Plasma and Fusion Research: Regular Articles

Volume 2, S1088 (2007)

Development of ITER Diagnostic Upper Port Plug

Kazuyoshi SATO, Junji OHMORI, Katsuyuki EBISAWAY, Yoshinori KUSAMA
and Yuzuru NEYATANI

Japan Atomic Energy Agency
DAITEL Corp

(Received 4 December 2006 / Accepted 18 May 2007)

The designs and analyses of the diagnostic port plug for installing diagnostics have been carried out from
various aspects in order to advance the port plug concept to the realistic design. Manufacturing processes have
been studied for the aternative structure using the rolling plates and ribs, in addition to the reference structure
using forging material. Electromagnetic |oads onto the upper port plug during a vertical displacement event have
been evaluated. It has been shown that maximum moments are about half of the reference ones. The design inte-
gration of three diagnostics into one of the upper port plugs has been performed by considering required aspects
such as diagnostic functions, neutron shielding, maintenance of diagnostic components and cooling channels.
© 2007 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords. diagnostic, port plug, manufacturing process, el ectro-magnetic analysis, neutronics analysis,

integration design
DOI: 10.1585/pfr.2.51088

1. Introduction

In a high fusion power machine, access of diagnos-
tics to the plasma is severely limited because diagnostic
components located near the plasma are exposed to high
neutron fluxes. In order to resolve this problem, a concept
of “diagnostic port plug”, which works as both a neutron
shield and a container of diagnostics to access the plasma
in the harsh radiation circumstances, has been established
in ITER [1]. Only the basic concept of the port plug has
been given so far. The comprehensive design of the port
plug from various aspects has been required to improve
the concept of the port plug towards the realistic design. In
this work, the study of manufacturing processes, analyses
of electromagnetic loads and neutronics, and integration
study of diagnosticsinto the port plug have been performed
for the upper port plug.

A schematic of one of upper port plugs is shown in
Figure 1. Thelength of the port plugis ~6 m and theweight
is ~22tons, including a blanket shield module (BSM) at-
tached at the front end of the port plug. The port plug is
inserted into the vacuum vessel port and is cantilevered at
the vacuum vessel flange. In additionto theroles of the port
plug mentioned above, the following roles are required to
the port plug: support the BSM for protecting tokamak and
diagnostic components from high heat and neutron fluxes,
close the vacuum vessel ports, supply cooling water to the
BSM and diagnostic modules and shield modulesinstalled
inthe port plug. Diagnostic componentsareinstalled in the
diagnostic modules with shielding material.

In this paper, two manufacturing processes of the up-
per port plug are compared in Section 2. The analyses of

author’s e-mail: sato.kazuyoshi @jaea.go.jp

S1088-1

o
e

f / Port region

I\A'\ifold box
|

Vacuum vessel upper port
Vacuum vessel

/ . 7 > BSM
/ }2\’

Shield blanket

Fig. 1 Schematic of one of the upper port plug.

the electromagnetic loads and neutronics are presented in
Section 3 and 4, respectively. The integration of diagnos-
tics into the port plug is shown in Section 5. Conclusions
are given in Section 6.

2. Manufacturing Processes

The upper port plug should have high stiffness since
the port plug is a cantilevered structure. To achieve such
high stiffness, the upper port plug is designed to be com-
posed of forging material with athickness of 100 mm. Con-
cernsof using thethick forging material are; i) alarge tem-
perature differences in the material are expected in aearly
phase of the baking and plasma burning, ii) procurement
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lead time of the material is long, iii) manufacturing cost
is high. An aternative structure using commercia rolling
material has been also studied as a candidate to resolve the
above concerns. To obtain high stiffness, a combination
of rolling plates and ribs was considered and thick forg-
ing material is used for the bottom plate for the aternative
structure. The second moment of area and strains was cal-
culated to evaluate both structures. It has been confirmed
that the alternative structure can achieve a similar level of
stiffness compared to the reference structure.

The manufacturing processes were studied for both
the reference structure using forging material and the alter-
native structure using rolling plates and ribs. For the refer-
ence structure, all parts of the port plug are machined from
forging material and are welded at first. Cooling channels
in the forging material are processed by the boring trepan-
ning method. The number of cooling channels in the side
and the bottom plates was decided from the thermal analy-
sisfor the baking and the cooling of the port plug. A max-
imum temperature difference of within 10°C could be kept
in the baking operation.

The manufacturing process of the alternative structure
requires some different processesfrom that of thereference
structure. On the side plates, cooling channels are welded
in grooves. The arrangement of the cooling channel on the
side plate was determined based on the temperature dis-
tribution because design of the cooling channel is flexi-
ble in this structure. A maximum temperature difference
of about 20°C was obtained in the baking operation. It can
be reduced by the rearrangement of the cooling channels
because it has larger margins for space and design of the
cooling channel compared to the reference structure. The
ribs are also welded on the side plates. This many welding
and machining processes require along manufacturing pe-
riod, which will result in an increase in the manufacturing
Ccost.

The preliminary structure analysisfor displacement of
the port plug for the both structures was also performed.
Maximum displacement of 3.2mm for the reference struc-
ture and that of 5mm for aternative structure appears at
the front end of the port plug.

From these results, it is not clear which structure
should be chosen from the manufacturing point of view.
It is necessary to perform a structural analysis, which in-
cludes diagnostic components, and to study maintenance
scenarios.

3. Analysis of Electromagnetic L oads

The mechanical strength of the upper port plug must
be evaluated for the expected electromagnetic (EM) loads.
Here, the EM loads have been evaluated by establishing
a three-dimensional (3D) model. Figure 2 shows the 3D
model s of the partial vacuum vessel with the upper port and
the upper port plug with the BSM. The EM load has been
analyzed including adjacent shield blankets (SBs) around
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Fig. 2 Three-directional model for analysis of the electromag-
netic loads on the upper port plug.
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Fig. 3 Support points and loca coordinate of port plug compo-
nents.

the port plug since the eddy current conducted in the BSM
is affected by thosein the adjacent SBs. Theoptical pathin
the port plug (Port Plug No. 11 for the Thomson Scatter-
ing (edge) was considered here) was also model ed because
the path of the eddy current is affected by the continuous
path of the structure. In addition, dependence of the EM
loads on the number of dlits in the BSM, which decrease
the EM loads, was also investigated. The upward fast ver-
tical displacement event (VDE) (one type of plasma dis-
ruption) was selected for the evaluation of the EM loads
because it produces the most severe load on the upper port
plug. A linear decay over 35ms from a plasma current of
15MA to zero was used as the VDE condition. The elec-
tric resistance of the material at 100°C was adopted to sSim-
ulate the operational temperature. The volumetric ratio of
SUS/water of 1/0.616 was assumed based on the EM anal-
ysisfor the SBs[2].

The EM forces at several support points of the port
plug have been calculated since they are key pointsin de-
signing the port plug. Figure 3 shows the support points
and thelocal coordinate of the upper port plug in this anal-
ysis. Inthisfigure, the X-axis, Y-axis and Z-axisis chosen
in the radial direction, torus direction and vertical direc-
tion, respectively. Since the diagnostic and shield modules
are supported at the top beam, the EM forces have been cal-
culated at the center of the top surface in the figure. Each
EM forceisatotal of each component. For the EM forceon
the support flange, the total EM force on the port plug has
been calculated since it is a key parameter for the design
of the support flange.
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Table 1 Maximum EM forces and moments on upper port plug.

Components [ Fx [N] [ Fy [N] | Fz [N] [Mx [Nm]{My [Nm]|Mz [Nm]

BSM 3.39E4 |-9.33E4 | 2.67E4 | 5.76E5 | 6.83E4 | 2.63E5
Portplug | ¢ eop4 | 3.44E4 |-2.0484 | 5.8285 | -3.46E4 | 1.62E5
frame
Block B 4.20E3 |-3.00E3 |-3.59E3 | 4.78E4 |-1.62E3 | 2.68E4
Block C 491E2| 1.49E3 |-3.52E2 | 4.76E3 | 5.10E2 | 8.11E2
Block D _1.13E2| 6.76E1 |-8.38E1 | 1.88E2 | 1.90E2 | 4.40E1
Support 1.03E5 | -6.70E4 | -2.41E4 | 1.02E6 | 1.49E5 | 1.10E6
flange
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Fig. 4 Dependence of EM moments on the number of dlits.

The time evolution of the EM force was calculated at
first. The EM force on the support flange reaches its maxi-
mum at 35ms, it corresponds to the time when the plasma
current vanishes. Other EM forces such as that loading the
shield module increase gradually after the end of the VDE.
The EM force in the shield module does not affect the de-
sign of the port plug becauseit is sufficiently small. Table 1
shows the maximum EM force at each support point of
the upper port plug. The EM forces induced by eddy cur-
rents are mainly radial rotation moment and vertical ro-
tation moment. Maximum moments appear at the support
flange and are Mx = 1MNm, Mz = 1.1MNm, which
are about half of the design guideline of the port plug [3].
These moments are mainly produced by the combination
of moments on the BSM and the port plug frame.

The effect of the dit in the BSM was investigated by
changing the number of dits. The EM moments on the sup-
port point of the BSM, the port plug frame and the support
flange are shown in Figure 4. The EM moment onthe BSM
decreases with an increase in the number of dits. On the
other hand, the EM moments on the port plug frame are al-
most constant. Since the EM moment on the support flange
isthe sum of those on the BSM and on the port plug frame,
it decreases with increase in the number of dlits as shown
in the figure. The EM moment on the support flange with
three dlits is about half of that with no dlits. It is thought
that the number of dlits must be determined taking the EM

Table 2 Maximum EM force of upper port plug (ha o).

Components| Fx [N] | Fy [N] | Fz [N] [Mx [Nm]{My [Nm](Mz [Nm]

BSM - 1.08E+03|-7.20E402]- 1.02E+046.74E+01 |-3.27E+03| 1.51E+02

Portplug | | 5p10301.03E404]3.50E404]-6.71E402}-9.50E+04| 221 E+04

frame

tsl“pport 4.86E+03 |-1.24E+04|-4.35E+04]-9.41E+02]-1.69E+05|3.50E+04
ange

loads and the required margin into account.

The influence of the halo current on the EM force on
the upper port plug also has been estimated. The halo cur-
rentinduced in the BSM in the upward slow VDE is higher
than that in the upward fast VDE. According to the Load
Specification [4], a maximum ratio of the halo current
(Inaio) to the plasmacurrent (I piasma) iSgiven as o (down-
ward) x Pt /I gasma = 0.70, where P is apeaking factor in
thetoroidal direction. The halo current in the upward VDE
is 80% of that in the downward VDE. A ratio of the halo
current in the upward slow VDE to the plasma current is
Ihatlo (upward) X Py /lpasma = 0.70 x 0.8 = 0.56. There-
fore, lhaio (upward) = 15x 0.56 = 8.4 [MA]. The halo cur-
rent flowing into the BSM was estimated from these values
and the ratio of the blanket surface area to the inner vac-
uum vessel surface area. Since the BSM for the upper port
plug is located at the same poloida position as the No.10
blanket module, the surface ratio of the BSM to No.10
blanket module is 1/3.9. The halo current ratio induced
in the No.10 module is 50% of the total halo current [3].
Therefore, the halo current into the BSM is estimated to be
Ihato = 8.40x 106 x 1/2x 1/(1+3.90)/18 = 4.76 x 10*[A].
However, thisvalueis overestimated because the BSM sur-
face will be located ~30 mm behind the surface of the ad-
jacent SBs. In this case, the halo current from the upward
slow VDE islower than the estimated value.

The EM analysis for halo current was performed us-
ing the estimated halo currents. In the analysis, the electric
contact between the BSM and the port plug frame was as-
sumed since the halo current enters the BSM and the port
plug frame towards the vacuum vessel. Other analysis con-
ditions were the same as those for the EM analysis for the
eddy current. Table 2 summarizes the results of the EM
analysis. The halo current induced EM forces on key com-
ponents are lower than 10% of the EM force induced by
the eddy current. Therefore, the EM force induced by the
halo current is negligible compared to that by the eddy cur-
rent.

4. Neutronics Analysis

Dose equivalent rate at the outside of the port flange
11 days after shutdown was calculated. In the analysis, the
gap between the vacuum vessel port and the upper port
plug was assumed to be 20 mm based on the reference de-
sign. The labyrinth of the optical path for the Thomson
scattering was also modeled as voids. The MCNP code
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was used and the operational scenario | defined in Ref. [5]
was assumed for the neutron condition. The dose equiva
lent rate outside the port flange has been estimated to be ~6
uSv/h (According to the assumption of thiscalculation, the
fractional standard deviationis20%.), whichiswell below
the design guiddine of the ITER maintenance phase.

5. Integration of Diagnostics into Up-
per Port Plug

The integration of diagnostics into the port plug has
been studied for the Upper Port Plug No.11, where the
Thomson scattering (edge) system, the visible-IR TV di-
vertor viewing system and the neutron activation system
will be installed. To integrate theses diagnostic systems
into the port plug, the labyrinth of optical path, the driving
mechanism and cooling systems for shutters and mirrors,
the maintenance space and the interference with each other
were considered. In addition, the neutron shield block,
cooling channels, the support of the BSM and the driv-
ing lines for shutter and mirror were also designed for the
integration.

Optical components such as mirrors and lensesfor the
Thomson scattering system were arranged based on the op-
tical design [6]. The structure and the position of the BSM
supports, on which the EM force on the BSM is induced
mainly, have been considered to avoid the optical path
through the BSM. For the other two diagnostic systems,
only space was given from their functions. Figure 5 shows
a schematic of the integrated layout of three diagnostics.
Here, a change in the design of the diagnostic/shield mod-
ulejust behind the BSM (around A) was proposed in order
to keep enough space for maintenance and installation of
mirrors and a shutter mechanism. The neutron shield in the
module is removed and a neutron shield is added in front
of the flange instead to maintain shielding performance.

6. Concluding Remarks

The studies of the diagnostic port plug for the upper
diagnostic port have been performed in order to advance
the port plug concept to the realistic design. The manufac-
turing processes were studied for both the reference struc-
ture using forging material and the alternative structure us-
ing rolling plates. The second moment of area and strains
was calculated to evaluate both structures. It has been con-
firmed that the alternative structure can achieve a simi-
lar level of stiffness compared to the reference structure.
The preliminary structure analysis for displacement of the
port plug for both structures was also performed. Maxi-
mum displacement of 3.2mm for the reference structure
and that of 5mm for alternative structure appears at the
front end of the port plug. The EM loads onto the upper
port plug due to the VDE have been analyzed by establish-
ing the 3D model. The maximum moments appear at the
support flange and are Mx ~ 1MNm and Mz ~ 1.1 MNm,
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Fig. 5 Integration of diagnostics into upper port plug No.11.

which are about a half of the referred values. The effect of
the dit in the BSM for reducing the EM force was clearly
shown on the dependence of the EM force on the number
of dlits. It isthought that the number of dlits must be deter-
mined taking the EM loads and the required margins into
account. The EM force from the halo current is negligible
compared to that from the eddy current. The dose equiva-
lent rate at the outside of the port flange has been estimated
at ~ 6uSv/h, which is within the design guideline in the
I TER maintenance phase. The design integration study has
been performed for upper port plug No.11. The labyrinth
of the optical path, the driving mechanism and cooling sys-
tems for shutters and mirrors, the maintenance space and
the interference of each other were arranged.
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