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 A B S T R A C T

One of the main milestones towards the development of the EU DEMO reactor is to demonstrate the feasibility 
of a closed tritium fuel cycle, a key aspect for the generation of electricity from fusion energy by the middle 
of the century. In view of this, the design of the breeding blanket (BB) has a key role. A candidate design 
for the EU DEMO BB is the Water-Cooled Lithium-Lead (WCLL) concept, where eutectic lithium-lead (PbLi) 
is circulated in a suitable closed circuit. A key issue in the design of the PbLi circuit is the evaluation of the 
inventories of Activated Corrosion Products (ACPs), which are solid particles corroded from structural materials 
and eventually activated in the blanket, transported inside the loop within the PbLi. In recent years, a PbLi loop 
model has been implemented in the GETTHEM code, a system-level tool for the thermal-hydraulic modelling of 
BB and related subsystems. In this work, in addition to the already existing assessment of corrosion phenomena, 
models of different pieces of physics necessary for a comprehensive assessment of the ACP inventories are 
added to the PbLi loop model in GETTHEM. Specifically, these include activation and decay of the corroded 
species in the BB. For the latter, a sink term for the radioactive decay and a source term for the transmutation 
due to neutrons interaction with materials are introduced in the mass conservation equations for each ACP. 
To demonstrate the code capabilities, a representative test case is presented.
1. Introduction

One of the concepts that have been proposed for the EU DEMO 
Breeding Blanket (BB) is the Water-Cooled Lithium-Lead (WCLL) BB [1]. 
A key aspect for a Lithium Lead (PbLi) based BB is related to the 
corrosion due to the presence of a flowing liquid metal. When com-
bined with the highly energetic neutrons from the plasma chamber, 
the corrosion process leads to the generation of Activated Corrosion 
Products (ACPs) within PbLi. In fact, many activation reactions are 
threshold reactions (see Fig.  1), meaning that they occur only when 
highly energetic neutrons interact with the surrounding matter. Thus, 
the presence of a fast neutron flux can make the issue of ACPs a more 
serious problem in fusion reactors than in fission reactors. Ultimately, 
the importance of modelling lies in the fact that ACPs are an important 
source of radiological hazard and so they are fundamental inputs to 
safety assessment of nuclear systems. Moreover, the compresence of 
different physics in the WCLL BB (e.g., thermal-hydraulics, magneto-
hydro-dynamics and neutronics) reflects in the need of system-level 
tools capable of modelling all the different phenomena occurring in the 

I This article is part of a Special issue entitled: ‘SOFT 2024’ published in Fusion Engineering and Design.
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BB, like the generation, transport and removal of ACPs in the WCLL BB 
PbLi loop.

The General Tokamak Thermal-hydraulic Model (GETTHEM) [2] is 
under development at Politecnico di Torino since 2015, aiming at the 
thermal-hydraulic modelling of the BB (and related sub-systems) at a 
system level. The code has been adopted in the past to study rele-
vant thermal-hydraulic transients of the HCPB and WCLL BB cooling 
systems [2,3]; also, a model of the WCLL lithium-lead (PbLi) loop, 
inclusive of MHD pressure drop, was introduced [4]. Recently, the 
PbLi loop model has been extended to include models for the trans-
port and extraction of tritium from PbLi [5], and for the assessment 
of the generation and transport of ACPs within the liquid metal, to 
provide a more comprehensive representation of the PbLi loop. The 
ACP generation and transport model described in [6] included the 
mass conservation equation for the corrosion products, where a source 
term due to corrosion of solid particles from structural materials is 
implemented by means of the Sannier correlation [7]. In the second 
test case presented in [6], the overconservative assumption that all the 
corroded species are activated was made.
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Fig. 1. Cross sections of the main activation reactions of 56Fe.

In this work, the ACP generation and transport model is expanded 
to include two additional source terms in the ACP mass conservation, 
accounting for: (i) the activation, in the BB, of the corroded species 
flowing within the PbLi due to the neutron flux coming from the 
plasma, and (ii) the decay of the radioactive corrosion products. Thanks 
to this new model, it is possible to determine the quantity, the activity 
and the location of the ACPs in the PbLi loop during both normal and 
off-normal scenarios. To the best of the authors’ knowledge, this is the 
first example of a system-level model for the generation and transport 
of ACPs in the WCLL PbLi loop.

The implementation of the ACP GETTHEM model aims to fill a 
gap in literature by providing a comprehensive, dynamic, system-
level tool capable of assessing the dynamic evolution of ACPs in the 
WCLL PbLi loops. Compared to simplified 0D or static approaches, 
the present work allows simulating multiple physical processes – in-
cluding thermal-hydraulics, corrosion, neutron-induced activation, and 
radioactive decay – within a single consistent tool. By discretizing the 
PbLi loop into 1D control volumes, the model allows spatially resolved 
estimates of corrosion rates and activation sources based on local flow 
conditions and neutron spectra in the BB. The model is flexible enough 
to support further segmentation of BB objects into different poloidal 
zones, allowing for more refined assessments based on zone-specific 
neutron fluxes if available. Moreover, the closed-loop configuration 
enables a self-consistent modelling of ACP recirculation, removal in 
the cold trap, and transient buildup of corrosion products across all 
components. These capabilities offer a significant advantage over other 
estimation methods that typically rely on fixed boundary conditions or 
globally averaged fluxes. In future work, comparisons with simplified 
analytical models will be performed to further validate and benchmark 
the model.

2. Description of the ACP model

The Modelica modelling language has been selected to write the 
GETTHEM code, being it particularly suitable for the modelling of 
complex systems thanks to its modular, object-oriented nature, that 
enables to build new models by simply extending and manipulating 
existing objects. As a consequence, also the model for the generation 
and transport of ACPs implemented in GETTHEM has been developed 
in the Modelica language, relying on the free and open source Modelica 
Standard Library [8]. In this way, it has been possible to build the new 
objects required to model ACPs extending already existing 1D and 0D 
models for typical components of hydraulic circuits.

A 1D flow model of a pipe including the generation and transport of 
ACPs has been developed adding, to the traditional mass, momentum 
and energy conservation equations for the liquid metal flow, also the 1D 
mass conservation for the ACPs transported by the PbLi flow, adopting 
the Finite Volume (FV) method [6]. The conservation equation for the 
generic 𝑗th dispersed material (DM) in the 𝑖th control volume (CV) is 
written as: 
𝑑𝑀𝐷𝑀𝑗 ,𝑖

𝑑𝑡
= 𝑚̇𝐷𝑀𝑗 ,𝑖,𝑖𝑛(𝑡) − 𝑚̇𝐷𝑀𝑗 ,𝑖,𝑜𝑢𝑡(𝑡) + 𝑆𝐶𝑗 ,𝑖(𝑡) + 𝑆𝐴𝑗 ,𝑖(𝑡) + 𝑆𝐷𝑗 ,𝑖(𝑡) (1)
∀𝑗 ∈ [1, 𝑁𝑠],∀𝑖 ∈ [1, 𝑁𝑉 ]

2 
where 𝑀𝐷𝑀𝑗 ,𝑖 is the mass of the 𝑗th corroded species in the 𝑖th CV, 
𝑚̇𝐷𝑀𝑗 ,𝑖,𝑖𝑛∕𝑜𝑢𝑡 the mass flow rate of the 𝑗th species entering and exit-
ing the 𝑖th CV and 𝑆𝐶𝑗 ,𝑖 (in kg/s) the local corrosion source for the 
𝑗th DM species, obtained from the corrosion rate (in m/s) computed 
e.g. by means of the Sannier correlation [7]. Sannier’s equation field 
of applicability is limited to cases where the PbLi flows at velocities 
up to 0.3m∕s and in a temperature range between 370 ◦C and 550 ◦C, 
but the model is flexible allowing the use of different, more suitable 
correlations, if available. The two terms accounting for the activation 
of the corroded particles dispersed in the PbLi, when exposed to the 
neutron flux in the BB, and for their radioactive decay, are 𝑆𝐴𝑗 ,𝑖 and 
𝑆𝐷𝑗 ,𝑖: the activation and the decay of the 𝑗th species in the 𝑖th CV, 
respectively. The two terms 𝑆𝐴𝑗 ,𝑖 and 𝑆𝐷𝑗 ,𝑖, expressed in kg/s, are 
defined as:

𝑆𝐴𝑗 ,𝑖(𝑡) =
𝑁𝑆
∑

𝑘=1
𝑘≠𝑗

𝜎𝑖,𝑗←𝑘 ⋅𝛷𝑖(𝑡) ⋅𝑀𝐷𝑀𝑖 ,𝑘(𝑡) − 𝜎𝑖,𝑗 ⋅𝛷𝑖(𝑡) ⋅𝑀𝐷𝑀𝑖 ,𝑗 (𝑡)

∀𝑗 ∈ [1, 𝑁𝑠],∀𝑖 ∈ [1, 𝑁𝑉 ], (2)

𝑆𝐷𝑗 ,𝑖(𝑡) =
𝑁𝑆
∑

𝑘=1
𝑘≠𝑗

𝜆𝑗←𝑘 ⋅𝑀𝐷𝑀𝑖 ,𝑘(𝑡) − 𝜆𝑗 ⋅𝑀𝐷𝑀𝑖 ,𝑗 (𝑡) ∀𝑗 ∈ [1, 𝑁𝑠],∀𝑖 ∈ [1, 𝑁𝑉 ],

(3)

where 𝛷𝑖(𝑡) represents the total neutron flux (in neutrons/m2/s) in the 
𝑖th CV, 𝜎𝑖,𝑗←𝑘 (in m2) denotes the nuclear cross section for the activation 
reaction undergone by the 𝑘th DM producing the 𝑗th DM in the 𝑖th CV, 
𝜎𝑖,𝑗 the total transmutation cross section of species j (obtained summing 
the cross sections of all the reactions leading to the transmutation of 
species j) in CV i, 𝜆𝑗←𝑘 is the decay constant of the 𝑘th DM producing 
the 𝑗th DM and 𝜆𝑗 the decay constant of species j. The cross sections 
𝜎 are functions of space too, since they depend on the neutron flux, as 
will be explained in the following, differently from the decay constants 
𝜆 which are space-independent.

The total neutron flux 𝛷𝑖(𝑡) is obtained simply by integrating over 
the energy domain the neutron spectrum 𝜙𝑖(𝐸, 𝑡) of the system under 
study, previously evaluated with a generic neutronic code (in this 
case, the Monte Carlo code MCNP [9] has been used). Cross section 
𝜎𝑖,𝑗←𝑘 (and, in an analogous way, 𝜎𝑖,𝑗 too) is calculated collapsing the 
continuous energy cross sections 𝜎𝑗←𝑘(𝐸) contained in nuclear data 
libraries (e.g., JEFF-3.3 [10] and ENDF-B/VIII.0 [11]), over the whole 
energy domain, exploiting the neutron spectrum of the system, as: 

𝜎𝑖,𝑗←𝑘 =
∫ ∞
0 𝜎𝑗←𝑘(𝐸)𝜙𝑖(𝐸)𝑑𝐸

∫ ∞
0 𝜙𝑖(𝐸)𝑑𝐸

, (4)

This approach preserves the neutron reaction rates, hence the physics, 
of the system, even though the continuous energy cross sections are 
collapsed into discretized mono-energetic values. The procedure of 
collapsing the continuous energy cross section can be done straight-
forwardly with the NJOY nuclear data processing code [12,13]. It is 
important to notice that the continuous energy cross sections 𝜎𝑗←𝑘(𝐸)
depend only on the neutron incoming energy, while the collapsed ones 
𝜎𝑖,𝑗←𝑘 are also a function of space, since they are related to the neutron 
spectrum which changes from component to component.

Concerning the 0D model of the Cold Trap (CT) for the ACP removal 
from the PbLi flow developed in [6], note that it does not distinguish 
between the different isotopes of a given chemical element: it will 
remove, as in reality, the chemical element as a whole. Therefore, it 
has not been modified. It computes the concentration of the 𝑗th species 
as a function of the inlet concentration, assuming a constant removal 
efficiency 𝜂 when the inlet concentration of the 𝑗th species is larger 
than its saturation concentration 𝐶𝑠

𝑗  in PbLi: 

𝐶𝑗,𝑜𝑢𝑡 =

{

𝐶𝑗,𝑖𝑛 for 𝐶𝑗,𝑖𝑛 < 𝐶𝑠
𝑗

𝑠 𝑠 𝑠 (5)

𝐶𝑗 + (1 − 𝜂𝑗 )(𝐶𝑗,𝑖𝑛 − 𝐶𝑗 ) for 𝐶𝑗,𝑖𝑛 > 𝐶𝑗 ,
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where 𝐶𝑗,𝑖𝑛∕𝑜𝑢𝑡 are the inlet and outlet concentrations of the 𝑗th species, 
defined as the ratio between the mass of the 𝑗th species and the mass 
of PbLi.

3. Test case

The ACP generation (with special reference to decay and activation) 
and transport equations implemented in GETTHEM have been tested 
in a model of the PbLi circuits of the outboard (OB) and inboard (IB) 
regions of the WCLL concept for the EU DEMO BB [14,15]. Only the 
detailed models of the components strictly necessary for the analysis of 
the ACP generation, transport and removal are included.

3.1. Test case description

The current WCLL concept configuration foresees 16 BB sectors, 
each one comprising three segments in the OB region (left – LOB 
–, central – COB – and right – ROB) and two in the IB region (left 
– LIB – and right – RIB). The sectors are fed by four PbLi loops 
for the OB segments (each loop feeding 12 segments) and two PbLi 
loops for the IB segments (each loop feeding 16 segments). The PbLi, 
coming from the main equipment region, is pumped to the lower ring 
manifold before entering the segments through the inlet legs. Inside 
the segments, the PbLi is distributed to the breeding zone, divided into 
breeding units (BUs) by toroidal-radial stiffening plates, where the fluid 
follows a radial, U-shaped path around baffle plates in the BUs. The 
PbLi then exits the segments through outlet legs and returns to the main 
equipment region via the upper ring manifold.

The IB and OB loop models employed in this work are shown in 
figure Figs.  2(a) and 2(b) respectively. The two models are composed by 
the components of the main equipment region (i.e., two heat exchang-
ers, the Tritium Extraction and Removal – TER – system, the system for 
the removal of ACPs, circulation tank and pump), the distribution pipes 
(i.e., ring manifolds, inlet/outlet legs) and the BB segments. Instead, the 
PbLi storage tanks is excluded by the model since the test case simulates 
only the normal operation of the system.

The TER system object does not include the model of the tritium 
extractor (which is, however, already implemented in GETTHEM [6]), 
but consists of a simple 1D pipe model. This simplification was adopted 
because the focus of this work is on the generation and transport of 
ACPs, rather than tritium-related aspects. In this way, the number of 
equations to be solved in the model is significantly reduced. The two 
heat exchangers (HX1 and HX2) have been modelled as ideal ones, 
i.e. with a constant secondary side temperature of 330 ◦C, while the 
0D model of the cold trap for the removal of activated species is that 
described in [6].

To reduce the computational cost of each simulation, it is assumed 
that the dimensions of the BUs are uniform within each segment 
and equal to those on the equatorial plane. The BB segment models 
(see BB_COB, BB_LOB, BB_IB in Fig.  2(a)) are composed of the series 
connection of a model for the BUs, one for the inlet manifold and one 
for the outlet manifold, each of these consisting of the 1D pipe object 
described by the new activation model discussed in Section 2. The LIB 
and RIB segments composing the IB region are identical and, thus, 
modelled with one object (Fig.  2(a)); the COB and L/ROB segments are 
modelled by two objects (with LOB and ROB being identical). Within 
the OB loop model, the L/ROB and COB BB objects are hydraulically 
in parallel. In this work, corrosion is modelled in all the pipes of the 
loop where PbLi flows, while activation is assumed to occur only in 
the objects modelling the BB segments, where the neutron flux is the 
highest.

This test case is mainly devoted to present the capability of the 
model to assess the generation and transport of ACPs, not to provide 
final results in the WCLL PbLi loops. For this reason, only a limited, 
yet representative, set of activation reactions (listed in Table  1) have 
been modelled: the main reactions involving 56Fe and 54Fe, as iron is 
3 
Fig. 2. Scheme of the models of the EU DEMO WCLL PbLi loops: (a) IB loop 
model with detailed view of the BB object, and (b) OB loop model.

the most abundant element in structural materials, as well as those 
involving manganese and tungsten, since 56Mn and 187W are signif-
icant contributors to the total radiological dose in the WCLL PbLi 
loops [16]. Moreover, the Sannier correlation has been adopted to 
estimate corrosion rates, despite some operating conditions in the loop 
falling outside its applicability range (e.g., PbLi temperature of 330 ◦C, 
below the lower bound of 370 °C, and velocities in some regions above 
0.3 m/s). This choice is justified by the lack of alternative empirical 
correlations for PbLi under WCLL-relevant conditions, and by the solely 
demonstrative nature of the present study. However, the model is 
flexible enough to easily allow the use of alternative, more suitable 
correlations – if and when they become available – in future works.

The PbLi is assumed to uniformly corrode the EUROFER97 surfaces 
of the breeding blanket and the stainless steel surfaces (ASTM A335 
P22 was considered in this work) of the loop pipes, hence the corrosion 
mass source term for each corroded isotope 𝑋𝑘 of a given element 
𝑋 is obtained by scaling the total corrosion mass source term 𝑆𝐶
(obtained here from Sannier correlation [7]) according to the nominal 
concentration of the element in the structural material 𝐶𝑋,𝑠.𝑚. (e.g. 89% 
in EUROFER97 and 96 % in ASTM A335 P22 for iron) and the isotopic 
abundance (𝑓𝑋𝑘

), as: 

𝑆𝐶,𝑋𝑘
= 𝐶𝑋,𝑠.𝑚. ⋅ 𝑓𝑋𝑘

⋅ 𝑆𝐶 (6)

All elements and isotopes included in the corrosion source term in this 
work are listed in Table  2, along with their concentration in structural 
materials and isotopic abundance. The most abundant isotopes of Fe 
and Cr are considered, being the primary constituents of structural 
materials, as well as 55Mn and 186W, due to their role in the activation 
reactions producing the short-lived radionuclides 56Mn and 187W. Note 
that 50Cr and 52Cr, despite being stable and not involved in the activa-
tion reactions considered in this work (see Table  1), are still included 
in the model to have a better estimate of the total inventory of Cr 
inside the circuit, needed to compute its removal from PbLi in the CT 
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Table 1
Nuclear inputs (average values in BZ and manifolds) used for activation and decay calculations for the test case. EC: electron 
capture decay mode, 𝛽−: beta-minus decay mode, 𝛽+: beta-plus decay mode. 1 b = 10−24 m2. Note that 51V and 187Re are not 
considered in this work as transported species within PbLi, since they are stable isotopes and, hence, not radiologically relevant.
 Isotope Reaction Product 𝜎̄ (b) - OB BZ 𝜎̄ (b) - OB manifolds 
 (n,n’p) 53Mn (3.74e6 y, EC/𝛽+) → 53Cr 1.56E−01 1.42E−02  
 54Fe (n,p) 54Mn (312.3 d, EC/𝛽+) → 54Cr 1.32E−01 1.99E−02  
 (n, 𝛼) 51Cr (27.7025 d, EC/𝛽+) → 51V 2.11E−03 3.74E−04  
 (n,2n) 55Fe (2.73 y, EC/𝛽+) → 55Mn 1.23E−01 1.09E−02  
 (n,n’p) 55Mn 1.83E−02 1.56E−03  
 56Fe (n,p) 56Mn (2.5785 h, 𝛽−) → 56Fe 3.14E−02 3.38E−03  
 (n,d) 55Mn 1.84E−03 1.66E−04  
 (n, 𝛼) 53Cr 1.29E−03 2.00E−04  
 (n,2p) 54Mn (312.3 d, EC/𝛽+) → 53Cr 1.88E−01 1.76E−02  
 55Mn (n,n’p) 54Cr 1.16E−02 1.04E−03  
 (n, 𝛾) 56Mn (2.5785 h, 𝛽−) → 56Fe 3.36E−03 6.88E−03  
 56Mn (n,2n) 55Mn 3.00E−01 3.13E−02  
 186W (n, 𝛾) 187W (23.719 h, 𝛽−) → 187Re 3.12E−02 5.61E−02  
Table 2
Isotopic abundances of corroded species and their concentration in structural materials.
 54Fe 56Fe 50Cr 52Cr 53Cr 54Cr 55Mn 186W 
 Isotopic abundance 𝑓𝑋𝑘

 [%] 5.8 91.72 4.4 83.8 9.5 2.4 100 28.4 
 Concentration 𝐶𝑋 in EUROFER97 [%] 89 8.93 0.44 1.15 
 Concentration 𝐶𝑋 in ASTM A335 P22 [%] 96 1.77 0.6 0  
model. Concerning tungsten, instead, an expression for its saturation 
concentration in PbLi is not available in literature – to the best of 
the author’s knowledge – so it is currently assumed that CT does not 
remove W particles. Consequently, other stable tungsten isotopes are 
not modelled in this work.

The saturation concentrations 𝐶𝑆
𝑗  of Fe, Cr and Mn required by the 

CT model for the removal of ACPs (Eq. (5)) are computed according 
to [17]: 

𝐶𝑆
𝐹𝑒 = 10−6exp

(

13.604 − 12975
𝑇

)

(7)

𝐶𝑆
𝐶𝑟 = 4.92 ⋅ 10−8exp(0.0058𝑇 ) (8)

𝐶𝑆
𝑀𝑛 = 10−6 ⋅ 10

(

6.732− 2938
𝑇

)

(9)

where 𝑇  is the local temperature of PbLi expressed in K and the 
saturation concentrations 𝐶𝑆

𝑗  are expressed in kg𝐷𝑀∕kg𝑃𝑏𝐿𝑖.
The neutron spectra needed for the assessment of the activation 

source term have been computed by ENEA in different positions of the 
Breeding Zone (BZ) and inlet/outlet manifolds [18], using the MCNP 
DEMO WCLL model [19] and employing the VITAMIN-J 175 energy 
groups grid, specifically developed for fusion blanket shielding [20]. 
All spectra were evaluated at the equatorial plane, assuming negligible 
variations of neutron flux in the poloidal direction compared to the 
radial one. These data have been provided for three locations within 
the BZ (near the First Wall (FW), in the middle and close to the 
manifolds) and two locations within the manifolds. As an example, 
the spectra evaluated with MCNP in the IB and provided by ENEA 
are shown in Fig.  3, where it is clear that the decrease of the flux at 
high energies corresponds to the transition from regions nearer to the 
plasma (FW) to farther ones (manifolds). The results provided by ENEA 
have a statistical error smaller than 5%, except for low energies where, 
however, the neutron flux is almost negligible.

For the GETTHEM simulations, the spectra are assumed constant 
during the simulated transient. Average values of the neutron flux 
(𝛷̄) and cross sections (𝜎̄𝑗) in the BZ and in the manifolds have been 
adopted: 

𝛷̄ =
∑𝑁𝑉

𝑖=1 𝛷𝑖 ⋅ 𝑉𝑖
∑𝑁𝑉

(10)

𝑖=1 𝑉𝑖

4 
𝜎̄𝑗 =
∑𝑁𝑉

𝑖=1 𝜎𝑖,𝑗 ⋅𝛷𝑖 ⋅ 𝑉𝑖
∑𝑁𝑉

𝑖=1 𝛷𝑖 ⋅ 𝑉𝑖
, (11)

where 𝑁𝑉  is the total number of volumes over which the average is 
computed, 𝑉𝑖 is the 𝑖th volume, 𝛷𝑖 the total neutron flux (i.e., integrated 
over the whole energy domain) in the volume 𝑉𝑖, and 𝜎𝑖,𝑗 the cross 
section of the 𝑗th reaction in volume 𝑉𝑖. As an example, the nuclear 
inputs in the OB BZ and manifolds used in the GETTHEM WCLL PbLi 
loop models are reported in Table  1.

3.2. Results

Assuming an initial concentration of dispersed materials in the 
working fluid equal to zero and a constant rotational speed of the 
pump, the models of the IB and OB PbLi loops developed for this 
test case have been used to simulate a transient of 30 days, with a 
computational time in the order of 10 min. The operating temperature 
adopted for the simulations is 330 ◦C, as it is the reference value 
currently assumed in the design of the WCLL PbLi loops (as reported, 
e.g., in [21]). The geometrical data and all the other inputs required to 
run the WCLL PbLi loop models are reported in Table  3.

Fig.  4 shows the concentration evolution of the iron isotopes at 
the inlet and outlet of the CT for the removal of ACPs, for both IB 
and OB loops. After ∼ 5 h of transient, the concentrations of all the 
dispersed iron isotopes have already reached the steady-state in both 
the loops, since they exceeded the saturation concentration 𝐶𝑆

𝐹𝑒 (equal 
to 3.7 ⋅ 10−4 wppm at the operative temperature of the PbLi loop of 
330 ◦C), allowing the system for the removal of ACPs to extract iron 
particles from the PbLi flow.

According to the Sannier correlation, higher fluid velocities lead 
to higher corrosion rates. In the ex-vessel loop piping, PbLi flows at 
velocities up to 0.54m∕s in the OB loop and 0.48m∕s in the IB, while 
inside the BB the flow is significantly slower, around 0.3mm∕s in the 
BZ. Since the IB loop includes longer ex-vessel piping, the overall 
corrosion rate is larger, resulting in a faster buildup of ACPs. As a result, 
iron reaches steady-state concentration in the IB loop about two hours 
earlier than in the OB loop. Additionally, a distinct ‘‘staircase’’ pattern 
is observed in Fig.  4, caused by the different corrosion rates and PbLi 
transit times within the series of components undergoing corrosion. In 
particular, the time intervals where the concentration profile remains 
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Fig. 3. Neutron spectra (provided by ENEA [18]) in the IB, evaluated on the VITAMIN-J energy grid. The error bars represent the 2𝜎 statistical error.
Fig. 4. Evolution of iron concentration at the inlet of the system for the removal of ACPs (modelled here by the CT object, see Section 2), for (a) IB circuit and 
(b) OB circuit; iron saturation concentration is shown with a black line.
relatively constant correspond to PbLi passing through BUs: here, the 
corroded mass of iron is limited by the short path of the fluid and by 
the low flow velocity of ∼ 0.3mm∕s (which also entails a long transit 
time of PbLi inside the component).

As shown in Fig.  5(a) almost all the Mn circulating in the loop is 
55Mn, suggesting that the corrosion source term is much greater than 
the activation source term producing the other Mn isotopes. However, 
even small traces of those radionuclides, particularly 56Mn, can have 
a substantial impact on the overall radioactivity in the PbLi loop. A 
similar observation applies to the evolution of tungsten concentration 
shown in Fig.  6, where 186W accounts for nearly all the tungsten 
present in PbLi. Nevertheless, the short half-life of 187W still makes 
its presence radiologically significant for this study. By the end of the 
simulated time frame (i.e. 30 days), during which a constant neutron 
flux in the BB is conservatively assumed, the concentration of Mn had 
only reached approximately 2 ⋅ 10−3 wppm, well below its saturation 
limit in PbLi (72.60 wppm at 330 ◦C). In Fig.  5(b) it is interesting to 
observe the behaviour of 56Mn. The (average) rate of increase of the 
concentration of this radioactive isotope reduces significantly after ∼ 1
day of transient, differently from that of the other Mn isotopes that 
continue increasing at an almost constant rate. This is mainly due to 
the much shorter half-life of 56Mn, in the order of few hours (see Table 
1), and to the fact that the main source of 56Mn is the activation of 56Fe, 
whose concentration reaches a steady state value after 5 h. A similar 
behaviour is expected for other isotopes as well, although after much 
longer transients.

In analogy with manganese, the chromium concentration at the 
end of the transient is much smaller than the saturation one (0.01 
5 
wppm versus 1.63 wppm at 330 ◦C). Fig.  7 shows the buildup of the 
radioactive 51Cr.

Finally, exploiting the capability of the model to compute ACP con-
centrations during the simulated transient in various locations within 
the PbLi loops, an assessment of the activity of the species transported 
within the PbLi flow in the different BB segments and loop pipes has 
been performed in this test case. The specific activity in Bq∕m3

𝑃𝑏𝐿𝑖 of a 
nuclide X has been computed as: 

𝐴𝑋 = 𝜆𝑋 ⋅𝑁𝑋 = 𝜆𝑋 ⋅
𝐶𝑋 ⋅ 𝜌𝑃𝑏𝐿𝑖 ⋅𝑁𝐴𝑉

𝑚𝐴,𝑋
, (12)

where 𝜆𝑋 is the decay constant of active nuclide X, 𝑁𝑋 the atomic 
density of nuclide X per unit volume of PbLi, 𝐶𝑋 the concentration of 
isotope X in units of kg𝑋∕kg𝑃𝑏𝐿𝑖, 𝜌𝑃𝑏𝐿𝑖 the mass density of PbLi, 𝑁𝐴𝑉
the Avogadro constant and 𝑚𝐴,𝑋 the atomic weight of X. Fig.  8 shows 
the concentration and the specific activity of the isotopes considered in 
this work, computed at the cold trap inlet of the OB loop after 30 days 
of transient. For the sake of brevity, only the results at the inlet of the 
cold trap, where the activities are the highest, since activated products 
are partly removed in the cold trap, are shown here. It is interesting 
to observe that a lower concentration sometimes corresponds to higher 
values of specific activity, like in the case of 56Mn, 51Cr and 187W. The 
extremely high activity of 56Mn is also consistent with its concentration 
evolution in Fig.  5. This result suggests that, in the future, also the 
activation of chromium should be taken into account to have a more 
representative picture of the ACPs in the EU DEMO WCLL BB.

The trends observed in the evolution of iron, manganese, chromium 
and tungsten concentrations in the PbLi loop, shown in Figs.  4–7, 
and the specific activities (Fig.  8), are qualitatively consistent with 
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Table 3
Input parameters for test case.
 IB LOOP OB LOOP  
 BB
 Number of segments per loop 16 8 (LOB+ROB), 4 (COB) –  
 Number of BUs per segment 92 104 (COB), 103 (L/ROB) –  
 BU channel length 0.358 0.548 (COB), 0.539 (L/ROB) m  
 BU channel hydraulic diameter 0.088 0.098 (COB) m  
 Inlet/Outlet manifold length 12.565 14.154 (COB), 13.989 (L/ROB) m  
 Average neutron flux 3.51E+18 (BU), 9.71E+17 (manifolds) 2.52E+18 (BU), 3.13E+17 (manifolds) n/(m2s) 
 COLD TRAP
 Pipe length 0.4 0.4 m  
 Pipe diameter 0.250 0.250 m  
 ACP removal efficiency 0.9 0.9 –  
 PUMP
 Nominal rotational speed 1200 1200 r.p.m  
 Nominal fluid density 9802.6 9802.6 kg/m3  
 Nominal head 1.2 1.2 bar  
 Flow characteristic: 𝐻 = −262.3𝑄2 𝐻 = −335.0𝑄2  
 𝐻 : head [m], −2.2616𝑄 −2.5556𝑄  
 𝑄: vol. flow rate [m3/s] +1.3215 +1.3215  
 HEAT EXCHANGERS
 Secondary side temperature 603.15 603.15 K  
 Pipe length 0.5 0.5 m  
 Pipe diameter 0.250 0.250 m  
 TER
 Pipe length 40 40 m  
 Pipe diameter 0.3 0.3 m  
 CIRCULATION TANK
 Height 10 10 m  
 Initial level 5 5 m  
 Surface pressure 4.2 4.2 bar  
 Cross sectional area 1 1 m2  
 PbLi FLOW
 Nominal mass flow rate 249.3 281.7 kg/s  
 Nominal pressure 46 46 bar  
 Nominal temperature 603.15 603.15 K  
 LOWER RING MANIFOLD
 Pipe length 65 50 m  
 Pipe internal diameter 258.8 258.8 mm  
 Number of pipes per loop 1 1 –  
 UPPER RING MANIFOLD
 Pipe length 65 50 m  
 Pipe internal diameter 258.8 258.8 mm  
 Number of pipes per loop 1 1 –  
 INLET LEG
 Pipe length 27 25 m  
 Pipe internal diameter 133.3 208.3 mm  
 Number of pipes per sector 2 3 –  
 OUTLET LEG
 Pipe length 3 6.1 m  
 Pipe internal diameter 160.3 208.3 mm  
 Number of pipes per sector 1 1 –  
 OUTLET LEG – IN PORT MANIFOLD
 Pipe length 17.5 9.7 m  
 Pipe internal diameter 160.3 258.8 mm  
 Number of pipes per sector 1 1 –  
6 
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Fig. 5. Evolution of manganese concentration in the OB loop at the inlet of the system for the removal of ACPs; (a) logarithmic scale view of all Mn isotopes 
and total Mn concentration, and (b) expanded view of 53Mn, 54Mn and 56Mn curves.
Fig. 6. Evolution of tungsten concentration at the inlet of the CT, for (a) IB circuit and (b) OB circuit.
Fig. 7. Evolution of chromium concentration at the inlet of the system for the removal of ACPs (modelled here by the CT object, see Section 2) of the OB loop, 
(a) on linear scale and (b) on logarithmic scale, to show the buildup of 51Cr .
expectations; however it must be noted that the results presented in this 
work may not necessarily reflect the real behaviour of the system, due 
to the assumption made for the development of the ACP transport and 
7 
generation model (see Section 2) and for this test case (see Section 3.1), 
as well as to the uncertainties in the input parameters. Therefore, these 
results are only intended to illustrate the potential applications of the 
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Fig. 8. Concentrations and specific activities of dispersed materials at the CT 
inlet in the OB loop after 30 days of transient, for the specific test case reported 
here.

model, rather than provide final estimates of the ACP concentrations in 
the WCLL PbLi loops.

4. Conclusions

The PbLi loop model implemented in the system-level GETTHEM 
code already included a preliminary modelling of the phenomena 
involved in the generation, transport, and removal of ACPs from the 
working fluid. However, the modelling of the ACP generation was 
limited to the assessment of the corrosion of solid particles from metal 
surfaces by means of the PbLi flow.

In this work, additional pieces of physics necessary for a compre-
hensive assessment of the ACP inventories are added to the PbLi loop 
model. Specifically, two source/sink terms have been added to the mass 
conservation equations for the corrosion products: one accounting for 
the activation of the corroded species carried within the working fluid, 
when exposed to the neutron flux inside the BB, and another for the 
radioactive decay of the species already activated. Moreover, providing 
as inputs the necessary nuclear data, such as cross sections for the 
activation reactions and decay constants, the model can be employed 
to simulate the generation and transport of an unlimited number of 
species within the PbLi.

To demonstrate the capability of the new ACP activation and decay 
models, a test case simulation has been performed for the WCLL IB and 
OB PbLi loops. A transient of 30 days of operation of the PbLi loops has 
been simulated, considering iron, chromium, manganese and tungsten, 
corroded from EUROFER97 and stainless steel structures, as dispersed 
materials carried by the working fluid. The main activation reactions 
undergone by these species in the BB are modelled. The evolution 
of iron, chromium, manganese and tungsten concentrations in PbLi 
during the simulated timespan have been shown, and the maximum 
activity due to the presence of active isotopes has been evaluated at 
the location within the different components of the WCLL PbLi loops 
where it reaches the maximum value, i.e. the cold trap inlet. The results 
show that the iron concentration reaches steady-state after ∼ 5 h in 
the OB and after ∼ 4 h in the IB, while chromium and manganese 
concentrations are well below their saturation concentrations at the end 
of the transient, so that they cannot be removed by the cold trap. On the 
other hand, the specific activity of the unstable isotopes of manganese 
and tungsten is non-negligible and should be further investigated in the 
future.

In perspective, the model for the ACP generation and transport shall 
be extended to include also the activation of structural materials in 
8 
the BB and the chemical interaction between liquid metal and solid 
structure (for instance, to assess the redeposition of corroded species 
on solid surfaces, implementing specific correlations).
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