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Abstract

The tritium management in the first wall of two European breeding blanket options, A-DC and TAURO, has been
simulated numerically to analyse the influence of the material selected: ODS-RAFM steel for the Advanced Dual-Cool-
ant (A-DC) and SiC¢/SiC composite for TAURO options. The SRIM code has been used to simulate triton implanta-
tion and define the tritium source in each kind of material as a function of the depth. The TMAP4 code was used to
analyse the posterior transitory gas transport process within the material, while taking into account the tritium trans-
port properties of each material and the temperature variation through material thickness and operating time. Both the
transient evolution and the final steady-state tritium transport behaviour have been characterised. The tritium transient
flux to the coolant, the recycling flux and the absorbed tritium transient inventories have been simulated. Main conclu-
sions have been drawn about the tritium performance of each first wall.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

An analysis of the tritium management is compulsory
when studying the viability of any type of fusion reac-
tors. The feasibility studies of any fusion power plant
concept in respect of the blanket focus on tritium breed-
ing, safety and environmental requirements, besides
shielding and resistance to neutron irradiation. There-
fore, a description of the total transient quantities of tri-
tium absorbed by the material of the fusion reactor
components and the transient fluxes to the coolant
region and recycled to the plasma, is essential when eval-
uating the viability of a specific tritium-breeding blanket

* Corresponding author. Tel.: +34 94 601 4272; fax: +34 94
601 4159.
E-mail address: inpesalg@bi.ehu.es (G.A. Esteban).

associated to any power plant concept. These factors
have been taken into account in the design of the inner
deuterium/tritium fuel cycle of ITER [1].

With the proposal of more advanced and efficient
systems for a DEMO/PROTOTYPE reactor, integrating
a complete tritium breeding blanket with future new
materials and engineering techniques, the tritium man-
agement should be a general issue to be accounted for
beforehand. In the European Fusion Programme, the
Power Plant Conceptual Study (PPCS) has analysed
four power plant models; each one based on a breeding
blanket design [2]: Water-Cooled Lithium Lead
(WCLL), Helium-Cooled Pebble Bed (HCPB), Ad-
vanced Dual-Coolant (A-DC) and self-cooled Pb-17Li
(TAURO). The two self-cooled Pb-17Li blankets corre-
sponding to the most advanced plant models, i.e. A-DC
[3] and TAURO [4,5] show the highest technological
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attractiveness but also demonstrate an increased associ-
ated development risk [2]. These two blankets have been
selected here for the study of the tritium management
within its corresponding first wall (FW). In this analysis,
the tritium inventories and fluxes will be obtained for
each structure and qualitative conclusions will be drawn
about the performance of each FW from the tritium
management point of view. Other factors affecting the
tritium management within the blanket will be com-
mented on.

2. Modelling

The tritium implantation into the FW has been esti-
mated by a simple application of the SRIM code [6] with
300 eV monoenergetic tritons and an angle of incidence
of 0°. An implanted atom flux of 3 x 10" m~2s! dis-
tributed 50% between deuterium and tritium has been
considered, obtaining an implantation range of 5x
10~ m for the steel in the case of A-DC and 7x10~°
m for SiC¢/SiC in the case of TAURO (Fig. 1).

The resulting implantation distributions and the sur-
face heat fluxes together with the experimental hydrogen
isotope transport properties (Figs. 2-4) and thermal
properties of the FW materials (Table 1 [7-10]) have
been used in the code TMAP4 [11] to model the tritium
transport through the material layers of each blanket.

A 4 mm thick FW of the RAFM steel OPTIFER-IVDb
(similar to EUROFER) has been considered for the cal-
culation in the case of A-DC [3], whereas a 10 mm thick
FW of SiC¢/SiC composite has been simulated in the
case of TAURO [4]. The primary refrigerant loop of
the FW (He for A-DC and Pb-17Li for TAURO) has
been modelled in TMAP4 as a layer positioned at the
smallest distance from the surface facing the plasma.
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Fig. 2. Tritium diffusivities in the operation temperature range
of each blanket: (1) RAFM steel [7], (2) SiC{/SiC composite [8]
(the broken line corresponds to extrapolated values).

In the case of TAURO the maximum reference value
of 1300 Pa [12] has been assumed for the tritium partial
pressure within the Pb-17Li breeder. The calculation
time has been selected in each case to ensure that the
steady state was reached. In the case of the RAFM steel
the tritium diffusive transport parameters have been ob-
tained by extrapolation from the ones experimentally
estimated with hydrogen and deuterium by quantum-
statistical considerations [13]. The tritium surface rate
constants have been extrapolated with the classical
relationship (i.e., the transport parameter inversely pro-
portional to the square root of the atomic mass of the
corresponding hydrogen isotope) because only the
experimental values corresponding to one hydrogen
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Fig. 1. Implantation distributions of tritium in the first wall of the two blankets (results from SRIM code [6]): (a) A-DC and (b)

TAURO.
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Fig. 3. Tritium Sieverts constant in the operation temperature
range of each blanket: (1) RAFM steel (z = 0.5) [7], (2) SiCy¢/SiC
composite (n=0.22) [8] (the broken line corresponds to
extrapolated values).
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Fig. 4. Tritium adsorption (1) and recombination (2) rate
constants for RAFM steel (natural oxide) [9].

isotope (deuterium) were available [9]. For the SiCy/SiC
case the classical isotopic mass relationship has been
used to obtain the tritium diffusivity from the deuterium
one because of the same reason. Because the data collec-
tion of SiC¢/SiC are the effective parameters of the mate-
rial with the porosity included no modelling of the
porosity or differentiation of the matrix and fibre phases
of the material [14] is needed in the subsequent TMAP4
calculation. It is worth emphasizing that in the case of

SiC/SiC composite a relationship between solubility
and hydrogen isotopes partial pressure with a classical
exponent of n = 0.5 is not experimentally observed, but
an exponent of n = 0.22. The possible causes and discus-
sion can be found in [§].

A continuous plasma operation characteristic of
DEMO is supposed, quite the opposite of the pulsating
operation of ITER. The calculations give the transient
tritium fluxes to the primary coolant region and back
to the plasma region, and the tritium inventories within
the bulk of the material.

3. Results and discussion

The results of the TMAP4 evaluation in each blanket
are analysed hereafter. Fig. 5 depicts the transient evolu-
tion of the tritium inventory in the A-DC blanket,
whereas Fig. 6 shows the transient fluxes from the FW
to the plasma (i.e. recycling flux) and to the coolant re-
gion. Figs. 7 and 8 correspond to the same variables for
the TAURO blanket. A summary of the key values
describing the performance of each FW is shown in
Table 2.

The different time evolution for the fluxes in each
blanket option is noteworthy; whereas in A-DC the stea-
dy-state permeation flux is reached in a short time (2000
s) in TAURO much longer time (3x10° s~ 83 h) is
needed to get that final situation. This is a predictable re-
sult considering the smaller values of tritium diffusivities
in SiC¢/SiC and the range of operating temperatures of
TAURO in comparison to the steel in the range of oper-
ating temperatures of A-DC (Fig. 2).

In the case of A-DC a 8% proportion of the total im-
planted amount of tritium permeates to the coolant.
However, the behaviour of the TAURO blanket is com-
pletely different. In this case a counter-current flux from
the breeding region to the plasma region has been
detected.

The major part of the inventory in A-DC occupies
the lattice positions rather than trapping sites. The
reason for this distribution is that trapping phenomena
occur in the RAFM steel at low temperatures (lower
than 573 K) and in the range of the operating tempera-
tures absorption is dominated by interstitial occupation
rather than by binding to the defects of the material.
Lattice and trapping inventories in TAURO have not
been differentiated because such behaviour has not been
experimentally accounted for in SiC/SiC [8].

The total amount of tritium dissolved in steady-state
permeation is higher in TAURO than in A-DC, which is
reasonable taking into account the Sieverts constants of
tritium in SiC¢SiC and the steel in the temperature
ranges of TAURO and A-DC, respectively (Fig. 3).

The counter-current flux from the breeding region
of TAURO to the plasma region presents the positive
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Table 1
Tritium transport parameters and thermal properties of the RAFM steel OPTIFER-IVb and SiCy/SiC composite [7-10]
Material KAV() Es DO Ed Nf Et O'klo El O'kz() EZ
(molm—3Pa™") (m?s7h (sites m ™) (molm2s~'Pa™!) (mol™'m*s™)
OPTIFER-IVb 0.271 279 417x107% 120 7.910% 555 2.448x107° 293 2317x1077  -28.7
SiCy/SiC 1.5% 107 302 09x107* 1077 - - - - - -
Thermal conductivity (W/mK) Specific heat capacity (J/K kg)
RAFM 28.384—0.011777T7—1.0632 x 10~ °T* 1390.2 —7.8498 T+0.022969T° — 2.7446 x 10> T°
steel (F82H) —8.2935x107°7° +1.1932x 1078 7*
SiCy/SiC 15 1100
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Fig. 5. Mobile and trapped tritium inventories evolution within
the FW of A-DC blanket. Fig. 7. Mobile tritium inventory evolution within the FW of
TAURO blanket.
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Fig. 6. Tritium fluxes to plasma and primary coolant loop in A-
DC blanket.

aspect of direct recuperation of the bred tritium into the
plasma and a subsequent reduction of the technological
requirements in the tritium recuperation systems operat-

Time (s)

Fig. 8. Tritium fluxes to plasma and from primary coolant loop
in TAURO blanket.

ing outside the blanket. Furthermore, the thermally
recycled H isotopes may impinge on and cool the plasma
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Table 2
Tritium management key values for each blanket first wall: tritium inventories and fluxes in steady state, and transient progress
evaluation
Blanket Interstitial Trapping Recycling Flux to the coolant region =~ Operating time to
(trittum m~3)  (tritium m™3)  (tritium m~2s™!)  (tritium m s ") reach steady state operation
A-DC 2.0 x 10 4.7x 10" 1.38 x 10" L.15x 10" 2000 s
TAURO  58x10% 1.5x 10" —~1.1x 10" 83h

edge; the resulting necessity of particle balance adjust-
ment should be borne in mind as well. This bred tritium
permeation from the coolant-breeding region to the
plasma is similar to the case explained in [15], wherein
hydrogen from the FW water coolant loop was added
to prevent corrosive effects of radiolysis permeated into
the vacuum vessel.

The objective of this study is restricted to the influ-
ence of the type of FW material (i.e., its tritium trans-
port properties and thermal properties) on the tritium
management of any blanket. Other factors influencing
the hydrogen isotopes transport have not been included
so as not to complicate excessively the transient numer-
ical calculation or they are not fully known or described
completely at the moment; these additional factors are
identified and qualitatively analysed henceforth.

Thermo migration (Soret effect) through the material
has not been considered, i.e., the hydrogen isotope
migration induced by the temperature gradient through
the width of the FW. This process depends on the Lud-
wig-Soret thermodiffusion heat Q°, which has not been
evaluated yet for the materials SiC¢/SiC and OPTI-
FER-IVb treated here.

In relation to the A-DC blanket option, the H iso-
tope bulk transport properties of the ODS-EUROFER
material should approximate, though it is not exactly
the same as the properties of the RAFM steel OPTI-
FER-IVb considered here. Similar hydrogen isotopes
diffusive transport properties have been reported for
various RAFM steels [7] with the same basic microstruc-
ture of the lattice (i.e. bcc). Moreover, surface rate con-
stants are expected to vary because of the particular
surface state (nano-structured layer of yttrium oxide).
Here the assumption of a perfect sputter-cleaned surface
may not be considered because the stable permanent
nano-structured oxide is formed on the steel expressly
in order to prevent the sputtering. The oxide dispersion
strength layer could impede the dissolved H isotopes re-
emission to the plasma because of a substantial reduc-
tion in the recombination coefficient and provoke a cer-
tain forced flux to the cooling He region. The effect of
oxide layer on H transport in metals is well known as
an inhibitor of the surface processes of adsorption and
desorption [16]. The particular transport properties of
H isotopes through this specific material should be ana-
lysed in future experiments; in the mean time, the

assumption of the parameters coming from OPTIFER-
IVD (Fig. 4) with natural oxide may represent a reason-
able approximation.

In operating conditions the radiation presence should
modify the H isotope transport characteristics because
radiation enables induced diffusion mechanisms different
from over-barrier jumping due to ground-state thermal
vibration of the tritium atoms [17]. In addition, the high
energy neutrons coming from fusion reactions are ex-
pected to induce the amorphisation of silicon carbide
and additional defects in the steel, which should lead
to effective trapping sites for additional tritium accumu-
lation. Ton-generated defects in the first layer may influ-
ence in the trapping inventory too, though they hold less
significance than neutron-generated defects. Neverthe-
less, the trapping phenomena should not have any influ-
ence on the steady-state permeation flux values; only the
time necessary to reach the steady state should be in-
creased with creation of new trapping sites. Another ef-
fect to be taken into account is the variation of the
effective FW thickness provoked by sputtering erosion
of the wall and surface deposition of material coming
from other regions of the blanket.

The high impinging fluxes may create a saturation
state of the H species on the FW, which leads to H bub-
ble nucleation and recycling enhancement of the H ex-
cess that cannot occupy dissolution interstitial positions.

In the present evaluation, a tritium implanted flux of
3x10" m2s' has been considered as a reference
value. This value may undergo high variation when
going through the poloidal coordinate in the blanket,
showing higher values the closer the divertor region is.
This fact should not disturb the relative tritium trans-
port kinetics; though, the final inventory and flux values
would be escalated in the same proportion as the im-
planted flux. The simplification of the SRIM calculation
has no influence in the preposterous TMAP4 routine be-
cause any relative variation in the nanometrical scale is
negligible in comparison to the diffusion path length
magnitude (millimetres). Only the recycling values might
undertake a slight variation in the time scale. In addi-
tion, other factors such as sputtering, codeposition or
the surface roughness may mask that possible deviation.

In the one-dimensional TMAP4 calculation, the
assumption of the coolant being a layer after the FW
may produce an overestimation of the interphase surface
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area in the case of A-DC because the real situation cor-
responds to a series of He cooling tubes. This fact may
provoke a quantitative overestimation of the tritium
permeation flux. That is not the case of the TAURO
blanket because the corresponding FW is cooled by a
layer of liquid Pb-17Li flowing through a curved rectan-
gular channel that covers a spread area of FW rather
than individual cooling tubes.

In the case of TAURO, a possible improvement in the
calculation could be performed by evaluating the tritium
concentration and partial pressure distribution in the
breeding liquid Pb-17Li as a function of the flowing
circuit length instead of considering an average constant
value. In the case of A-DC, the coupling of the secondary
bred tritium coming from the Pb-17Li loop through the
SiCy/SiC flow channel inserts will improve the evaluation
of tritium inventories and fluxes. A final interesting ques-
tion for future analysis would be a more complicated
three-dimensional non-steady state calculation to study
the geometrical particularities of each blanket, instead
of the one-dimensional scheme proposed in TMAP 4.

4. Conclusions

An exploratory study has been performed on the
influence of the material selected for the construction
of the first wall in the tritium management within that
part of a breeding blanket. Two blanket concepts, A-
DC and TAURO, have been selected to analyse the
differences in the tritium behaviour coming from the
first-wall material used in each case. The type of material
and its associated tritium transport properties have
resulted to be determinant in the operation of each first
wall from the tritium management point of view.

The steady-state tritium flux to the coolant is signifi-
cant in the case of A-DC and its transitory evolution is
fast due to high values of diffusivity of tritium in the
RAFM and a low recombination constant of the plasma
facing surface; a special care should be taken of the detr-
itiation systems of the helium loop. Because of the high
operating temperatures a low tritium inventory (seven
orders of magnitude lower than the inventory dissolved
in interstitials) is trapped in microstructural defects of
the material. An 8% fraction of the implanted tritium re-
leases into the helium-cooled loop, the rest being recy-
cled into the plasma. In comparison to A-DC, the
TAURUO blanket design has shown a higher steady-state
tritium inventory reached by less than four operation
days because of the high tritium solubility in SiC¢/SiC.
Additionally, the fact that the coolant region is simulta-
neously a tritium breeding region provokes a counter
current flux of the bred tritium to the plasma region,

assuring a natural tritium recovering and a relaxation
of the design requirements imposed to external tritium
recovering systems.

The dependence of the tritium management on the
type of FW material selected has been demonstrated.
A broad tritium analysis of every blanket and divertor
option by applying a three-dimensional non-steady-state
calculation to the respective material layered configura-
tion is highly desired in order to evaluate the respective
tritium management feasibility.
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