to eliminate tdabigap and optical hot spot heat loading
there. A shallow toroidal-poloidal bevel of depttb Onm in both directions provides better



22

overall heat handling capability, thanks to fullbdbwing of the upper toroidal edge. Edge
heating of the order of a few 100°C during inteMEloads caused by plasma flow into the
toroidal gaps is suppressed. During ELMs, the seeheating of the upper toroidal edges,
which can result in temperature spikes up to thirees that of the main wetted top surface on
the reference simple toroidal bevel, is limitedviedues that do not exceed the top surface
temperature. The shallow toroidal-poloidal bevelde to negligible additional heating of the
top surface. The mitigation of the upper edge ELd&ting comes at the cost of increased
heating of the lower edge, although the latter dussexceed 35% that of the top surface.
Poloidal leading edge ELM heating is improved widspect to that encountered on the
simple toroidal bevel in that the optical hot sigo¢liminated.

The favourable thermal handling properties of thallsw toroidal-poloidal bevel
can only be guaranteed by imposing some level dbiga alignment between toroidally
neighbouring plasma-facing units (poloidal rowsnednoblocks bonded to a cooling tube).
Specifically, it is shown in the Appendix that ipstream shadowing plasma-facing units are
at worst shifted downwards by -2+2 mm with resgectheir downstream neighbours, then
the poloidal leading edge remains shadowed focatibinations of radial alignment and gap
tolerances. Poloidal alignment between neighbouplagma-facing units is not presently
specified as a requirement in the ITER divertorigtespecification. For the design of outer
target, in order to guarantee the absence of erptesling edges by successive 2 mm
poloidal shifts would imply introducing six new plaa-facing unit variants into the design.

In light of the issue of poloidal misalignmentsweén plasma-facing units, a deep
toroidal-poloidal bevel was also studied which guees poloidal leading edge shadowing in
all cases, in addition to full upper toroidal eddgdowing and elimination of the optical hot
spot. The toroidal bevel would have to be incredseat least 1.1 mm, with a poloidal bevel
of at least 0.6 mm. This results in a significardrease of the magnetic field line angle with
the top surface, with a concomitant increase of 3Q%he heat flux with respect to the
reference simple toroidal bevel design. ELM heatofgthe lower toroidal edges also
increases to become about 50% higher than theudace heating, which is nevertheless a
substantial improvement over the simple toroidaleb@hose upper edges heat up more than
300% under the same conditions.

The question of which shaping to adopt boils doavchoosing between the extreme
ELM heating of the upper toroidal edges and thécaphot spot associated with the reference
simple toroidal bevel, or increased main surfacalilog as a trade-off for mitigated edge
heating and elimination of the optical hot spotaiftoroidal-poloidal bevel were to be
considered. Edge ELM heating remains within 50%hait of the top surface in all cases
studied, rather than exceeding it by a factor twtheee. Depending on the toroidal-poloidal
bevel depth, poloidal alignment between plasmaataainits might have to be imposed,
increasing the complexity of the design. As diseds#n [8], a real concern regarding
stationary loading is the possibility of divertarattachment events, during which the top
surface heat loading can rapidly increase to vakmen higher than the reference load
assumed for the shaping study discussed in thierpaf deep toroidal-poloidal bevel at the
outer target significantly reduces margin on tHevedble power load excursion during such
events. Moreover, since there is no shaping solubt remove ELM-induced edge overload
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at the inner target, and given that ELM loads &hhargets are expected to be similar [8], the
deployment of a more refined shaping at the outeget, with all the additional
manufacturing complexity that this implies, is ditflt to justify. It has thus been decided [8],
due in large part to the results reported here ianthe companion paper [2], that the
monoblock surfaces on the vertical targets of itst FTER divertor will be shaped only in the
toroidal direction.

APPENDIX

While the calculations of heat loading of MBs wélshallow toroidal-poloidal bevel
at the OVT indicate great improvement of their heatdling capability with minimal trade-
offs, it has to be noted that perfect poloidal miiggent of toroidally neighbouring PFUs was
assumed. In reality, each PFU is assembled separatel because of the tolerance buildup
of the TG width, there is no way to ensure that MBstwo neighbouring PFUs will be
aligned. An example of two PFUs with poloidal migamentsm,, between them is shown in
Figure 21. An upward shift of the shadowing PFUhwiéspect to its downstream neighbour,
corresponding to positive values ko, results in a long portion of the poloidal LE bgein
fully exposed to the parallel plasma flux, a siktwhich is totally unacceptable, since it
defeats the whole aim of introducing a toroidal éle\rrom the point of view of ELM
loading, it is worse than having a tiny OHS somewhen the LE. On the other hand, this
example corresponds to worst case inter-PFU raadidl toroidal misalignments. For other
cases closer to the nominal radial step and gaphyadich optical LE exposure is less likely
to occur. Nonetheless, the margindaf; is eroded, and greater ELM loading on the poloidal
LEs is to be expected. In the opposite case, whenupstream PFU is shifted poloidally
downwards if,0<0), there is a broad range over which no opti&Mtetting occurs, although
the margin od,,q erodes progressively with increasing downward igaloshift.

Figure 21. View along magnetic field lines of
@ I | two OVT PFUs equipped with MBs having a
E ' 3 toroidal-poloidal beveltt,=0.5 mm,hy,,=0.5

mm). The downstream PFU is misaligned
radially bymsr=0.3 mm and the poloidal gap

® 1 width isgpr=0.7 mm (worst case). In the left
— ‘ panel, the upstream PFU is shifted poloidally
q | My=2 mm upward with respect to its

‘ downstream neighbour. The exposed LE is

‘ coloured yellow. On the right, the upstream PFU
is shifted poloidallymy,=-2 mm downward with
respect to its downstream neighbour.

The thermal response of the shallow bevel to iBEleW heat load ofgs™™ =15
MW/m? is shown in Figure 22. If the poloidal shift ofetupstream, shadowing PFU is
upward (M,0>0), the highest point (the lower corner) now citads a LE and is immediately
exposed to the full parallel flux. Over roughly 2mx m,q < 5 mm, melting occurs. If the
poloidal shift of the upstream PFU is downward, thghest point of the LE of each MB
remains optically shadowed and the temperature$aatg stable. To keep the lower corner
temperature no higher than that of the top surfaceupward poloidal shift roughly in the
range 0 <my < -4 mm is acceptable.
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(a) TGu temperature [°C] (d) CRu temperature [°C]

Figure 22. Temperature at OVT
3000| 3000 MBs with shallow toroidal-
2000 *** 2000 poloidal bevel [(,,=0.5 mm,

fosspsseneteetioy ove hp=0.5 mm) under inter-ELM
1000 1000 heat flux for the worst case inter-
0 0 PFU alignment drr=0.7 mm,
-5 0 5 = 0 5 Mpe~0.3 mm) as a function of
(b) TOP temperature [°C] (e) PG temperature [°C] poloidal misalignmenim,,. For
definition of measurement points
3000................, b 3000 see Figure 3. When the
2000 2000% o upstream, shadowing PFU is
shifted upward between 2 and 5
1000 1000 mm, melting of the optically-
0 0 exposed LE in the vicinity of the
5 0 5 . 0 5 lower corner will typically begin
(c) TGd temperature [°C] (f) CRd temperature [°C] after ~2 s.
3000 3000 I
e esPIOCDIOERStR Y o
2000 2000 melts
t>2s
1000 1000
8 -5 0 5 e -5 0 5
my, [mm]

Since any poloidal shift will modify the local radlistep between MB surfaces, the
ELM loads must also be examined (Figure 23). Thandient response to ELMs is
qualitatively similar to inter-ELM loads. Again, leedal alignments roughly in the range 0 <
Mot < -4 mm (a downward shift of the upstream PFU)seree the power handling
capabilities of the shallow bevel during ELMs. Téés thus a range of poloidal misalignment
(say -2+2 mm) which is an order of magnitude metexed than the tolerances on gap width
and radial step in the present design, and not mumte severe than the expected tolerances
(~5 mm at the OVT).
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Figure 23. Normalized ELM
temperature spike (with respect
to that of an ideal axisymmetric
target surface) at OVT MBs with
shallow toroidal-poloidal bevel
(No=0.5 mm, hy=0.5 mm) for
the worst case inter-PFU
alignment Opr~0.7 mm,
Mpe~0.3 mm) as a function of
poloidal misalignmenim,,. For
definition of measurement points
see Figure 3. Negative values of
My correspond to an upward
shift of the PFU with respect to
its upstream neighbour, and vice
versa.

In the interests of validating the procedure of @gtimization of the deep toroidal-
poloidal bevel lfo=1.1 mm,h,,=0.6 mm), despite the likely unacceptable trads-offhigh

top surface loading from both inter-ELM and ELM disa and the high ELM loading of the
lower TG edge, the same scanmj, has been performed. As predicted, the poloidal LE
remains much cooler than the top surface over tiieeerange of poloidal misalignment in

response to inter-ELM (Figure 24) and ELM (Figub Bads.



(a) TGu temperature [°C]

3000

(d) CRu temperature [°C]

2000
1000
0

(b) TOP temperature [°C]

-5

0

5

3000
2000
1000

0

-5 0 5
(e) PG temperature [°C]

3000 3000
2000 2000
1000 1000
0 -5 0 5 e -5 0 5
(c) TGd temperature [°C] (f) CRd temperature [°C]
3000 3000
2000 2000
1000 1000
e -5 0 5 ¢ -5 0 5
m,, [ mm]
(@) TGu (d) CRu
2 2
1 1
0 0 W ottt
-5 0 5 -5 0 5
(b) TOP (e) PG
3 3
2 2
1 1 f‘:
0 0¢ 4
-5 0 5 -5 0 5
(c) TGd (f) CRd
3 3
2 2
s y
1 1
) -5 0 5 0 -5 0 5
m,, [ mm]

26

Figure 24. Temperature at OVT
MBs with deep toroidal-poloidal
bevel f,=1.1 mm, hy,=0.6
mm) under inter-ELM heat flux
for the worst case inter-PFU
alignment Opr~0.7 mm,
Mpe~0.3 mm) as a function of
poloidal misalignmenimy,. For
definition of measurement points
see Figure 3. Since the deep
bevel hides the LE with a margin
of at leastd,~0.2 mm for any
poloidal  misalignment, the
temperature of the LE s
relatively stable and no melting
occurs. Indeed, it remains much
cooler than the main wetted top
surface.

Figure 25. Normalized ELM
temperature spike (with respect
to that of an ideal axisymmetric
target surface) at OVT MBs with
deep toroidal-poloidal bevel
(ho=1.1 mm, hye=0.6 mm) for
the worst case inter-PFU
alignment Opr~=0.7 mm,
mpe=0.3 mm) as a function of
poloidal misalignmenimy,,. For
definition of measurement points
see Figure 3. Negative values of
Mo correspond to an upward
shift of the PFU with respect to
its upstream neighbour, and vice
versa.
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