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System-level thermal-hydraulic model of the WCLL Breeding Blanket cooling loop developed.
Highly modularity thanks to the Modelica language.
Simpliﬁed model able to simulate the whole WCLL cooling system in faster-than-realtime.
Model benchmarked against CFD calculations.
First application to steady-state nominal scenario.
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a b s t r a c t
A global thermal-hydraulic model of the EU DEMO tokamak, based on an object-oriented approach using
the Modelica language, is currently under development at Politecnico di Torino. The ﬁrst module of the
global model will simulate the dynamics of the blanket cooling system and it will be able to investigate different coolant options and different cooling schemes, adapted to the different blanket systems currently
under development in the Breeding Blanket project. Following the development of the module related
to the Helium-Cooled Pebble Bed blanket, this paper presents the dynamic model of the Water-Cooled
Lithium Lead (WCLL) blanket, designed at ENEA Brasimone, together with the ﬁrst results obtained in
steady-state conditions.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The development of a conceptual design of the European
Demonstration Fusion Power Reactor (EU DEMO) is one of the goals
deﬁned in the EU fusion roadmap Horizon 2020 [1]. Starting from
the results obtained by ITER, this device will prove the feasibility
of a closed fuel cycle, achieving tritium self-sufﬁciency, and the
production of net electricity.
Within this framework, the EUROfusion Project Management
Unit (PMU) is supporting the development of a global thermalhydraulic model of the whole tokamak at Politecnico di Torino,
aimed at the simulation of the cooling loops of the main in-vessel

components, including the ex-tokamak parts. The model shall be
developed in a modular fashion, according to an object-oriented
approach, and will eventually allow to perform fast parametric
analyses of the whole tokamak cooling system.
The ﬁrst module of the global model is devoted to the simulation
of the Breeding Blanket (BB) cooling system, which in DEMO will
be at the same time the core element of the power generation. The
development of this module started in 2015, with the development
of the model for the Helium-Cooled Pebble Bed (HCPB) BB concept
[2]. In this paper we present the development and ﬁrst application
of the second part of the BB module, devoted to the modelling of
the Water-Cooled Lithium-Lead (WCLL) BB concept.
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Fig. 1. Blanket segmentation, showing the numbering convention of the IB1-7 and
OB1-7 BMs (reproduced from [5]).

Fig. 3. Schematic of the WCLL cooling circuit model (FW#: First Wall object; BZ#:
Breeding Zone object; IM: Inlet Manifold; OM: Outlet Manifold; ID: Inlet Distributor;
MIX: Mixer; HX/SG: Heat eXchanger/Steam Generator).

Fig. 2. CAD of the rear side of the WCLL OB4 BM, showing the coolant I/O manifolds.

2. WCLL cooling circuit
For the development of this model the 2015 design of the WCLL
BB [3,4] has been considered. The tokamak is divided in 18 equal
toroidal sectors: each sector is made of three identical Outboard
(OB) and two identical Inboard (IB) blanket segments; each segment contains 7 Breeding Modules (BMs) [5], see Fig. 1. Each BM,
shown in Fig. 2, comprises a portion of the First Wall (FW) and a
Breeding Zone (BZ), containing the liquid (PbLi) breeder material.
The cooling circuit is split when entering the vessel, with two different sets of manifolds delivering the water coolant to the FW and
the BZ in parallel, as visible in Fig. 2.
3. Model description
A sketch of the cooling circuit model is reported in Fig. 3. The
FW loop, composed by rectangular cooling channels immersed in
the FW solid structure, is further split in two parts, with the water
coolant running in one direction in half of the channels and in counterﬂow in the other half, as shown in Fig. 4; this loop is also used to
cool the upper and lower walls of the BM. The solid part of the FW

is included in the FW cooling circuit model by treating the channel
walls as 1D objects in the ﬂow direction, see [2] for details.
The BZ part, whose model is shown in Fig. 5, is cooled by circular double-wall tubes, which are in contact with the PbLi ﬂowing
in the free space on their outer side. The tubes are arranged in a
modular layout, with a set of elementary cells of 21 tubes (shown
in Fig. 6) ideally stacked in the poloidal direction, with inlet oriﬁces
to control the mass ﬂow rate distribution.
The primary heat sink is the heat exchanger (HX), which can be
a steam generator (SG), if the primary heat is to be directly used to
produce electricity, or a water/molten salts HX, if an intermediate
energy storage loop is to be used. Finally, the operational pressure
and the range of water temperature are the same as in the primary
loops of pressurised water reactors (i.e. p = 15.5 MPa, T between 285
and 325 ◦ C).
The model is written using Modelica, which is an object-oriented
declarative modelling language aimed at convenient modelling of
complex systems, see [2] and references therein. The model is
0D/1D, with the cooling channels modelled with a 1D ﬁnite volume approach, while the other components (such as e.g. valves)
are 0D; also the manifolds are treated as 0D objects, for the time
being.
For the HX/SG a 0D ideal HX model is adopted, i.e. imposing
that the outlet temperature is always at the nominal value (285 ◦ C),
independently of the inlet temperature value. The secondary circuit is not modelled for the time being. In all the components, the
time-dependent form of conservation of mass, energy and, for the
1D models only, momentum, is enforced (see [2] for details on the
solved equations).
Within the model, each channel can be different from all the others, both in terms of geometry (e.g. cross section) and load, making
the code an ideal tool to perform parametric analyses aimed e.g.
at the optimization of the coolant distribution, without the need
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Fig. 4. Schematic of the generic FW# object (FWC#: First Wall Channel object; IM: Inlet Manifold; OM: Outlet Manifold). The inlet and outlet ﬂuid connectors are represented
by vertical disks at the beginning and at the end of the model.

Fig. 5. Schematic of the generic BZ# object (BZC#: Breeding Zone Channel object; IM: Inlet Manifold; OM: Outlet Manifold).

plifying the computation of the ﬂuid properties. In particular, the
water is assumed to be always liquid (single phase), with speciﬁc
heat, density and the derivative of the internal energy with respect
to the temperature at constant pressure linearly dependent on the
temperature; these assumptions allow to perform very fast simulations, while still being acceptable if the coolant stays inside or close
to the operational limits, with the errors on the above-mentioned
variables always below 3.5 % and below 2 % on average. In addition
to that, the pressure drop characteristic of each channel is linearized
around the operating point (i.e. the pressure drop depends linearly
on the mass ﬂow rate). Finally, the heat transfer coefﬁcient between
the ﬂuid and the solid structures in the FW, as well as the solid
speciﬁc heat and density, are considered constant.
In the case of off-normal transients, however, the assumptions
on the thermophysical properties of the coolant may not be valid
anymore and the model cannot be used; for this reason, a second
version has been developed, with a detailed description of the thermophysical properties of the coolant and simplifying geometrical
assumptions to maintain the code speed, which can be used e.g. for
transient analyses (e.g. in-vessel LOCAs).
4. A simple application of the model

Fig. 6. Radial-poloidal (a) and radial-toroidal (b) cut of OB4, showing the details of
the elementary cell in the inset; the 21 channels are circled in green in the inset
(adapted from [3]). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

for time-demanding detailed Computational Fluid Dynamics (CFD)
calculations.
In view of the very large number of channels needed to model
the whole WCLL system, some simplifying assumptions have to be
made. Hence, a new fully standard-compliant Modelica library has
been developed to compute the ﬂuid-dynamics of the coolant, sim-

In order to check its capabilities, the code has been used to simulate a simple scenario. Since the data on the ex-vessel components
are not available yet (as their design is still ongoing), the loop is not
closed and only the in-vessel components (i.e. channels and manifolds) are simulated. Hence, as boundary conditions, the nominal
values of pressure and temperature are imposed at the inlet, while
at the outlet the pressure is imposed according to the expected
pressure drop of 7.7 kPa (OB modules) or 7.3 kPa (IB modules) [3].
Moreover, the oriﬁces at the inlet of the channels are set in order to
have the mass ﬂow rate uniformly distributed among the channels.
Following a similar approach to what was done in [2] for the
HCPB, in order to check if all the points in the BZ volume are adequately cooled, i.e. if all the cooling channels inside one elementary
cell reach (almost) the same outlet temperature value, a steadystate heat load is imposed (equal to the nominal values reported in
[3]). The power is generated in the PbLi according to an exponential law peaked on the plasma side, which is considered reasonable
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Table 1
Comparison among the outlet temperatures computed by the model and those
obtained by CFD.

Fig. 7. Power distribution in one elementary cell.

Channel

System-level model
outlet temperature [◦ C]

CFD model outlet
temperature [◦ C] [3]

1–14
2
3–15
4–16
5–17
6–18
7–10–12–19
8–20
9–11–13–21

294.8
292.0
296.3
302.9
299.4
307.5
303.2
337.9
328.5

290.4
301.2
306.6
313.3
318.0
315.2
320.1
325.7
335.6

distribution among the channels, and reﬂects with acceptable accuracy the results obtained in [3] using CFD, see Table 1, qualitatively
conﬁrming the validity of the model, particularly if considering
that in the CFD model the detailed temperature distribution in the
PbLi was taken into account, while in the present work a simple
exponential power distribution is assumed.
In order to ensure adequate cooling of all the points of the BZ
and to have (at least in nominal conditions) the same outlet temperature in all the channels, it is hence needed to tune the mass
ﬂow into the channels, using the oriﬁces at the channel inlets. This
can be done applying the model to perform a parametric analysis
varying the respective pressure drops in a suitable range, which
might be prohibitively expensive if performed through CFD.
5. Conclusions

Fig. 8. 1D proﬁle along the channel (a) and distribution in the radial-toroidal plane
(b) of the coolant temperature in four selected cooling channels out of the 21 of an
elementary unit of the OB4 module.

as the power generated is proportional to the neutron ﬂux, that is
assumed to follow an exponential law [3]. As in the model each
channel is considered responsible for the cooling of the volume of
PbLi around it, and these volumes turn out to be different because
of the disposition of the channels, the resulting distribution of the
power deposited in each channel, reported in Fig. 7, is not exponential: channels further away from the plasma, but taking care of a
larger volume of PbLi, end up extracting more power than channels
closer to the plasma.
Fig. 8 reports the temperature distribution for four selected
channels out of the 21 of one elementary unit of the OB4 (equatorial) module; a similar situation is found in all the IB and OB
BMs.
The temperature increase is different from channel to channel,
with some of them reaching a temperature above the maximum
design value of 325 ◦ C [4]. This result was expected, since the mass
ﬂow rate distribution was not regulated based on the heat load

A system-level transient model of the EU DEMO WCLL BB cooling
system has been developed. Being written using the Modelica language, it is highly modular and can be easily adapted to the ongoing
design of the BB.
Thanks to its speed, this tool can be very helpful in this phase
of the design, to rapidly look at the effect of the variation of a
parameter, without the need for computationally expensive CFD
calculations.
The model has been implemented as a new Modelica library,
containing a simpliﬁed deﬁnition of the coolant thermophysical
properties and all the objects needed to model the cooling loop; this
library has been speciﬁcally written for the model to be extremely
fast in simulating the whole cooling system, while still keeping an
acceptable accuracy.
The newly developed tool has been tested in a simple steadystate case to check its validity and performances, with the aim of
looking at the mass ﬂow rate unbalances among the BZ cooling
channels; as expected, the results showed that the ﬂow must be
optimized in order to better redistribute the temperature increase
in the channels and avoid hot-spots with temperatures above the
saturation value.
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