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Abstract: One of the most important environmental and safety concerns in nuclear fusion plants is
the confinement of radioactive substances into the reactor buildings during both normal operations
and accidental conditions. For this reason, hydrogen build-up and subsequent ignition must be
avoided, since the pressure and energy generated may threaten the integrity of the confinement
structures, causing the dispersion of radioactive and toxic products toward the public environment.
Potentially dangerous sources of hydrogen are related to the exothermal oxidation reactions between
steam and plasma-facing components or hot dust, which could occur during accidents such as the
in-vessel loss of coolant or a wet bypass. The research of technical solutions to avoid the risk of a
hydrogen explosion in large fusion power plants is still in progress. In the safety and environment
work package of the EUROfusion consortium, activities are ongoing to study solutions to mitigate the
hydrogen explosion risk. The main objective is to preclude the occurrence of flammable gas mixtures.
One identified solution could deal with the installation of passive autocatalytic recombiners into the
atmosphere of the vacuum vessel pressure suppression system tanks. A model to control the PARs
recombination capacity as a function of thermal-hydraulic parameters of suppression tanks has been
modeled in MELCOR. This paper aims to test the theoretical effectiveness of the PAR intervention
during an in-vessel loss of coolant accident without the intervention of the decay heat removal system
for the Water-Cooled LithiumLead concept of EU-DEMO.

Keywords: safety; EU-DEMO; MELCOR; PAR; hydrogen

1. Introduction

As well as for fission power plants, the main environmental and safety issue for fusion
power devices is the control of the radioactive substances and their confinement into the
reactor buildings. This is needed to prevent significant releases of radioactivity to the
environment during both normal operations and accident conditions. For this purpose,
fusion power plants’ safety studies have highlighted that hydrogen accumulation and the
subsequent combustion must be avoided. The pressure and energy generated may threaten
the integrity of the confinement structures, causing the dispersion of radioactive and toxic
products toward the public environment [1-5].

In the fight against climate change, nuclear power plants can stand as a central asset
in the baseload power generation, working together with renewable energies to satisfy
the total consumption demand. Active NPPs installed around the globe are well-known
technologies that provide 10% of the world’s electricity from about 440 power reactors [6,7].
The Light Water Reactor (LWR) is the most widespread technology adopted, divided mainly
between Pressurized Water Reactors (PWRs) [8], and Boiling Water Reactors (BWRs) [9].
Another technology with several operative reactors is the Pressurized Heavy Water Reactor
(PHWR) [10]. Innovative fission nuclear power plant designs based on the Small Modular
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Reactor (SMR) approach are being developed; the goal is to achieve an increased level
of safety and reduce the amounts of nuclear waste produced [11]. At the same time,
fusion power devices based on the tokamak concept aim to demonstrate an inherent safety
concept and drastically reduce the volume of the radioactive waste produced in fission
power plants [12].

The research of technical solutions to avoid the risk of a hydrogen explosion in large
fusion power plants is still in progress. The first objective is to preclude the occurrence of
flammable gas mixtures. If flammability limits are exceeded anywhere, the second objective
is to avoid more dangerous concentrations.

Since the vacuum vessel (VV) represents the first confinement barrier to these radioac-
tive materials, its integrity must be ensured during several accident scenarios. In the event
of a postulated accident involving the ingress of steam into the VV, hydrogen could be
produced by oxidation reactions between water/steam and Plasma-Facing Components
(PFCs), hot dust (W and Be), or liquid metal [13-15]. Moreover, hydrogen isotopes are used
as fuel in tokamak reactors. If the ingress of air into the VV is also postulated, the reaction
of air with hydrogen and dust cannot be excluded entirely and could lead to a possible
explosion, which could compromise the VVs integrity.

Proposed solutions to preclude the occurrence of flammable gas mixtures could deal
with the injection of inert gas in the VV and vacuum vessel pressure suppression system
(VVPSS) tanks or the installation of a hydrogen recombination system connected with the
VVPSS. The disadvantage of injecting an inert gas is that hydrogen and tritium are not
removed from the system but only diluted. Moreover, this solution is complex to realize
because large tanks available for the inert gas storage, ducts for the gas injection, and active
systems to trigger the intervention of the system are needed. For this reason, the safety
and environment work package of the EUROfusion consortium is currently investigating
the possibility of using a passive recombination system consisting of self-starting and
self-feeding autocatalytic recombiners that trigger spontaneously as soon as the hydrogen
concentration begins to increase in the atmosphere. In tokamak devices, recombiners could
be installed inside the VVPSS suppression tanks (STs) or in suitable expansion tanks (ETs)
to deal with the possible concentration of hydrogen in the free volume atmosphere.

Several experimental programs have been established to study the behavior of Passive
Autocatalytic Recombiners (PARs) under different conditions. In particular, the THAI
experimental program was one of the most comprehensive test series that was performed
using several different PARs manufactured worldwide [16,17]. Experience gained in the
THAI test campaign highlighted that PAR systems are designed to work in the pressure
range of 0.9-3 bar. Moreover, the efficiency of the hydrogen recombination system depends
on the local atmosphere composition in the recombiner box and on their location.

Past studies, reported in [1], have highlighted that because of differences in the
operative pressure between the fission and fusion applications, the Fisher-based model
implemented in MELCOR fusion code [18,19] could overestimate the mass of the hydrogen
recombined by PARs. To better evaluate the effectiveness of PAR recombiners installed in
VVPSS suppression tanks, a new model has been developed in MELCOR. In particular,
this custom model can assess the mass of hydrogen recombined, considering the operating
pressure and mole fractions of the atmosphere surrounding the PAR.

The postulated initiating event (PIE) chosen to study the theoretical effectiveness of the
recombination system is an in-vessel loss of coolant accident, from the Primary Heat Trans-
fer System (PHTS) [13]. The recombination system has been modeled with two different
approaches. In the first model, the PAR units are installed in two suppression tanks; while
in the second approach, the suppression tanks have been initialized in saturated conditions,
and the PAR units are installed in suitable expansion tanks. The results demonstrated that
the first solution allows the recombination of a large part of the mobilizable hydrogen until
the atmosphere reaches a high hydrogen concentration, posing serious safety concerns.
The second solution demonstrated the recombination of a large part of the mobilizable
hydrogen, which is more effective in explosion risk mitigation.
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The remainder of the paper is organized as follows. Section 2 of the Material and
Methods presents the DEMO reference design adopted for this analysis. Since MELCOR
has been adopted as the system code to analyze the LOCA transient, Section 2.1 describes
the MELCOR model of the EU-DEMO design. The results are presented in Section 3,
where two different approaches are compared. The first approach in Section 3.1.1 simulates
hydrogen recombination with PAR installed in two different suppression tanks; while in
Section 3.1.2, the PARs are installed in two expansion tanks that are connected through
bleeding lines to the suppression tanks.

2. Materials and Methods

The study adopted the reference design of the European DEMOnstratation (EU-
DEMO) [20] with a fusion power equal to 1923 MWth. The blanket component, which
is one of the candidate options, is based on the Water-Cooled LithiumLead (WCLL) con-
cept [21]. The blanket is characterized in the toroidal direction by 16 sections. The design
of each sector is based on an OutBoard blanket (OB), which includes three segments, and
an InBoard (IB) blanket, which is made up of two segments. A total of 100 breeding cells
are contained in each single segment and are distributed along the poloidal direction. The
WCLL 2018 V0.6 is the reference equatorial breeding cell of the central OB adopted for the
model, shown in Figure 1 and described in detail in [22]. The First Wall (FW) is included in
the front element of the Breeding Zone (BZ). The layer of the FW facing the plasma chamber
is made of 2 mm thickness of tungsten, and a second layer of 25 mm thickness of EUROFER.
The module and the FW are cooled by integrated C-shaped squared channels of 7 x 7 mm
and a pitch of 13.5 mm. Two independent cooling systems are adopted for the FW and the
BZ. Violent chemical reaction between the breeder and the cooling water represents a risk in
case of a pipe rupture [22]. The approach to minimize the risk associated with an in-board
tube rupture is based on the radial-toroidal Double Walled Tubes (DWTs) disposition of the
BZ coolant pipes. The DWT component consists of two horizontal sections in the toroidal
direction, each section is made up of 3 tube arrays in the radial direction. Thermo-dynamic
conditions of cooling water are 295-328 °C and 15.5 MPa.

FW
Tor
Radl
BZ Area
DWTs:
Arra; 1 =
Array 2 D D Ij D D |:| LiPb Manifolds
Array 3 [ ] [ ] Water Manifolds

Figure 1. WCLL central outboard equatorial cell.

The pipework of the BZ and FW cooling continues outside of the VV collected by
the corresponding blanket manifold; through feeding pipes hosted in VV, the upper port
compartment, the manifolds are connected to the upper part of the Primary Heat Transfer
System (PHTS), which is located outside the Bioshield. All the components that are placed
outside the VV are shown in Figure 2 (e.g., sector manifolds, pressurizer, pumps, the
BZ once-through steam generators, the hot and cold distributor rings, and the FW heat
exchangers). The complete description of the PHTS design is provided in [23,24].
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Figure 2. EU-DEMO PHTS.

In case of in-vessel LOCA, the most important safety system designed to maintain
the critical safety function is the VV pressure suppression system (VVPSS). The VVPSS,
classified as a SIC-1 system [25], is designed to limit the pressure peak under the allowable
value of the VV and to confine the radioactive sources. The current design of the VVPSS
includes six separate suppression pools, one of which is dedicated to handle small leakages
as shown in Figure 3. The tanks and the associated pipework are located in the containment
basements. The pipework consists of 6 bleed lines (BLs) connecting the upper part of
the VV to the small leakage tank, while five rupture disk (RD) lines are dedicated to the
remaining suppression tanks. The small leakage tank has a volume equal to 300 m?, of
which 180 m? are filled with water; the remaining tanks have a higher volume of 500 m?,
which are filled with 300 m® of water. The thermal-hydraulic state inside of the tanks is
set at 9.5 kPa with the liquid water pool at 40 °C. The BLs and RD lines are equipped with
customed bleed valves and rupture disks, respectively. The setpoint of the bleed valves is
set at 90 kPa, while the rupture discs setpoint is set at 150 kPa.

UPPER PORT

RUPTURE DISK

BLEED LINES

RUPTURE DISK LINES \
SMALL LEAKAGES
TANK f= _
=

SUPPRESSION TANKS

Figure 3. EU-DEMO VVPSS [25].

2.1. MELCOR Modeling

The fully integrated, engineering-level thermal hydraulics analysis code, MELCOR
fusion (v. 1.86), has been used to study the possibility of hydrogen recombination in
EU-DEMO during the selected accident scenario.

MELCOR [18] is a fully integrated severe accident code that simulates thermal-
hydraulic and the main severe accident phenomena in steady or transient conditions
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concerning the components of LWRs. MELCOR is validated to analyze transport and
estimation of source term; therefore, it is adopted as a tool for evaluating probabilistic
risk assessment for second-generation nuclear power plants. The code is developed at
Sandia Laboratories for the U.S. Nuclear Regulatory Commission. The structure of the
system code has a modular structure based on control volume (CV) approach. The transient
phenomenology is simulated by each of the MELCOR packages. In particular, the control
volume hydrodynamics (CVH) and flow path (FL) packages estimate the mass and energy
transfer between control volumes, while the Heat Structure (HS) package evaluates the
thermal response of the HSs.

In the Fusion Safety Program, the Idaho National Laboratory made modifications to
the MELCOR code fusion specific applications. New numerical models were included
to evaluate flow boiling in coolant loops, carbon, beryllium, and tungsten oxidation in
steam and air environments, water freezing, radiative heat transfer in enclosures, and air
condensation [19]. These modifications allowed MELCOR to assess the thermal-hydraulic
response of DEMO fusion reactor cooling systems and the transport of radionuclides as
aerosols during accident conditions.

2.1.1. PHTS Nodalization

The sixteen toroidal sectors of the breeding blanket (BB) have been modeled in three
groups. The first group consist of one sector, the second simulate seven sectors (starting
from sector two to sector eight), while the third group consists of eight sectors (starting
from sector nine to sector sixteen). The data for the PHTS model have been taken from [26],
and the components have been modeled in MELCOR in one-dimensional units.

The one-dimensional MELCOR model of the PHTS adopted for the transient analysis
is shown in Figure 4. All major components are modeled and a more detailed description
is reported in [13].
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2.1.2. Vacuum Vessel Nodalization

The VV model consist of five control volumes, each one simulating a different envi-
ronment. Starting from the bottom, the lower port is modeled with the CV854 of 2000 m®.
Moving upwards, the CV852 models the interspace between the divertor and the VV
structure. The plasma chamber is the CV851 of 2466 m?; the CV853 of 280 m? simulates
the interspace between the Back-Supporting Structure (BSS) of BB modules and VV. The
upper port volume of the VV is modeled with the CV850 with a total volume equal to
1500 m3. The authors of [27] provide additional details of the VV nodalization scheme.
Figure 5 shows the CAD model of the EU-DEMO VV while Figure 6 shows the MELCOR
nodalization of the VV.

Upper Port ~ 1500 m3
FW-BZblanket

Plasma Chamber ~ 2466 m3

Limiters

Divertor PFCs

Lower port ~ 2000 m?3

Figure 5. EU-DEMO baseline CAD model [28].
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Figure 6. EU-DEMO vacuum vessel nodalization scheme.

2.1.3. Vacuum Vessel Pressure Suppression System

The developed model for the VVPSS consists of 84 CVs and connecting FLs. Each tank
has been modeled separately with 12 CVs and the associated rupture disks or bleed lines
(BLs). The discharging flow areas have been obtained from [29]. Each bleed line has a flow
area of 0.1 m?, for a total flow area available for discharging steam in tank A of 0.6 m?;
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while each rupture disk line has a flow area of 1.6 m2, for a total flow area available for
discharging steam in tank B to F of 8.0 m?.

As specified before, considering the last VVPSS design, the setpoints for the triggering
of discharge lines from VV toward VVPSS are 90 kPa and 150 kPa for BL and RD lines,
respectively. Tank A has a volume of 300 m® and contains 180.0 m® of subcooled water
(40 °C at 9.5 kPa). Each RD tank has a volume of 500 m? filled with 300 m> of subcooled
water. The current design has been used to perform a preliminary simulation. However,
some modifications have been made to the VVPSS design to avoid the risk of a hydrogen
explosion and to improve the effectiveness of the passive recombiner system. The solution
consists of varying the opening setpoint of BLs and RDs, as well as the water level inside
tank A and tank B suppression tanks. Moreover, two ETs, where part of the hydrogen is
collected and recombined, have been added to the system.

The nodalization scheme of the proposed VVPSS concept is shown in Figure 7.
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Figure 7. MELCOR model PSS tanks and ETs.

In addition to the introduction of ETs, the main differences with the current design of
the suppression system are as follows:

e  The opening setpoint of bleed lines and RDs to tank B have been reduced to 40 kPa
and 100 kPa, respectively; in such a way, hydrogen is moved mainly inside tank A
and tank B;

e  The mass of water available for steam suppression inside tank A and tank B has been
reduced to increase the pressure peak inside these two tanks, as to improve hydrogen
migration inside the two expansion tanks;

e The atmosphere in each suppression tank (from A to F) has been modified, thus
reducing the mass of air to minimize the risk of hydrogen explosion.

This approach was taken into consideration following a similar strategy adopted in
VVER (Vodo-Vodjanoj Energeticeskij Reaktor) 1000 technology, where a small condensation
pool located at the end of the Safety Relief Valves (SRVs) from the pressurizer allows the
flow stream in case of long-term station black out to be released into the containment. The
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function of ETs is to let the PAR operate at similar conditions as investigated in the THAI
experiment. Each ET is modeled with a CV of 500 m? containing air at the initial conditions
of 303 K and 40 kPa.

2.1.4. PAR Recombination Model Developed in MELCOR

The MELCOR ESF-PAR package has been used to model the behavior of passive auto-
catalytic hydrogen recombiners inside the suppression tank or expansion tank atmosphere.
The catalyst plays a major role in the recombination efficiency of a PAR. The reaction
rate between oxygen and hydrogen is greatly increased based on the available surface of
the catalyst. Impurities represent a conflictive factor during the absorption of H, and O,
and during the desorption of steam as a recombination product. The driving force of the
reaction is therefore based on mass transfer equations.

Because of differences in the operative pressure between the fission and fusion ap-
plications, the default Fisher-based model implemented in MELCOR fusion code could
overestimate the mass of hydrogen recombined by PARs. A custom model, controlled using
MELCOR control functions, has been developed to evaluate the mass of hydrogen recom-
bined, considering operating pressure and mole fractions of the atmosphere surrounding
the PAR. In particular, the amount of hydrogen combined per unit time is evaluated by
Equation (1), which has been obtained during the THAI experimental activities [16,17]:

My = N-i1-(Ky-P + Kp)-v-tanh(v — min(vHy)) @

where

N—number of recombiners (-);

mH,—recombination intensity (g/s);

y—recombination efficiency (-);

v—hydrogen or oxygen concentration, see below (volume%);

p—rpressure (bar);

Kj—recombination empirical constant (g/(s.bar));

Ky—recombiner empirical constant (g/s);

min(vH;) (volume %)—about 0.5% (v/v), (starting the recombiner from 2% by volume
hydrogen and above 50 °C).

The parameter min(vH;) was set up at about 0.5% and it is the H, percentage on
volume oxygen. The recombiner starts to work from 2% by volume H; and above 50 °C.
The variable # is the efficiency of the recombiner and can be determined by the

following conditions:
1.0, % <1
T= Y06, 22 >1 @

The variable v is determined by the following relationship:

V02
v0n, U2 > 05 ®

{Z)Hz, %2 < (0.5
0=

Furthermore, the recombination ability of the recombiner is limited by the maximum
possible hydrogen concentration in the mixture, which the recombiner can process (8% by
volume, the remaining uncombine hydrogen escapes through the exhaust back into the
free volume of the available rooms). The second condition defines the minimum hydrogen
concentration in the atmosphere required for the recombination function.

Several MELCOR control functions have been used to obtain the amount of hydrogen
combined per unit time, which has been used as input for the ESF-PAR package model.

The hydrogen reaction rate for a single PAR unit is evaluated by the ESF-PAR package
using the following:

Ry = n-o1-Q-f(t) 4)
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where

Ry is the hydrogen reaction rate (kg/s);

pp is the hydrogen density of entering gas (kg/m?);

1 is the hydrogen reaction efficiency;

Q is the total gas-phase volumetric flow rate through the unit (m3/s);
f () is the relaxation time function during the initial PAR heat-up.

Q and 7 parameters should be passed to the ESF-PAR package model to evaluate the R_H.
Considering that Q is given from the PAR operative conditions and R_H is evaluated by Equation
(1), the i1 parameter is evaluated using Equation (4). In such a way, the PARs are allowed to
remove hydrogen following the results of Equation (1), considering the value of v to be used
in function of the volumetric fraction of hydrogen and oxygen in the control volume and the
absolute pressure in the recombination volume. For this preliminary study, the selected PAR is the
AREVA FR1-150, and its main operational parameters and empirical constants are given by [30].

3. Results

The in-vessel LOCA has been identified as the most representative event in terms of
safety since it could develop challenging conditions for fusion plant safety [31,32]. The
amount of coolant discharged in the event of a LOCA is characterized by a high content
energy (15.5 MPa) and could deprive the VV confinement function of radioactive sources.

This study analyzes the consequences of a double-ended pipe break of 10 OB-FW
cooling channels (with a total break area equal to 0.00098 m?). The injection of steam and
impurities in the plasma chamber causes an unmitigated plasma disruption that affects
two other outboard segments. The disruption breaks and additional 262 FW channels for a
total break area of 0.02568 m?. The plasma-facing structures interested by the disruption
fail when the EUROFER wall temperature reaches 1000 °C. As an aggravating condition,
the decay heat removal system connected to the VV cooling system is assumed to be lost as
soon as the PIE occurs. Hydrogen generation is estimated since the steam injected in the
plasma chamber reacts with the metallic structure of the VV, mainly with the tungsten walls.

3.1. Outcomes from the In-Vacuum Vessel LOCA Analysis

A preliminary in-vessel LOCA has been studied to evaluate the effectiveness of this
system in terms of pressure suppression and hydrogen recombination [13]. According to the
EU-DEMO Safety Data List (SDL) [33], it has been assumed that the 2.673 kg of mobilizable
tritium, forming part of the source term, can chemically react with the catalytic layer of
the PARs [33,34]. Moreover, an additional mass of 34 g of hydrogen is produced because
of the tungsten primary wall’s interaction with steam. As a conservative assumption,
the recombination of mobilizable tritium forming tritiated water compounds has been
neglected. However, it should be noted that the reaction between steam and tungsten dust
deposited on PFCs has not been considered in this simulation, as well as the reaction with
LeadLithium supposing that only the first layer of the FW is affected by the rupture.

Based on these assumptions, two different simulations have been performed, the first
using the current design of the VVPSS installing PARs in each suppression tank, and the
second using the VVPSS model shown in Figure 7, in which PARs are installed inside
two expansion tanks.

In both simulations, the postulated initiating event occurs at time 0.0 s. Due to the
high energy content difference between the PHTS and the VV, the coolant is discharged
toward the vessel, vaporizing instantly. The water mass flow rate transient from the failure
of FW channels is shown in Figure 8. The maximum flow rate toward the VV is 1055 kg/s.
After the peak, the differential pressure between the PHTS and VV decreases, and the mass
flow rate decreases until both environments reach an equilibrium. As shown in Figure 9,
about 53 tons of water are discharged from FW-PHTS into the VV at the end of the transient.
The release of this amount of water within the VV leads to rapid pressurization of the VV
volumes causing the triggering of bleed lines and rupture discs with the mobilization of
hydrogen and steam in the VVPSS tanks.
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Figure 8. Mass flow rate entering the VV.
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Figure 9. Mass of water entering the VV.

3.1.1. PAR Installed in Each Suppression Tank

In this case, preliminary simulations have been performed assuming 150 kPa as the
setpoint for the trigger of VVPSS-RDs and 90 kPa for the opening of bleed lines and that
each ST is filled with 60% water.

After the in-vessel LOCA, pressure in the VV increases very quickly and reaches the
maximum value of 150 kPa, limited by the pressure suppression system below the design
pressure of 200 kPa, in around 15.0 s (Figure 10). As soon as the pressure peak is reached,
the pressure starts to decrease due to the triggering rupture disk lines connecting the VV to
the VVPSS, where the suppression water, initially at 40 °C, is available for condensing the
steam arising from the FW-PHTS.
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Figure 10. Pressure in plasma chamber volume.

Being the maximum pressure reached in the VV equal to 150 kPa, the mass of hydrogen
and steam will be discharged in all the VVPSS suppression tanks. The injection of hot
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steam and hydrogen inside the VVPSS causes an increase in the pressure and temperature
of the VVPSS tanks. Pressure waveforms in VVPSS tanks are shown in Figure 11. STs
have been initialized at 9.479 kPa; the maximum pressure reached in tank A is 30.5 kPa,
which is well below the atmospheric pressure. The maximum pressure is reached a few
seconds after the opening of BLs, around 18.0 s after the PIE. Water and hydrogen injection
in tank A stops when the pressure in VV returns below 90 kPa (~18.0 s after the PIE). The
pool temperature in tank A remains at around 315.5 K for the entire simulation, while the
atmosphere temperature reaches a maximum of 375 K when the BLs open. Concerning STs
B to F, the pressurization starts 15 s after the PIE when the rupture discs are triggered. The
maximum pressure of 35 kPa is reached 3000 s after the PIE. The pool temperature in the
STs B-F increases from the initial value of 313 K to 334 K, while the atmosphere reaches a
maximum of 355 K after the RDs opening, and then remains at around 340 K.
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Figure 11. Pressure in VVPSS tanks.

The total mass of steam discharged into STs B-F is around 10.9 tons, while 613.85 kg of
steam is discharged in tank A (Figure 12). Concerning hydrogen, 0.72 kg of H; enters tank
A, while around 0.306 kg is discharged in each ST. Some hydrogen also remains inside the
VV volumes. The results in Figure 13 show the total mass of hydrogen entering the VVPSS
tanks. Concerning tank A, the atmosphere is filled with air at the beginning, and the mole
fraction of O, is 0.21. After the opening of the bleed lines, the atmosphere of the tank is
filled with around 8.46% of O, 30.17% of Ny, 28% of steam, 30.56% of hydrogen, and 2.73%
of helium coming from VV. The ratio between the hydrogen and oxygen mole fraction is
higher than 0.5 for the entire simulation time; thus, the recombination reaction takes place
in the presence of excess hydrogen, and the mole fraction of oxygen is used to evaluate the
recombined mass hydrogen. The maximum rate of 0.06 g/s is at the opening of the bleed
lines and then decreases to 0.035 g/sin 10 s.
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Figure 12. Mass of steam entering VVPSS tanks.



Energies 2023, 16, 2569

12 of 20

1.0
— TANK-A —— TANK-C —— TANK-E
— TANK-B TANK-D TANK-F
0.81
Los
"))
5
E 04 b
NN
0.2
0.0 . . . .
0 200 400 600 800 1000
Time (s)

Figure 13. Hydrogen mass distribution into the tanks.

Similar considerations can be conducted for other suppression tanks (B to F). However,
since the rupture discs opening occurs later than the BLs and the remaining hydrogen is
divided among the five STs, the behavior in those tanks could be different than that de-
scribed for tank A. After the opening of the rupture discs, 20 s after the PIE, the atmosphere
of the tank is filled with around 14.2% of Oy, 50.7% of N», 25.3% of steam, 9% of hydrogen,
and 0.75% of helium coming from VV. The mole fraction ratio drops below 0.5 after around
5000 s, causing a sudden change in the recombination rate. Following Equation (1), after
5000 s, the mole fraction used is the one of hydrogen, causing a drop in the recombination
rate effectiveness. The maximum rate of 0.06 g/s is at the opening of the rupture discs
and then slowly decreases to 0.028 g/s following the trend of oxygen mole fraction. The
hydrogen recombination rate for a single PAR unit in VVPSS suppression tanks is shown
in Figure 14.
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Figure 14. Hydrogen recombination rate for a single PAR in tanks A and B-F.

After 10,000 s of the total amount of hydrogen entered in tank A (720 g), around 250 g
(34.7%) has been removed. After 10,000 s of the total amount of hydrogen entered in tank B
(306 g), around 219 g (71%) has been removed. After 10,000 s of the simulation, the total
mass of hydrogen has been reduced to 1.327 kg, which is around 50% of the initial hydrogen
inventory. Based on the adopted assumptions, a significant amount of hydrogen (mainly
tritium) remains available, leaving a residual risk in the case of a possible VVPSS leakage.
The results highlighted that PARs could be a good solution to remove hydrogen long term.
However, as shown in Figure 15, for the adopted VVPSS configuration, problems can arise
as soon as the rupture discs or bleed valves open because of the high mole fraction of
hydrogen reached in each suppression tank.
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Figure 15. Flammability triangle for tank A and tank B.

3.1.2. Proposed VVPSS Design

Since the main objective is to preclude the occurrence of flammable gas mixtures,
the previous solution should be modified. For this purpose, the suppression tanks have
been initialized in saturated conditions, without air (oxygen) in the atmosphere. Thus, as
shown in Figure 7, expansion tanks have been added to the system to ensure hydrogen
recombination, and the VVPSS design has been slightly modified to maximize hydrogen
mobilization inside these ETs.

As soon as the in-vessel LOCA occurs, pressure in the VV increases very quickly and
reaches 40 kPa (setpoint for BL opening) in around 3.47 s. Starting from this point, steam
and hydrogen are discharged inside tank A; however, the flow area of BL is not enough to
mitigate VV pressurization. After 8.5 s from the PIE, the pressure in the VV reaches 100 kPa
and the RD lines toward the suppression tank B are opened. The setpoint of 150 kPa for
the triggering of other RDs is reached at 35.25 s. The VV pressurization trend is shown
in Figure 16. The timing of the BL and RD openings are summarized in Table 1. The
maximum pressure of 150 kPa (below the design pressure of 200 kPa) is limited by the
pressure suppression system. After the complete opening of all RDs, the pressure inside
the VV starts to decrease since all the steam arising from the FW-PHTS is condensed inside
the suppression tanks.
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Figure 16. Pressure in plasma chamber volume.
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Table 1. Timing of vacuum vessel pressurization.
VYV Pressure (kPa) Safety Device Triggered VVPSS ST Time (s)

40 BV Tank A 3.47
100 RD Tank B 8.5

150 RD Tank C 35.25
150 RD Tank D 35.25
150 RD Tank E 35.25
150 RD Tank F 35.25

The injection of hot steam and hydrogen inside the VVPSS causes an increase in the
pressure and temperature of the VVPSS tanks. It is important to consider these values (in
particular for tanks A and B) because they can affect the mass of hydrogen moved toward
the expansion tanks, where the PARs are located. Pressure waveforms in VVPSS tanks are
shown in Figure 17. The pressure in tank A reaches 40 kPa (setpoint for discharging in
ET-A) after 7.44 s from the PIE. The maximum pressure of 105 kPa is reached in tank A
at 35.3 s. The maximum pressure in tank B is 127.5 kPa and it is reached 35.3 s after the
PIE. The pressure in tank B reaches 40 kPa (setpoint for discharging in ET-B) after 9.765 s
from the PIE.
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Figure 17. Pressure in VVPSS tanks.

In all the other suppression tanks (C to F), because of the higher mass of water available
for steam condensation, the pressure increases from 9.5 kPa to 18.5 kPa in around 3000 s.

The pressure waveforms of the expansion tanks A and B are shown in Figure 18. The
maximum pressures in ET-A and ET-B are 102 kPa and 117.47 kPa, respectively. Since the
expansion tanks are connected to the VVPSS suppression tanks through non-return valves,
the pressure in ETs remains higher than the pressure in STs in the long-term scenario. This
allows more efficient hydrogen recombination.

The total mass of steam discharged into the STs C-F is around 37.1 tons, while 1973 kg of
steam is discharged in tank A and 3389 kg in tank B. Concerning hydrogen, the anticipated
opening of BVs allows the mobilization of 716.8 g of H, in tank A, while around 796.4 g is
discharged in ST-B. Around 220 g of hydrogen is moved in the other ST when the pressure
in VV reaches 150 kPa. Some hydrogen (about 300 g) also remains inside the VV volumes.
Results in Figure 19 show the total mass of hydrogen entering the VVPSS tanks.
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Figure 19. Mass of hydrogen entering VVPSS tanks.

In Figures 20 and 21, the mass entering the ETs is compared with the mass entering tank A
and tank B, respectively. Of the 716.8 g of H, moved in ST-A, 704.1 g is transferred toward the
expansion tank. As well as, of the 796.4 g of H; discharged in ST-B, 773.5 g moves into ET-B.
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Figure 20. Mass H; entering ET-A vs. mass H; entering ST-A.



Energies 2023, 16, 2569

16 of 20

0.8 1

0.71
0.6
(@)

= 059 — STB
0.4 — ETB

Mass

0.3 1
0.2 1

0.1+

0.0 = T T r T
0 100 200 300 400 500
Time (s)

Figure 21. Mass H; entering ET-B vs. mass H2 entering ST-B.

Since both ETs are filled with air, the recombination reaction takes place in the presence
of excess oxygen and, following Equation (3), the mole fraction of hydrogen is used for the
evaluation of the recombined mass of hydrogen.

In Figure 22, the hydrogen recombination rate for a single PAR unit is shown for ET-A
and ET-B, respectively. The PAR in ET-A recombines hydrogen with a mass flow rate of
around 0.016 g/s, while in ET-B, the recombination rate is slightly higher, around 0.019 g/s.
The difference in the recombination rates is due to the operating pressure of ET-B, which is
slightly higher than the pressure in ET-A.

As shown in Figure 23, after 10,000 s of the total amount of hydrogen entered in ET-A
(704.1 g), about 154 g (21.87%) has been removed by a single PAR unit. Concerning ET-B, after
10,000 s of the 773.5 g of Hy, about 180 g (23.27%) has been removed by a single PAR unit.
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Figure 22. Hydrogen recombination rate for a single PAR in expansion tanks.

After 10,000 s of the simulation, the total mass of hydrogen has been reduced to
2.339 kg, which is around 87% of the initial hydrogen inventory. However, those results
have been obtained using only two PAR units, minimizing the risk of hydrogen explosion.
Moreover, since a large part of the hydrogen is moved in the expansion tanks, the results
can be improved by installing additional PAR units. As shown in Figures 24 and 25, the risk
of hydrogen explosion inside the suppression system is significantly reduced compared
with the previous results shown in Figure 15.
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Figure 23. Mass of H, recombined by single PAR in expansion tanks.
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Figure 25. Flammability triangle for expansion tanks A and B.

4. Discussion

Analyses of the source term and hydrogen mobilization, performed for the EU-DEMO
reactor, highlighted that the Fisher-based hydrogen recombination model implemented
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in MELCOR 1.8.6 presents some limitations for simulating the possible recombination
phenomenon of recombiners operating at a low pressure [1]. For this reason, a new
model has been developed in MELCOR to study the effectiveness of PAR recombiners
installed in the tokamak pressure suppression system. The model evaluates the mass of
hydrogen recombined according to the operating pressure and the hydrogen and oxygen
molecular quantity. Analyses of an in-vessel LOCA have been performed to investigate
the behavior of the hydrogen mitigation system during accidental conditions. Preliminary
studies have demonstrated that PARs in each VVPSS suppression tank are quite effective in
terms of hydrogen recombination. However, problems of hydrogen accumulation in the
atmosphere of suppression tanks can arise, increasing the risk of an explosion. To overcome
this problem, some modifications to the pressure suppression system design have been
proposed by varying the opening setpoint of bleed valves and rupture disks and the water
level inside some suppression tanks. Moreover, two expansion tanks have been added to
the system, where part of the hydrogen is collected and recombined.

The results have highlighted that the proposed preliminary solution, in terms of the
hydrogen explosion risk, is more effective than installing PAR in each suppression tank.
Moreover, it could allow reasonable amounts of hydrogen recombination, which could be
further increased by refining preliminary assumptions and increasing the number of PAR
units inside the expansion tanks.

Since one of the main objectives of safety studies is to preclude the occurrence of
flammable gas mixtures in DEMO nuclear plants, the research of technical solutions to
avoid the risk of hydrogen explosion should continue in future activities.

5. Conclusions

The proposed research aimed to demonstrate the theoretical effectiveness of a passive
recombination system that could be installed in the VVPSS of the EU-DEMO. The solution
to this numerical analysis has been solved by the MELCOR system code. A model of the
system and the accident sequence has been modeled according to the design concept being
developed in the EUROfusion consortium.

Two different approaches have been analyzed. At first, the PAR units were installed in
the suppression tanks of the VVPSS, and the results evidenced an efficient recombination of
hydrogen, although the composition of the atmosphere reached a flammable concentration
during the transient, highlighting a risk concern. Therefore, a second approach is suggested,
based on the installment of the PAR unit in a separate tank connected to the suppression
tanks. The simulation estimated an efficient recombination of hydrogen without a risk
concern in terms of deflagration or detonation.

Future activities will explore the optimization of the VVPSS in terms of hydrogen
recombination. The thermal-hydraulic parameters, such as the liquid level inside the
suppression tanks, will be analyzed further to understand if a higher amount of hydrogen
could be recombined by the system, changing some boundary conditions of the problem.
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Abbreviations

BB Breeding Blanket

BL Bleed Line

BSS Back-Supporting Structure

BZ Breeder Zone

CFs Control Functions

CVs Control Volumes

DWTs Double Wall Tubes

ET Expansion Tank

EU-DEMO  European DEMOnstratation
FLs Flow Paths

FW First Wall

HS Heat Structures

1B InBoard

LOCA Loss-Of-Coolant Accident

OB OutBoard

PARs Passive Autocatalytic Recombiners
PFC Plasma-Facing Component
PHTS Primary Heat Transfer System
PIEs Postulated Initiating Events
RD Rupture Disk

SAE Safety And Environment

SDL Safety Data List

SRV Safety Relief Valve

\'AY Vacuum Vessel

VVPSS Vacuum Vessel Pressure Suppression System
WCLL Water-Cooled LithiumLead
WCS Water Coolant System
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