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a  b  s  t  r  a  c  t

Design  optimization  work  has  been  conducted  on  the ITER  Ion  Cyclotron  Resonance  Heating  (ICRH) Four
Port  Junction  (4PJ)  and  Straps  –  a sub-assembly  of  the  antenna.  The  aim  of the  analysis  is  to evaluate
ways  of  making  the component  compliant  with  SDC-IC  rules  while  balancing  the  competing  demands  of
different  performance  requirements.  Of particular  interest  are  the  bends  that  connect  the  316L(N)  strap
pipes to  its  housing,  where  previous  work  had  shown  that  primary  plus  secondary  stresses  would  result  in
eywords:
TER
CRH
ntenna
DC-IC
hermo-structural

a low  predicted  fatigue  life.  The  aim  of  the study  was  to explore  the  possibility  of  reducing  stresses  in  these
bends.  Coupled  ANSYS  CFX  and  structural  models  are  used  to calculate  coolant  and  metal  temperatures
and  resulting  stresses  due  to incident  and  self-generated  heat.  Although  all of  the modifications  explored
resulted  in  primary  plus  secondary  stresses  exceeding  the  cyclic  damage  design  criteria,  some  avenues
are  identified  for future  studies  and a reduction  in stress  toward  the  target  is obtained.

© 2014  Elsevier  B.V.  All rights  reserved.
. Introduction

Ion and electron cyclotron heating is one of the methods used
n ITER to heat the plasma. The so-called Ion Cyclotron Resonance
eating (ICRH) antennas will produce high-power radio frequency
aves to resonate with the plasma ions, thus exciting them toward

onditions required for ion fusion [1].
The specification for the antenna represents a significant engi-

eering challenge, requiring a step change over any predecessor in
erms of power, scale and complexity [2]. Its design will also require
alancing competing demands from different domains. Radiofre-
uency, thermal, mechanical, vacuum and system requirements
ill all have to be met  at the same time.

Two of the main components of the ICRH antenna are the Straps
ssembly and the Four Port Junction (4PJ) (see Fig. 1). The former
ill mainly provide the surface from which RF energy is radiated

nto the plasma whereas the latter acts as the core conductor trans-
itting RF power to the strap faces, while splitting the power

elivered from each transmission line between the three separated
traps. Additionally both will provide structural stiffness and trans-

it  the antenna cooling water between the strap housing modules

nd the core conductors. All these functionalities make the straps
nd 4PJ core conductors highly loaded components, experiencing

∗ Corresponding author. Tel.: +447711039499.
E-mail address: anlafuente@gmail.com (A. Lafuente).

ttp://dx.doi.org/10.1016/j.fusengdes.2014.04.051
920-3796/© 2014 Elsevier B.V. All rights reserved.
considerable heat fluxes, neutronic heating, as well as water pres-
sure and structural loads.

In this framework, design optimization work has been con-
ducted on the aforementioned components. The aim of the analysis
is to evaluate ways of making the component compliant with SDC-
IC [3] rules while balancing the competing demands of different
performance requirements.

A general component assessment was  already presented [4] for
different load cases. Some modifications were presented and imple-
mented as part of the design basis. However, previous work had
also revealed that, as a result of some of these changes, primary
plus secondary stresses could result in a low predicted fatigue life
in some areas. Particularly the bends between the 316L(N) strap
pipes and the housing that provide a coolant path connection. The
higher thermal loads experienced by the front-facing side of the
straps induce a torque in the system. These same analyses showed
that this rotation along with an overall growth of the assembly
resulted in stress concentrations around those bends. With a peak
stress level of 643 MPa, the shakedown allowable for 316L(N) – that
rounds to 410 MPa  at that temperature – will not be met  and lead
to a low cycle fatigue life. Fig. 2 tries to illustrate this and identifies
the stress concentration points around the aforementioned bends.
2. Component details

The ICRH antenna unit is split into 4 quadrants, with two  4PJ
components fitted within each quadrant (see Fig. 1). A common

dx.doi.org/10.1016/j.fusengdes.2014.04.051
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2014.04.051&domain=pdf
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ig. 1. ICRH antenna general assembly showing section Four Port Junction and
traps assembly.

esign is used for each 4PJ, with only a slight difference in posi-
ioning and orientation of each unit where the profile of the vessel
s followed.

The major components of the 4PJ and straps referred to in this
eport are shown in Fig. 3.

The 4PJ has an internal cooling circuit to absorb the thermal
oads. The details of the flow path are shown in Fig. 4.

The strap ends form a structural and coolant path connection
o the front housing module. The rear of the 4PJ is vertically and
aterally supported by the Rear Vacuum Transmission Line (RVTL)
y way of a sliding joint. This joint is required to allowing axial
ovement of the RVTL relative to the 4PJ.

. Numerical model

This study focuses on the prevention of cyclic failure modes (C-
ype) during normal operation in those locations that, as per current
esign, do not meet the requirement for progressive deformation.
his rule limits primary plus secondary stress intensities to three
imes the allowable stress, Sm, and it is also known as 3Sm rule.

.1. Normal operation thermal loading
The load case is analyzed in two stages. Initially a thermal
nalysis is carried out with ANSYS CFX [5] to calculate the heat
ransfer properties of the coolant. Both solid and fluid domains

ig. 2. 4PJ restrained degrees of freedom and resulting stresses and deformations.
Fig. 3. General arrangement of 4PJ with principal components identified.

of the component are simulated with thermal loads (detailed
below) applied in the CFX model. The resulting calculated solid
domain temperature distributions is then imported into an ANSYS
mechanical structural simulation of the component, where it is
combined with the dead weight and 5 MPa  coolant pressure loads.

Fluid Inlet conditions for the CFX model are 3 kg/s (1kg per strap)
at 75 ◦C. The value of inlet coolant temperature is taken as the nom-
inal antenna supply temperature plus the calculated temperature
rise accumulated in upstream components (in this case the input
leg of the Four Port Junction housing).

Thermal loads applied to the CFX model have been calculated
from the summation of the three types of thermal load experi-
enced by the Four Port Junction during normal operation. These are:
Plasma facing surface loading, RF surface loading and Volumetric
Nuclear Heating. The magnitude and distribution of the loads are
described in more detail below.
3.1.1. Plasma facing surface loading
The magnitude of the plasma heating load has been calculated

based on a peak surface loading on the antenna of 0.5 MW/m2.

Fig. 4. 4PJ coolant circuit flow path.
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be ratcheting and low cycle fatigue. As a result primary plus sec-
ondary stresses were assessed against 3Sm

Max(Pm + Pb) + �[P̄ + Q̄ ]max ≤ 3Sm (1)
Fig. 5. Plasma facing heat flux loading profile.

t has been calculated that the average shielding of the Faraday
creen is 68.8%, therefore the peak loading on strap forward fac-
ng is 156 kW/m2. Values have been calculated for all plasma facing
urfaces, with the proportion of loading dependant upon fraction
f exposure and angle of incidence. The resulting load magnitudes
re shown in Fig. 5.

.1.2. RF surface loading
RF losses for each 4PJ surface have been evaluated with

icrowave studio [6]. The RF surface conductive losses are calcu-
ated at a chosen discrete set of 5 frequencies equidistantly spaced
ver the operating band (40–55 MHz), and evaluated assuming that

 high quality electrodeposited Cu layer with good conductivity can
e achieved. The values of flux are shown in Table 1 with refer-
nce to the surface labels shown in Fig. 6. The RF surface losses are
igh on the straps (∼20 kW at 51 MHz) with edge heat fluxes up to
00 kW/m2.

.1.3. Volumetric nuclear loading

An analysis of the neutron load has been conducted by CCFE

sing MCNP [7]. In an attempt to account for result uncertainties
f up to 30% in some of the model regions, and provide a reliably
onservative value for a structural assessment, the MCNP data was

able 1
F heat loads for surfaces as identified in figure 6.

Surface identifier RF heating (W)

Cap bottom 47
Cap top 42
CuCup 766
C BL 1753
C BR 1484
R BB 333
F  B 500
R LB 149
R LF 214
R RB 37
R RF 285
F  M 268
F  T 309
S TF 464
S TB 2104
S TL 4784
S TR 4803
S Tloft 1784
Fig. 6. Identifiers for RF heat loads referenced in Table 2.

multiplied by a factor of 3. The resulting heat load distribution is
shown in Fig. 7.

3.2. Failure criteria

Failure criterion is taken from SDC-IC. Previous work revealed
that the only failure modes of concern for the area of interest would
Fig. 7. Volumetric Nuclear Heating load.
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Fig. 8. CFX mesh of the fluid and solid domain.

here Sm is the allowable stress for the maximum thickness-
veraged temperature and neutron fluence during the operating
eriod, �[P̄ + Q̄ ] is the maximum range of cyclic primary plus
econdary stress intensities and Max(Pm + Pb) is the maximum pri-
ary membrane plus bending stress.
Low temperatures rules are applied, and radiation conditions

re assumed to be <7 dpa.

.3. Mesh

A separate finite element mesh was used for CFX and static struc-
ural modeling. The CFX mesh of the fluid and solid domain is shown
n Fig. 8. Tetrahedral meshing is used on all domains with five infla-
ion layers on the solid boundary of the fluid domain. This results
n a mesh with 18E6 first order elements.

The structural mesh is shown in Fig. 9. The 4PJ consists of a
umber of components with complex geometries – particularly
he 4PJ body which has multiple drillings. This makes it imprac-
ical to attempt a good quality hex mesh over all components. For
his reason a 10 node tetrahedral mesh is used with the exception
f the strap pipes. The mesh shown in Fig. 9 has 1E6 elements (typ-
cally 8 mm in size). This gave reasonable compromise of run time
emory usage and stress resolution.

ig. 9. Structural analysis mesh used for all components except 4PJ front cap.
Fig. 10. Applied structural constraints. (For interpretation of the references to color
near  the citation of this figure, the reader is referred to the web version of the article.)

3.4. Materials

All components are made of Stainless Steel 316L with the excep-
tion of the rear cup, made from copper chrome zirconium and the
skin and pipe inserts made from pure copper.

Material properties used in the CFD and structural analysis mod-
els are taken from the ITER material database. For evaluation of the
SDC-IC design rules, material data is taken SDC-IC appendix A.

3.5. Boundary conditions

Load cases are constrained using fixed displacement boundary
conditions to the faces colored in red in Fig. 10. The lateral one
represents the existing symmetry between neighboring modules
whereas the other two account for the constraint imposed by the
4PJ outer conductor housing. The yellow ones are remote displace-
ment boundary conditions. This constraint type was  imposed to
allow local deformation of the material to occur while constraining
the overall average displacement of the surfaces to be zero.

The support to the rear cup offered by the RVTL is simulated
by applying 2 bodies to ground springs with representative RVTL
stiffnesses. Stiffness values were calculated in a separate analysis
of the RVTL as Ky = 4.7241e + 06 N/m and Kz = 4.7339e + 06 N/m

4. Analysis details

New strap geometries that attempt to alleviate the thermal dis-
tortions present in the system while adhering to existing RF design
constraints were studied.

A simplified model was used to better understand how big
an influence the different 4PJ temperatures have on the stress
results and down-select those strap modifications resulting in
larger stress reductions. The idea was to benchmark the stress
fields by means of a simpler non-CFD thermal model that would
allow to easily interrogating the temperature impact of each region.
By directly imposing temperatures as boundary conditions in the
model (Fig. 11a), it was  possible to obtain a resolved temperature
field (Fig. 11b) that matched the one originated through CFD sim-
ulation (Fig. 11c). This artificially generated temperature resulted
in stress fields closely matching the original ones as seen in Fig. 13.
However, the impact that the different temperatures have on the
stress results can now be easily evaluated without the need of com-
putationally expensive CFD simulations (Fig. 12).

It was  found that the turning action experienced by the 4PJ

(depicted in Fig. 2) is a result of the different thermal expansions
rates undergone by the inner and outer faces of the strap. Addi-
tionally, the average temperature of the pipes themselves has also
a significant impact in the results since its overall thermal growth
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Fig. 13. Main options studied.
Fig. 11. Artificially calculated temperature field for the simplified model.

ill locally increase the bending stresses in the area of interest.
n this framework the different strategies explored were aimed at
educing the front-to-back temperature gradient and/or the pipe
verage temperature.

Fig. 13 shows the most successful options studied, namely the
se of fins in the existing copper skin, the addition of a copper jacket
ith or without fins and cutting some material out of the back part

f the strap.

. Results

.1. Thermal analysis results

Figs. 14 and 15 show the original and predicted temperature
istribution in the fluid and solid domains under normal operating
onditions with heat loads from plasma, RFF and neutronic heating
nd 3 kg/s 75 ◦C supply. The contour plot is for the mid  plane of the
entral strap in the original design.
.2. Structural analyses results

The following sections show the results of the stress analysis
nder normal operation coolant pressure.

Fig. 12. Original and artificially calculated stress field comparison.
Fig. 14. Original temperature field at the mid plane of the center strap.

Stress concentrations are identified and evaluated according to
the “elastic analysis” rule IC 3311.1, that prevents failure against
progressive deformation or ratcheting. For details of the evaluation
methodology refer to SDC-IC.

The study focused on the bends that connect the strap external
pipes to the housing. This location, as shown in Fig. 16, was previ-
ously flagged as the highest stressed area with a peak stress level
of 651 MPa, and did not meet the 3Sm requirement – that rounds to
410 MPa  at that temperature.

Table 2 summarizes peak temperatures reached in the mid plane
of the central strap (as shown in Fig. 16) and resulting stress levels
in the pipe bend for four of the options presented above (A through

D).

It can be seen that, although all the design modifications result
in smaller through-thickness temperature gradients (either by
decreasing the peak temperature or, as in option D,  by reducing

Fig. 15. Temperature fields (same contour bands as Fig. 14).
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Fig. 16. Original results showing peak stresses at the tagged location not meeting
the 3Sm requirement.

Table 2
Summary results for each design option.

Average pipe
temperature (◦C)

Peak temperature (◦C) Peak stress (MPa)

Original 138 248 651
Option A 144 230 690
Option B 146 211 645
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Option C 140 225 547
Option D 138 248 667
Option E 123 231 596

he thickness), not all of them lower the stresses in the region of
nterest. The reasons for this are several. Options A and B make use
f a copper jacket that wraps around the plasma-facing side of the
trap. This will flatten the temperature profile in the strap and in
urn reduce the peak value, at the expense of increasing the average
emperature of the external strap feed pipes. This temperature rise
ill drive higher thermal expansions and bending moments in the

egions of interest. Option D, on the other hand, helps decreasing
he through-thickness temperature gradient by cutting some mate-
ial out of the straps – hence reducing the thickness – but, in doing
o, reduces the stiffness of the strap. This, again, leads to higher
tresses in pipe bends.

In summary, of the four options presented in Fig. 13, option
 is the only one resulting in lower peak stresses since it lowers
he though-thickness temperature gradient without affecting the
verall strap shape or increasing the average temperature of the
xternal pipes. An enhancement in the coolant conditions in the
ipes would have a similar effect. Option E shows the temperatures
nd stresses that would be obtained by doubling the mass flow rate
hrough the straps. Although no formal thought has been given to
ow this increased flow rate could be actually implemented the
esults highlight the potential impact of such a design change.

. Summary and conclusions
Design optimization work has been conducted on the ITER ICRH
our Port Junction (4PJ) and Straps assembly for an area where pre-
ious studies predicted non compliance with SDC-IC failure criteria
nd low fatigue life. Due to the turning action experienced by the

[
[
[

nd Design 89 (2014) 1784–1789 1789

4PJ as a result of the different thermal expansions undergone by
inner and outer face of the strap, and the generally high temper-
atures leading to thermal distortion, the bends that connect the
316L(N) strap pipes to the housing will experience high primary
plus secondary stresses.

As a result, different options, aimed at reducing the front-to-
back temperature gradient, have been explored. None of the design
options explored have lowered stresses enough to solve the non
compliances with SDC-IC criteria.

This study has shown that further optimization of the exist-
ing geometry with conventional fabrication materials (316L(N) IG,
Cu, CuCrZr) is unlikely to solve the problems in the strap. Further
studies to address the problem should be widened to consider the
following design options in combination to improve performance
sufficiently:

• Novel cooling geometries within the strap cross section
(decreasing steady state temperatures).

• Changing the strap geometry to make it more stiff (with due
consideration of RF properties).

• Consideration of materials with higher allowable properties such
as inconel.

This study is an important step in the design journey for the
straps and gives foundation to the justifiability of more novel
approaches.

Table 2 shows a summary of temperature and stress results
for the different options presented in Fig. 11. Although all of the
modifications explored resulted in primary plus secondary stresses
exceeding the cyclic damage design criteria, some avenues are
identified for future studies and a reduction in stress toward the
target obtained.
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