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Abstract

This work presents a study focused on thermoelastic structural analysis and development of an
optimized design for the International Thermonuclear Experimental Reactor (ITER) in-vessel Plasma
Position Reflectometry (PPR) antenna using thermal-structural finite element (FE) analysis imple-
mented in the commercial FE program ANSYS. For it, a two-way parameterized CAD-FE methodology
is developed, some parametric studies performed, and the SIMP topology optimization and ASO and
AMO algorithms are used. The parameters considered are the dimensions of additional material cover-
age to minimize the maximum temperatures and displacements of the antenna. Initially, a parametric
study regarding the maximum temperature and displacement achieved in the antenna is performed to
establish the optimization interval of interest. Afterwards, optimization methods ASO and AMO are
used in these intervals to find optimized material distributions in the antenna. The optimized designs
obtained present both lower maximums in the achieved maximum temperature along the antenna ( 10%)
as well as for average temperatures ( 10%) and maximum displacement along the antenna ( 18%). In
this particular case, the results obtained with topology optimization tend to remove most of the material
in the design areas which is a known effect. An achieved contribution to the antenna design, is that
additional coverage in thickness in practically all the length is able to reduce the maximum temperature
and displacement. One of the most important aspects to consider is to set a way to confirm, if possible
without experimental test, the sudden change observed in the structural response of the antenna when
subject to heat radiation and its self-weight in the conditions here analyzed.

Keywords: ITER, PPR antenna, Optimization, Temperature Minimization, Displacement Minimiza-
tion

1. Introduction

This work approaches the matter of structural op-
timization of the PPR antenna belonging to the
ITER tokamak [1], illustrated in Fig. 1.

The ITER PPR system [2] will be used to provide
real-time estimates of the distance between the po-
sition of the magnetic separatrix and the first-wall
at four pre-defined locations also known as gaps 3,
4, 5, and 6, complementing the information pro-
vided by the magnetic diagnostics.

For gaps 4 and 6, the in-vessel PPR system in-
clude several components from which the antenna,
see Fig. 2, to/from which the microwave signal is
routed, is considered a critical component from a
structural integrity point of view.

The antenna is in direct sight of the plasma
through cut-outs in the blanket shield modules, see
A and B in Fig. 2 and is subject to plasma ra-
diation, neutronics loads, and stray-radiation from
Electron Cyclotron Resonance Heating (ECRH)

and Collective Thomson Scattering (CTS). These
loads and radiations may cause excessive temper-
atures [3] and/or deformations and consequently
compromise the structural integrity of the antenna
and/or the accuracy and precision of the diagnostics
measurement, respectively.

Hence, the ideal antenna design under some avail-
able domain and material should present simultane-
ously the minimum in maximum temperature Tmax

and displacement Dmax, or, when not possible, the
best compromise between both.

In pursuit of that end, three optimization tools
are explored. Starting off with ANSYS v.17
[4] Topology Optimization (TO) module curiously
called Shape Optimization (SO), one is able to ob-
tain a stiffer structure through key material removal
as illustrated in Fig. 3.

Following, a study is conducted on the optimum
design of the ITER PPR antenna using Finite Ele-
ment Analysis (FEA) combined with Adaptive Sin-
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Figure 1: Cutaway of the ITER Tokamak with the
main components ilustrated [1].

Figure 2: Generic CAD model of PPR in-vessel
components: A - upper blanket module, B - lower
blanket module, C - PPR in-vessel components and
D - vacuum vessel.

gle Optimization (ASO) or Adaptive Multiple opti-
mization (AMO), implemented in ANSYS V17 [4],
as well as TO to obtain suitable material distri-
butions that minimize Tmax and a combination of
Tmax and Dmax at the antenna, while maintaining
its internal geometry, that is essential for proper
microwave diagnostics.

The results obtained through the analysis pre-
sented here contribute with suitable alternative an-
tenna designs to be considered for the ITER PPR
system.

2. Fundamentals
In thermoelastic problems, as is the present case,
an adapted Hooke’s law is applied as:

{σt} = [E]{εt} (1)

where {σt} is the thermal stresses vector, [E] is the
elasticity matrix and {εt} is the thermal strain vec-
tor. Regarding the heat transfer equation, the FEA

Figure 3: TO applied in an aircraft engine bracket
[5].

at hand may be expressed as [4]:

[C]{Ṫ}+ [KT ]{T} = {RT }
[KT ] = [Kk] + [Hconv] + [Hrad]

{RT } = {RB}+ {Rhconv}+ {Rhrad
}+ {RQ}

(2)

where [C] and [KT ] are the general global specific
heat and conductivity matrices, and {RT }, {T} and
{Ṫ} are the general global thermal load, tempera-
ture, and the first derivative of the temperature vec-
tors, respectively. Furthermore, [Kk], [Hconv] and
[Hrad] are the global conductivity, convection and
radiation matrices, and {RB}, {Rh} and {Rhrad

}
are the global heat flux, convection, radiation and
heat generation vectors, respectively.

The FEA is established as a nonlinear transient
thermal analysis (as radiation is considered and the
properties of the materials are temperature depen-
dent) that considers conduction and radiation ef-
fects (convection is not considered as the medium is
vacuum, which means that [Hconv] = {Rhconv} = 0)
to estimate the temperature distribution along the
antenna.

Afterwards, a thermoelastic static structural
FEA, which may be expressed by Eq. (3), is con-
ducted to evaluate the respective displacements of
the antenna.

[K]{U} = {F} (3)

where, [K] is the global stiffness matrix, {F} is the
global force vector and {U} is the global displace-
ment vector that accounts for the thermal strain
vector [6].

This two-step procedure is suited as temperature
influences displacement but displacement has neg-
ligible influence on temperature. Hence, it is suited
to be incorporated in the optimization analysis.

2.1. Optimization Analysis
The designation of TO is usually applied to a spe-
cific area of structural optimization dealing with the
distribution of material along a permissible domain.

2



A modified approach of the Solid Isotropic Material
with Penalization (SIMP) [7], also known as the
”power-law approach”, where the power p >1):

Ei = Emin + ρpi (E0 − Emin), ρ ∈]0, 1] (4)

where E0 is the elastic properties of the solid ma-
terial, ρ is the element relative density, Ei is the
element elastic properties and Emin is the elastic
property of the ”void” material, which is always
>0.

The structural topology optimization is the op-
timal distribution of demand that minimizes flexi-
bility, i.e. to maximize the stiffness, which can be
achieved by minimizing the compliance or by mini-
mizing the elastic strain energy C [8], as follows:

find{ρ} = (ρ1, .., ρi, .., ρnd
), 0 < ρi ≤ 1, i = 1, .., nd

min[C] =
1

2
({f}+ {G})T {u}

s.t.

{f}+ {G} = [K]{u}
V ≤ V(U)

(5)
where ρi is the pseudo-density variables, nd is the
number of densities variables, f is the external load
vector, G the self-weight load vector, u is the nodal
displacement vector and K is the structural global
stiffness matrix. Furthermore, V is the total volume
of the material used for the structure with and V(U)

is the prescribed upper limit.
Depending on whether one (e.g., temperature) or

multiple objective functions (e.g., temperature and
displacement) are considered, ASO [9] or AMO [9],
respectively, that are implemented and available in
ANSYS V17 [4] are used. A brief description of
both methods follows.

The ASO is a gradient-based algorithm that com-
bines an Optimal Space-Filling Design (OSD), a
Kriging response surface and a Mixed-Integer Se-
quential Quadratic Programming (MISQP) opti-
mization algorithm to provide a refined global op-
timized result.

The AMO combines a Multi-Objective Genetic
Algorithm (MOGA), that is a hybrid variant of
the Non-dominated Sorted Genetic Algorithm-II
(NSGA-II) based on controlled elitism concepts
such as Crossover and Mutation processes, with a
Kriging response surface that simulates part of the
population increasing the convergence performance.

The general multiobjective optimization problem
may be formulated as

min
x

f(x) = (f1(x), f2(x), ..., fk(x)

s.t.

hi(x) = 0, i = 1 to z

gj(x) ≤ 0, j = 1 to m

(6)

where k is the number of objective functions, z and
m are the number of equality and inequality con-
straints, respectively and f(x) is the k-dimensional
vector of the objective functions.

Regarding the AMO method, its multiple objec-
tive nature craves for a objective weighted function
in which each objective will be given a weight that
will traduce the importance for the problem:

φ =

n∑
i=1

wiNi +

m∑
j=1

wjMj (7)

where wi and wj are the weights of input and output
parameters, respectively. On the other hand, Ni

and Nj are the normalized objectives for input and
output parameters, respectively. These last features
can be expressed as:

Ni =

(
|xt − x|
xu − xl

)
i

(8)

and

Mj =

(
|yt − y|

ymax − ymin

)
j

(9)

where x and y correspond to the current value for
input parameter i and output parameter j, respec-
tively, xt and yt correspond to the target value, xu
and xl match the lower and upper values, respec-
tively, for input parameter i and finally ymax and
ymin represent the lower and upper bounds, respec-
tively, for output parameter j.

3. Methodology
A primary simplified CAD design (Fig.4) is devel-
oped to infer what is the behaviour of the struc-
ture as well as to test the TO computational effort.
In this model, the parameters defined are imple-
mented, consist of independent horizontal and ver-
tical thickness variation on the front and rear face
of the antenna.

Figure 4: Initial parametrized model of the an-
tenna.

A CAD model of the antenna, available in ITERs
ENOVIA, is illustrated in Fig. 5 with the respective
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Figure 5: CAD model of ITER PPR antenna.

dimensions: w-width, h-height, t-thickness (uni-
form) and L-length, presented in Table 1. where
each of the parameters indicated in Fig. 5 above
have the following values:

Table 1: Dimensions (in mm) of the ITER PPR
antenna.

W1 W2 W3 h1 h2 t L
25 20 8 20 12 1 115.4

Based on this model (see Fig. 5), a parametrized
FE model, illustrated in Fig. 3, is developed to ac-
count for optimum design considering as parameters
the length of antenna coverage Lc and respective
thickness tc that may vary within specific bound-
ary values.

Figure 6: Parameterized CAD model: (w width; h
- height, t - thickness (uniform) and L - length).

The developed FE models, see Fig. 6, feature 3D
20-node structural-thermal FEs with a four degree-
of-freedom at each node (displacements in the three
directions and temperature). For radiation, 3D ra-
diosity surface FEs are employed, overlaid on a face
of the 3D thermal FEs.

FEA described by Eq. (2) and Eq. (3), is com-
bined, in ANSYS V17 [4], with adaptive optimiza-
tion algorithms, considering the parameters Lc and
tc, i.e. x = (Lc, Lc), to find topologies that mini-
mize: i)Tmax using ASO and; ii) a combination of
the Tmax and Dmax using AMO. Following the for-
mulation of Eq. 6, i) and ii) may be formulated
as:

min
x

T(x)

s.t.

Lcmin ≤ Lc ≤ Lcmax

tcmin
≤ tc ≤ tcmax

(10)

min
x

(T(x),D(x))

s.t.

Lcmin ≤ Lc ≤ Lcmax

tcmin
≤ tc ≤ tcmax

(11)

where Lcmin, Lcmax, tcmin and tcmax are the min-
imum and maximum length and thickness of mate-
rial coverage, respectively.

A radiation power density of 500 kW/m2 [10] is
assumed at the first wall (gap between A and B in
Fig. 2), i.e., at the front surface of the enclosure
model illustrated in Fig. 7.

Figure 7: Radiation enclosure model.

A constant temperature of 300 ◦C [11] is applied
to the rear side of the antenna, where it is struc-
turally fixed, and to the inner surface of the blanket
surfaces. An earth gravity acceleration of 9,8066
m/s2 is considered, acting on a direction parallel
(−y axis) to the rear face of the antenna, guided by
a different coordinate system then the one used for
the general model.

Figure 8: New coordinate system on the antenna.

The PPR antenna is made of austenitic stain-
less steel 316L(N)-IG, with temperature dependent
mechanical properties [12]. The surface emissivity
of the antenna is that correspondent to a polished
steel with a mean surface roughness of 5µmm and
the blankets emissivity is that correspondent to a
clean and smooth surface (see [13] for specific val-
ues). It is further assumed that the surface emis-
sivity is equal to the surface absortivity.

The nuclear heat load distribution, induced by
the neutrons and gamma photons coming from the
plasma and surrounding materials, is illustrated in
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Fig. 9. These values are estimated using the Monte
Carlo simulation program MCNP6 [14] and ITER
reference neutronics models provided by the ITER
Organization. Note that the thermal loads due to
ECRH/CTS stray radiation are not taken into ac-
count as they are considered negligible [15].

Figure 9: Nuclear heat load distribution on the an-
tenna.

4. Results
The Shape optimization BETA tool from ANSYS
Workbench [4] is used to performed TO on the sim-
plified antenna, where the constraints applied (be-
sides thermal and static previously mentioned) de-
pend only on the place where the body will be con-
strained. A penalization value of 3,i.e., p =3 in
Eq.(4), is assumed..

Figure 10: Topology optimization with inner ver-
tices fixed.

Figure 11: Topology optimization with inner,
frontal and rear faces fixed.

In Fig. 10 the ”orange/red” areas correspond to
the complete removal of material, i.e. ρ =0 in Eq.

(4). Fig. 11 illustrates the body in its final state of
material removal.

Before further optimization, thermal-structural
FEAs, see Eq. (2) and Eq. (3), are conducted to
identify the location of Tmax and Dmax.

Figure 12: Distribution of T for the antenna with-
out material coverage.

Figure 13: Distribution of D for the antenna with-
out material coverage.

As illustrated by Fig. 12 and Fig. 13, Tmax and
Dmax, respectively, occur at the frontal face of the
antenna as expected. This is the first region, of the
PPR in-vessel system, facing the plasma, hence the
first to be in contact with the plasma prevenient
loads, reaching a Tmax'704 ◦C, a mean tempera-
ture Tmean'557 ◦C and a Dmax'0.106 mm.

In Fig. 14 and 15 are presented the results from
the parametric studies that are conducted at these
locations to infer how both Tmax and Dmax evolve
with the material coverage evolution, respectively,
considering 0≤ Lc ≤115.4 mm and 0≤ tc ≤3 mm.

As illustrated by Fig. 14 and Fig. 15, both

Figure 14: Tmax as a function of Lc and tc.
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Figure 15: Dmax as a function of Lc and tc.

Tmax and Dmax decrease as Lc and tc increase, un-
til each reach the correspondent minimums. The
minimum values of Tmax are located between 114
mm ≤ Lc ≤115.4 mm for all the different tc, after
which they starts to increase. Regarding the mini-
mum values of Dmax, these are located between 95
mm≤ Lc ≤110 mm for all the different tc, after
which they starts to increase.

From the parametric studies are established the
optimization intervals of each design variable (i.e.,
Lc and tc) for each optimization problem, i.e., ASO
and AMO. Hence, for the minimization of Tmax us-
ing ASO, see Eq. (10), Lcmin = 114 mm, Lcmax =
115.4 mm and tcmax = 3 mm are considered. For
the minimization of the combination of Tmax and
Dmax using AMO, see Eq. (11), Lcmin = 95 mm,
Lcmax = 115.4 mm and tcmax = 3 mm are consid-
ered.

Fig. 16 and Fig. 17 illustrate the ASO and AMO
optimization results, respectively.

Figure 16: Minimum Tmax as a function of Lc for
tc = 3mm.

As illustrated by Fig. 16, the minimum Tmax of
617.3 ◦C is obtained for Lc = 114.7 mm which cor-
responds to 0.7 mm from the front edge originating
the CAD model in Fig. 18.

Fig. 17, illustrates the Pareto front obtained from
the AMO. Considering equal weight of 50% to T
and D, the optimum point obtained is illustrated in

Figure 17: Pareto front (in red) for the minimum
Tmax and minimum Dmax as a function of Lc for
tc = 3mm obtained with AMO.

Fig 17 by the filled circle, that corresponds to op-
tima T and D of 631.9 ◦C and a 0.087 mm, respec-
tively, obtained for Lc = 102.8 which corresponds
to 12.6 mm from the front edge of the antenna, orig-
inating the CAD model illustrated in Fig. 19.

Figure 18: CAD model images of the antenna for
tc = 3 mm.

Figure 19: CAD model images of the antenna for
tc = 3 mm.

In Table 2 are summarized the initial values
and optimized results obtained by ASO and AMO,
where Tmean is the average temperature of the an-
tenna.

As presented in Table 2, relatively to the initial
design the results obtained by: ASO correspond to a
decrease in Tmax and Tmean of 86.4 ◦C (12.3%) and
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Table 2: Initial and optimized results obtained by
ASO and AMO.

Lc

(mm)
tc

(mm)
Tmax
◦C

Tmean
◦C

Dmax
◦C

Initial 0 0 703.7 556.7 0.106
ASO 114.7 3 617.3 500.5 -
AMO 102.8 3 631.9 492.6 0.087

56.2 ◦C (10.1%), respectively and; AMO correspond
to a decrease in Tmax, Tmean and Dmax of 71.8 ◦C
(10.2%), 64.1 ◦C (11.5%) and 0.019 mm (17.9%),
respectively.

In both cases, the decrease in Tmax and Tmean

is justified by the fact that conduction is the most
sensible heat transfer method in regards to the pa-
rameters considered in the analyses. Hence, as the
material available to dissipate heat to the back side
of the antenna increases, i.e., Lc and tc increase,
the conduction heat flux also increases and conse-
quently Tmax and Tmean decerase.

The fact that the optimum Tmax obtained us-
ing ASO, see Table 2, corresponds to Lc = 114.7
mm is related to the higher conduction heat flux
previously explained, and to the lower plasma heat
radiation that this surface is exposed to by being
located 0.7mm from the front edge of the antenna.

Regarding the fact that the optimum Dmax ob-
tained using AMO, see Table 2, decreases is related
to the increase in the stiffness of the antenna.

5. Conclusions

This work presented a study of the design optimiza-
tion methodologies for the antenna present in GAP
4 of the ITER PPR System.

The first approach is TO of the antenna aiming
to decrease its Tmax and Tmean. Although there
are some promising studies in the area, whether in
conduction [16] or even in radiation [17] problems
(where it is mentioned that radiation boundary con-
ditions can be readily recast mathematically in the
form of a nonlinear convective boundary condition),
they are still very embryonic and not available in
commercial codes as far as the author knowledge.
In the present case it would consume a significant
amount of time, which was not available.

Once the main objective of this work is to op-
erate on a coverture of the antenna to minimize
the maximum temperature and maximum displace-
ment, a two-way parameterized CAD-FE methodol-
ogy is developed and used in thermoelastic studies.

The parametric studies performed show that both
Tmax and Dmax decrease with the with the addi-
tion of material until a certain point, i.e., both de-
crease with the increase of Lc and tc until a opti-
mum Lc is reached. With design optimization one
obtains with: ASO Tmax a and Tmean decrease of

12.3% and 10.1%, respectively and; AMO a Tmax,
Tmean and Dmax of 10.2%, 11.5% and 17.9%, re-
spectively. If considering fatigue and creep phenom-
enas (not studied here), lower values of Tmax and
Tmean, mean that the lifetime of the antenna is ex-
tended, less maintainability is required and hence,
the availability of the antenna is increased. With
lower Dmax, the signal propagation is improved and
more accurate estimations for the plasma position
are expected.

As future work, it is suggested to continue this
study exploring the existing space between the an-
tenna and the blankets in order to verify the evo-
lution of the results when adding more material. It
would also be beneficial to apply different optimiza-
tion techniques to the part, as the SIMP method of
TO aiming to decrease Dmax and study the appli-
cability of this method respecting temperature.
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