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A B S T R A C T

The Vacuum Vessel Pressure Suppression System (VVPSS) is the safety system devoted to the mitigation of
in-vessel Loss-Of-Coolant Accidents, which are considered among the Design-Basis Accidents for tokamak fusion
reactors. The EUROfusion Consortium is performing the design of this system, as part of the conceptual design
phase of the EU DEMO fusion reactor, including in the process its integration in the plant.

This work reports the first parametric calculations carried out to evaluate the VVPSS response to a
postulated double-ended guillotine rupture of a Breeding Blanket coolant feeder. The aim of the study is to
characterize the role that key parameters play on the multiple systems involved in such an accidental event.
Assessments scanned a broad range of design variables, some closely related to the suppression system itself,
and others dependent on Primary Heat Transfer System features. The parameter space is mapped identifying
the regions where the accident consequences are fully mitigated, in terms of peak pressure in the Vacuum
Vessel (VV) and equilibrium pressure of both VV and VVPSS, providing a design tool to rapidly adapt the
VVPSS to the evolving plant design.
1. Introduction

The EU DEMO reactor [1] aims to become the first fusion device
in the EU to produce fusion electricity, and is now facing its con-
ceptual design phase by the EUROfusion Consortium [2–5], which
includes the design of safety systems [6] such as the Vacuum Vessel
Pressure Suppression System (VVPSS). The VVPSS is responsible for
the mitigation of the consequences of accidents which would cause an
overpressurization of the Vacuum Vessel (VV), which is the primary
confinement barrier, and whose pressure limit is currently set to 2 bar,
due to the presence of diamond windows in the gyrotron. One of
such accidents is the in-vessel Loss-of-Coolant Accident (LOCA), caused
when one of the Primary Heat Transfer Systems (PHTS) breaks releasing
the coolant within the VV. Using passive systems such as Rupture Discs
(RDs), the VVPSS extracts the coolant from the VV delivering it to an
Expansion Volume (EV) [7].

The design of the VVPSS is based on the design-basis accident
(DBA), which, among all the possible in-vessel LOCA scenarios, is the
one featuring the harshest conditions, i.e. largest coolant inventory and
largest break size. Therefore, the considered accident is a double-ended
guillotine (DEG) break of a feeding pipe of the Breeding Blanket (BB)
PHTS, namely the largest primary system, which is located in the upper
port area.

∗ Corresponding author.
E-mail address: antonio.froio@polito.it (A. Froio).

The dimensioning of the VVPSS is thus strongly linked to that of
other subsystems, mainly the BB-PHTS, but has also other constraints,
related for instance to the space availability in the ports region or in the
building. The aim of the present work is to analyse the effect of several
parameters, directly related to either the VVPSS, or the PHTS, on the
accidental transient following an in-vessel LOCA. The parametric scans
are summarized in design maps, which then allow immediate evalua-
tion of the acceptability of a given parameter combination, without the
need to run detailed simulations.

The design maps are built by simulating all the possible combi-
nations of the chosen parameters with a fast-running model, using
the GEneral Tokamak THErmal-hydraulic Model (GETTHEM) [8], a
tool developed at Politecnico di Torino with EUROfusion support for
the transient thermal-hydraulic analysis of different subsystems rel-
evant for the EU DEMO. The GETTHEM code has been successfully
applied in the past for VVPSS-relevant analyses [9,10], and has been
recently benchmarked against other tools such as CONSEN, MELCOR,
and RELAP5-3D [11].

The paper is organized as follows: in Section 2, a brief description
of the scenario, parameters, and model, is reported; then, the main
results are summarized in Section 3; finally, the conclusions and future
perspectives are described in Section 4.
vailable online 10 February 2023
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Nomenclature

BB Breeding Blanket
BV Bleed Valve
DBA Design-Basis Accident
DEG Double-ended guillotine
EV Expansion Volume
LOCA Loss-of-Coolant Accident
PHTS Primary Heat Transfer System
RD Rupture Disc
RL Relief Line
VV Vacuum Vessel
VVPSS VV Pressure Suppression System
WCLL Water-Cooled Lithium-Lead

2. Scenario and model description

In this section, the current design of the EU DEMO VVPSS (2.1), the
investigated parameter space (2.2), and the relative GETTHEM model
(2.3) are reported.

2.1. The EU DEMO VVPSS

The current layout of the EU DEMO VVPSS is sketched in Fig. 1.
The connection of the VVPSS to the VV is routed via the upper port;
this allows rapid mitigation of the transient when the DEG break
happens in the upper port itself (as in the DBA under consideration
here), while still being effective in case of leakages or ruptures in other
locations [11]. At the same time, this location minimizes the space
occupation, considering the presence of additional equipment at the
lower (divertor PHTS, vacuum pumping) and equatorial (additional
heating and current drive) ports.

The connection between the VV and the EV is achieved through a
set of four DN800 pipes in parallel called Relief Lines (RL), each of
which is equipped with a RD and a Bleed Valve (BV). The RD is passive,
whereas the BV is an active valve with a smaller cross section, to be
operated in case of small leakages, avoiding the burst of the RD which
would require the intervention of the Remote Maintenance system to be
replaced. The RD are set to open when a differential pressure of 1.5 bar
evelops across its surfaces. In the present work BVs are not considered
ecause the small cross section and actuation time would make their
ffect marginal for the majority of the investigated transients.

The EV is constituted by five 500m3 tanks connected in series; to
uppress the overpressurization, it is filled at 60% by liquid water, in
ub-atmospheric conditions (and, in particular, at a pressure equal to
he water saturation pressure at the given initial temperature): if the
oolant to be discharged is also water, it will be in vapour phase, so
he pressure will be reduced by condensing the steam; if instead the
oolant is helium, there will still be a more effective pressure reduction
y reducing its temperature. To this aim, other concepts, based on
passive heat exchanger, are being evaluated [7,12], but they are

ot considered in this work. A limit of 1.5 bar is currently set for the
quilibrium pressure of the EV.

.2. Investigated parameters

As mentioned in Section 1, some of the VVPSS design parameters are
arametrically varied to analyse their effect on the transient evolution,
ithin the limits allowed by the space constraints. In addition, also

ome of the PHTS design parameters are varied. These are:

• Number of VVPSS connection sets.
• Number of EV tanks.
2

t

Table 1
Parameter space.

Parameter Value

Number of VVPSS connections 1 or 2 (×4×DN800)
Number of 500m3 EV tanks 3, 4, 5, or 10
Initial EV temperature 30 °C, 40 °C, 50 °C
Feeding pipe size DN80 to DN350
PHTS volume 100m3, 150m3, 200m3, . . . , 700m3

• Initial temperature of the EV tanks.
• Size of the PHTS feeding pipe.
• Coolant inventory in the PHTS (volume).

The first three parameters in the list above are VVPSS design parame-
ters. Indeed, space may be available to route an additional set of four
DN800 pipes from another upper port, and/or to introduce up to five
additional tanks. On the other hand, the effect of a possible reduction
of the number of tanks is considered. In addition, a sensitivity scan is
performed on the EV initial temperature, starting from the ‘‘default’’
value of 30 °C, to evaluate what would be the impact of possibly higher
temperatures.

The last two are PHTS design parameters. In principle, both of them
are not free parameters, as they depend on the BB design, total power,
and target efficiency. In particular, the feeding pipe size is determined
based on the required mass flow rate, which in turn is correlated to the
power to be removed; the PHTS volume instead depends on the size of
the equipment (piping, circulators, pressurizers, etc.), which is again
correlated to the total power. Nevertheless, both could be modified
to some extent, without affecting the PHTS performance. The feeding
pipe size may be reduced locally introducing smooth cross section
restrictors, aiming at reducing the discharged mass flow rate during
an accident. Indeed, in view of the large pressure difference between
upstream (PHTS) and downstream (VV) the break, the flow will be
choked, i.e. the velocity is limited by the speed of sound, so the total
mass flow rate is directly proportional to the (smallest) cross-sectional
area of the pipe. The PHTS volume may instead be reduced introducing
or changing the PHTS segmentation in different loops, thus reducing
the inventory which is released during an accident.

The parameter space explored in this work is reported in Table 1.
Combining the different parameters, a total of 2496 cases are simulated.
For the sake of these analyses, the BB is considered to be the Water-
Cooled Lithium-Lead (WCLL) concept [13], which, being based on
pressurized water (155 bar, 295 to 328 °C) [14,15], will present the most
evere conditions for VVPSS dimensioning.

.3. The GETTHEM model

The model used in the present analyses is based on that used in
revious, similar works, which has been benchmarked [11] and, for
he WCLL case, validated against experimental data [9].

The PHTS (and BB), the VV, and the EVs are modelled with a
–D approach, i.e. the time-dependent mass and energy conservation
quations are solved with a lumped model (ordinary differential equa-
ions), as well as the break (which is modelled as a valve) and the
Ds. The RLs are instead modelled with a 1–D approach, solving the

ime-dependent mass, momentum, and energy conservation equations
partial differential equations); this enables a reliable calculation of
he pressure drop in the RLs, which, if neglected, would cause an
nderestimation of the pressure peak in the VV. The BVs are not
odelled in this work, as they have already been shown in the past not

o play a significant role for large-break LOCAs [7], and also in view of
heir active nature; neglecting their role is a conservative approach, as
he modelled cross section available for the coolant removal from the
V is smaller than the actual.

A sketch of the model is reported in Fig. 2. For further information
n the model (implementation, verification, validation), please refer

o [9,16].
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Fig. 1. Preliminary model of the ducts connecting the VV to the VVPSS.
Fig. 2. Sketch of the model used in this work.
Source: Reproduced from [11].
3. Results

In view of the large amount of simulated scenarios, they are sum-
marized in a set of 24 ‘‘design maps’’, one per each combination of
VVPSS-related parameter (number of connection sets, number of EV
tanks, initial EV temperature); each map is a 2-D table reporting on the
horizontal axis the PHTS volume and on the vertical axis the feeding
pipe size. These maps are available in [17]. The results of all the
simulated scenarios, in terms of pressure evolution in the VV, can be
qualitatively classified in three macro-cases, which are exemplified in
Fig. 3: in the first one, the accident mitigation is so effective that
the pressure in the VV starts decreasing as soon as the RDs intervene
(Fig. 3(a)); in the second, the accident mitigation is still effective in
keeping the VV pressure peak below the 2 bar limit, but the pressur-
ization of the VV continues for a short time after the intervention
of the RDs (Fig. 3(b)); in the last one, the accident mitigation is
ineffective, causing the VV pressure to overcome the limit (Fig. 3(c)).
These scenarios will be referred to as ‘‘green’’, ‘‘yellow’’, and ‘‘red’’,
respectively, according to the colour code adopted in the design maps
(see e.g. Tables 2 and 3).

In the following Section 3.1, the main, qualitative effect of each
parameter is described. For given VVPSS parameters, the maps allow
to identify all combinations of PHTS parameters (inventory and dimen-
sions of feeding pipes) that ensure the verification of the safety limits.
3

From the maps, it is possible to derive the ‘‘limiting’’ scenarios for PHTS
parameters (maximum inventory and maximum feeding pipe diameter).
These ‘‘limiting’’ (i.e. maximum allowable) scenarios are summarized in
Section 3.2.

3.1. Effect of the different parameters

As already evident from previous analyses [9–11], the main driver
for the peak VV pressure is represented by the break size (or its ratio
with respect to the total cross section available in the VVPSS connection
pipes), whereas the PHTS volume (or its ratio with respect to the
total EV volume) drives the equilibrium pressure. Indeed, a threshold-
like behaviour is evident, in particular concerning the feeding pipe
size, with all scenarios with pipes larger than DN150 (for one VVPSS
connection set) or DN200 (for two VVPSS connection sets) causing the
VV to over-pressurize, irrespectively of the PHTS inventory (with some
small exceptions for very large inventories). Therefore, the VVPSS can
suppress the pressure peak (below 2 bar) provided its total flow area
is at least 120× larger than that of the feeding pipe (even though
this figure should be taken as an indicative measure only, given that
only pipe diameters according to the ISO 6708 standard have been
considered in the present work). Similarly, the minimum required
VVPSS volume to allocate all the PHTS inventory without overcoming
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Fig. 3. Examples of evolution of the VV pressure, for (a) a ‘‘green’’ case, (b) a ‘‘yellow’’ case, and (c) a ‘‘red’’ case. The VV and EV pressure limits (2 bar and 1.5 bar) are shown
ith the thin dashed lines in black and red, respectively.
Table 2
Output matrix for initial EV temperature of 50 °C, 5 EV tanks, and one VVPSS connection set. The limiting scenario is in boldface and underlined.
𝑝𝑚𝑎𝑥 PHTS inventory [m3]

[bar] 100 150 200 250 300 350 400 450 500 550 600 650 700

Pipe DN

80 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616
100 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616
125 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.662 1.786
150 1.682 1.715 1.742 1.764 1.783 1.799 1.812 1.824 1.834 1.844 1.852 1.870 2.049
200 2.515 2.643 2.739 2.815 2.877 2.928 2.972 3.010 3.042 3.071 3.097 3.120 3.141
250 3.373 3.606 3.785 3.928 4.046 4.144 4.228 4.301 4.365 4.419 4.472 4.518 4.559
300 4.138 4.490 4.761 4.981 5.162 5.316 5.449 5.564 5.666 5.757 5.839 5.901 5.980
350 4.584 5.007 5.339 5.609 5.835 6.027 6.193 6.339 6.468 6.583 6.687 6.781 6.866
Table 3
Output matrix for initial EV temperature of 50 °C, 5 EV tanks, and two VVPSS connection sets. The limiting scenario is in boldface and underlined.
𝑝𝑚𝑎𝑥 PHTS inventory [m3]

[bar] 100 150 200 250 300 350 400 450 500 550 600 650 700

Pipe DN

80 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616
100 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616
125 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.649 1.770
150 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.616 1.690 1.867 2.045
200 1.618 1.630 1.644 1.657 1.668 1.679 1.689 1.697 1.705 1.711 1.753 1.892 2.181
250 2.130 2.216 2.281 2.332 2.373 2.408 2.437 2.462 2.484 2.504 2.521 2.536 2.550
300 2.691 2.839 2.951 3.039 3.110 3.171 3.222 3.266 3.304 3.338 3.368 3.395 3.420
350 3.305 3.226 3.370 3.484 3.578 3.656 3.723 3.781 3.831 3.876 3.915 3.951 3.982
the 1.5 bar limit ranges from 3.5× to 6× the PHTS volume, according to
he EV temperature (lower is better).

Overall, the results highlight compatibility of the VVPSS (with
wo connection sets) with the WCLL BB PHTS at its current design
tage, which foresees the use of DN200 pipes for the largest feeding
ipes [15,18]; further segmentation of the PHTS (e.g. due to radioactive
nventory concerns) might also lower this value to DN150.

This can be seen in the two maps reported in Table 2 and Table 3 for
ne and two VVPSS connection sets, respectively, and for the ‘‘default’’
cenario (five tanks), with conservative initial temperature of 50 °C: in

the tables, a green background represents a scenario in which the max-
imum pressure 𝑝𝑚𝑎𝑥 < 1.8 bar (i.e. the 2 bar limit, minus 10% tolerance),
a yellow background means 𝑝𝑚𝑎𝑥 < 2 bar (i.e. within the limit), and a
red background means 𝑝𝑚𝑎𝑥 > 2 bar (i.e. beyond the limit); similarly,
a green text means an equilibrium pressure 𝑝𝑒𝑞 < 1.35 bar (i.e. the
1.5 bar limit, minus 10% tolerance), a yellow text means 𝑝𝑒𝑞 < 1.5 bar
(i.e. within the limit), and a red text means 𝑝𝑒𝑞 > 1.5 bar (i.e. beyond the
limit). It is thus evident how all the scenarios with feeding pipe up to
DN150 can be suppressed by a VVPSS with one connection set, whereas
the limit increases up to DN200, as mentioned above. At the same time,
the maps highlights that the PHTS inventory drives (almost exclusively)
the equilibrium pressure, which is unaffected by the number of VVPSS
4

connection sets (as there is no difference between Tables 2 and 3 in
this respect).

This behaviour is also reported in Fig. 4, which shows the variation
of the maximum pressure as a function of the feeding pipe DN, PHTS in-
ventory, number of VVPSS connection sets, and initial EV temperature.
In addition to the effect of the feeding pipe size (and of the number of
VVPSS connection sets), it shows the smaller but non-negligible effect
of the initial EV temperature, which amplifies the effect of the larger
PHTS inventories, reducing, in the worst cases, the maximum possible
PHTS feeding pipe size for the same number of VVPSS connection sets.
As an example, it is possible to compare Fig. 4(f) with Figs. 4(b) and
4(d): in the first, with the largest EV temperature (50 °C), for a PHTS
inventory of 700m3, the maximum possible feeding pipe size is reduced
to DN125, as opposed to DN200 in the other two cases. Nevertheless, it
should be highlighted that 50 °C is a quite overconservative assumption,
and it still affects only the worst case scenario as far as the PHTS
inventory is concerned.

3.2. Summary of ‘‘limiting’’ scenarios

For each combination of VVPSS-related parameters (number of

tanks, number of connection sets, initial temperature), a ‘‘limiting’’
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ets; (e): initial EV temperature 50 °C, one VVPSS connection set; (f): initial EV temperature 50 °C, two VVPSS connection sets. The VV pressure limit (2 bar) is shown with the
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HTS configuration can be identified looking at the maps such as those
eported in Tables 2 and 3; in this work, this limiting configuration is
hosen as the largest PHTS inventory which allows using the largest
ossible feeding pipe size: for instance, looking at Table 2, the largest
ossible feeding pipe size is DN150, thus the limiting PHTS configu-
ation corresponds to the one with DN150 feeding pipes and 500m3

nventory (as larger inventories would imply an equilibrium pressure
bove the limit). This does not take into consideration other, important
HTS design constraints, which are beyond the scope of the work, but
hat could be taken into consideration whilst moving in the ‘‘green’’
egion of each map.

The limiting configuration for all the possible VVPSS designs con-
idered in this work are reported in Table 4.

. Conclusions and perspective

The GETTHEM model for an in-vessel LOCA in a water-cooled EU
EMO has been applied to perform a sensitivity analysis on different
VPSS and PHTS design parameters. The PHTS size, feeding pipe size,

nitial EV temperature, number of EV tanks, and number of VVPSS
5

s

onnections have been varied, for a total of almost 2500 combinations,
o identify the acceptable and unacceptable scenarios, for each possible
VPSS configuration. The analysis showed that the most relevant pa-
ameter is the ratio between the cross section of the feeding pipe (where
he break occurs) and that of the VVPSS connection, which drives
he most important differences in the outcome. Indeed, a threshold
ehaviour is visible for large feeding pipe sizes, but the maximum
llowable diameter is DN150 if using one VVPSS connection set, and
N200 if using 2 VVPSS connection sets, which is compatible with the
urrent PHTS design. The other parameter which plays a less-negligible
ole is the initial temperature, which however becomes significant only
or larger PHTS volumes. All the results have been summarized in
‘design maps’’, which allow a rapid update of the VVPSS design given

change in the PHTS design (or vice-versa).
In perspective, the VVPSS design will be finalized in order to allow

ore detailed (verification-oriented) analyses to be carried out and fix
he space occupation. Some improvements to the VVPSS design are also
eing considered, for example introducing a passive heat exchanger,
hich would reduce the energy content of the coolant before its expan-

ion in the EV, thus reducing the required volume (and possibly further
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Table 4
Limiting VVPSS configurations.

VVPSS design Limiting PHTS configuration

Temperature Connections Tanks Feeding pipe diameter Inventory

30 °C

1

3

DN150

400m3

4 550m3

5 >700m3

10 >700m3

2

3

DN200

400m3

4 550m3

5 >700m3

10 >700m3

40 °C

1

3

DN150

350m3

4 450m3

5 600m3

10 >700m3

2

3

DN200

350m3

4 450m3

5 600m3

10 >700m3

50 °C

1

3

DN150

250m3

4 400m3

5 500m3

10 >700m3

2

3

DN200

250m3

4 400m3

5 500m3

10 >700m3

mitigating the transient); such solution is particularly interesting for the
case of a non-condensable coolant, such as helium.
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