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DEMO (Demonstration Fusion Power Reactor) is a new nuclear power plant aiming at demonstrating that
electricity can be produced from fusion reactions. In such a facility, all potential safety issues must be assessed
and addressed in order to minimize the risk of accidents. Among those, fires and explosions represent some of the
main threats during plant operation. One of the reference accident events is the LOVA (Loss of Vacuum Accident)
in the DEMO Tokamak due to the postulated breach of one of the lines Vacuum Vessel (VV) connected volumes.
The accident transient sequence considers the air entering the VV, initially in vacuum condition, to mix with the
deuterium-tritium therein contained and the possible flame ignition in case of heat source. When simulating such
a complex phenomenology, several initial and boundary conditions, as well as input parameters representative
for the considered safety case shall be defined.

To this end, as a preliminary analysis, a LOVA in a simple spherical tank, containing a hot equimolar mixture
of deuterium and tritium, was considered. The volume of this vessel was taken equal to 1 m® and an air ingress
through a pipe whose axis is directed radially with respect to the tank was simulated numerically by means of
open-source software OpenFOAM to simulate the air expansion in the vessel as well as the chemical reactions
that may occur. Three initial temperatures of the D/T mixture were considered as conditions that may occur: 400
K, 900 K and 1300 K, based on the temperature range that is expected to exist on the plasma-facing components

and in the vessel during operation and when decay heat is produced.
On the basis of the observed fields of temperature, combustion intensity and water mass fraction, the risk of
ignition was assessed for each considered case.

1. Introduction

In the general framework of green transition toward decarbonized
energy sources, fusion plants are believed to play a key role in the de-
cades to come, as they promise to produce continuously power with no
greenhouse gases emissions and with a very little amount of radioactive
waste, compared to traditional fission plants. As improvements are made
in the myriad of fields that are involved in fusion technology develop-
ment (neutronics, plasma physics, superconductivity, diagnostics, etc.),
safety analyses concerning plants to be built are necessary to assess all
possible incident and accident scenarios during the life of fusion power
plants. As in every industrial facility, fires and explosions due to re-
actions of air and combustible materials are one of the major concerns.

In Tokamaks, the vacuum vessel contains hydrogen isotopes
(deuterium and tritium), as well as metallic dust produced by first wall
erosion due to plasma disruptions and operation [1,2]. Substantial
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inventories of hydrogen isotopes will be present in parts of the DEMO
plant owing to the higher throughput of deuterium and tritium fuels.
DEMO In-VV inventory for tritium is assumed in the 2-4 kg range [3]. A
further inventory of up to 1350 g of hydrogen isotopes segregated in
plasma facing surfaces [4] can also be added.

In case of a Loss Of Vacuum Accident (LOVA) [5], there is a risk for
the D/T-air mixture to ignite due to high initial temperature of hydrogen
or because of hot spots and sparks on walls and eventually trigger the
explosion of a dust cloud, as stated in [1,5]. As a consequence of the
latter event, vessel failure and activated dust release outside the reactor
may occur.

Current safety studies on validated codes (e.g. MELCOR code for
severe accident simulation [6]) rely on time-averaged reaction rates for
the leading reactions (e.g. Hy + ' O3 -> H30) and 0-D relative Hj, O,
steam species concentrations to determine whether the mixture is
flammable. The complex phenomenology occurring during accident
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transient, though requires both a better definition of chemical reaction
chain and a 3D domain modelling enabling the investigation of local
effects (both thermal exchange and fluid dynamic) impact on transient
evolution so to correctly assess whether DEMO is kept within safe
domain during the whole transient. A 3D-CFD modelling approach has
been exploited in some literature studies [7-10] in order to overcome
the limitations of 0D codes.

Present work proposes numerical simulations of a LOVA in a
spherical vessel were carried out with OpenFOAM software including a
detailed reaction mechanism (9 species and 21 reactions) as well as large
eddy simulation (LES) turbulent modelling. DEMO was taken as the
reference case study and the D/T initial content was scaled to the
sphere’s volume accordingly. As it is crucial to correctly predict whether
or not an ignition occurs, an initial study of the reaction rate of
hydrogen/air mixture was carried out by means of an array of simula-
tions performed with OpenFOAM at several temperatures in the range
700K-1300 K for five detailed mechanisms. This activity led to the
determination of the kinetic scheme that better predicts the autoignition
temperature of a hydrogen/air stoichiometric mixture (average value of
832K, as reported in [11]). Afterwards, three simulations of a LOVA in
the spherical vessel were performed at an initial temperature of 400 K,
900 K and 1300 K. The considered physical time was 0.03 s. For each
case, the occurrence of a flame formation was assessed.

2. Physical models and numerical settings
2.1. Computational domain

The case study considered is a sub-atmospheric spherical vessel,
having a volume of 1 m> (0.61 m radius) connected to environment at
STP through a straight pipe whose diameter is 0.003 m, as shown in
Fig. 1:

2.2. Models

The problem studied involves several phenomena: turbulent super-
sonic flow, multicomponent diffusion, chemical reactions and heat
release.

2.2.1. Conservation equations

The general fluid-dynamic problem of a highly compressible reacting
flow simulated by means of large eddy simulation (LES) approach can be
mathematically formalized as:

a%/// mwz // (?C _’D>n,dA /// Sav. )

where U is the vector of conservative variables in generic control vol-
ume V. Eq. (1) establishes the conservation in V of the variables that
describe the whole phenomenon: mass, momentum, energy and species
mass fraction. The time derivative of the volume integral on V of a given
quantity is expressed as the balance of fluxes of the same quantity on the

walls

i . inlet

Fig. 1. Geometry.
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c D
boundaries of V plus a source term. ?i and ?i are, respectively, the i-th
component of convective flux vector and diffusive flux vector through
the control volume surface dV. n; is the i-th component of the outward-

pointing unit vector normal to 0V and S is the vector of source terms
[12]. Given a generic quantity ¢, @ is its spatially filtered value whereas
¢ = % is its Favre-averaged value. In LES approach, the flow is directly
resolved at level of the cells composing the grid, whereas the finest
structures (small eddies) that are present at spatial scales smaller than
the ones of the mesh are modelled.

The above-mentioned terms that appear in Eq. (1) are expressed as
follows:

p Pl
f)E ' ! ﬁﬁlfl ’
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where p is the density, y; is the i-th component of the velocity vector, &;

is the Kronecker symbol, p is the pressure, E = Y X v,y +3 -2 Eis the

total internal energy, H is the total enthalpy, Yy is the k-th spec1es mass
fraction, hy is its enthalpy and N is the number of species. The diffusion

D
terms for momentum, energy and species mass fraction appearing in F;
depend linearly on the space derivatives of velocity components, tem-
perature and mass fraction and are modelled respectively as:
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where the molecular transport properties of the mixture (4, 4 and Dy,,)
are calculated from the properties of each of the N species according to
Wilke’s mixing rule [13]:
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where My and M, are the molar masses of k-th and 1-th species.

For each species, the molecular transport properties depend on
temperature. To consider this effect, Sutherland’s formula was applied
to viscosity:

AT
He = T+T,

(€))

where Ay and Ty are constants specific to each species. 4 and Dy are
calculated as:
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C,
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where Cy is the constant pressure specific heat for k-th species, and Pr is
the Prandtl number and Sc is the Schmidt number. Pr and Sc are assumed
to be constant with temperature and equal for all species. Their values
are, respectively, 0.7 and 1. Egs. (8)-(10) account for the increase with
temperature of molecular diffusion.

Constant pressure specific heats are calculated in function of tem-
perature as two-range polynomials [14]:

Cp.k = Qok + al‘kT + az_sz + (13‘]<T3 + a4.kT4 (1 ].)

where all constants, specific to each species, are obtained by fitting
experimental data.
Mixture density is calculated with perfect gas law:

p=— P 12)

k=N Y.
TR, Zk:l My

where R, = 8.314 J/(molK) is the universal gas constant and mixture
constant pressure specific heat is given by:

k=N
Com =Y CoxYx (13)
k=1

The additional subgrid diffusive terms that appear after LES filtering

—D
in F; depend on Favre-averaged and filtered components of velocity,
temperature and species mass fraction and are modelled as follows:
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where Pri¥ =0.85 and S¢i¥ = 0.7. 6}7,¢;¥ and ji* are the subgrid
diffusive fluxes of, respectively, momentum, energy and species mass
fraction.

The LES model that has been adopted is WALE (Wall-Adapting Local
Eddy-viscosity) and the turbulent kinematic viscosity, v, is related to the

subgrid length and to the velocity spatial derivatives as follows [15]:
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where C,, = 0.325 and A is the subgrid characteristic length (taken equal
to the local size of the cells).

Finally, @y is determined by the Arrhenius’s law, as explained in
paragraph 2.2.2.
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2.2.2. Species and detailed mechanism

As this study is focused on the assessment of the ignition risk of D/T
mixture, a detailed combustion mechanism involving the 9 main species
that are expected to be present (O3, Hy, OH, O, H, H20, HO,, H205 and
Ny) was considered. As it will be shown in paragraph 3, temperature
does not exceed 1300 K (case 3), except during the very first moments of
the simulations. Therefore, N5 is assumed to be an inert species and no
compounds containing nitrogen are taken into account in the kinetic
mechanism. Instead of considering, for the species containing hydrogen
(for example OH), the two isotopes (deuterium and tritium) and
considering different species (i.e. OD and OT instead of OH), a fictious
hydrogen isotope, having intermediate molar mass (2.5 g/mol, as the
mixture of D/T is equimolar and the molar masses are respectively 2 and
3 g/mol) was chosen as a replacement. This greatly reduces the
computational cost.

As the molar mass affects properties as molecular diffusion and
thermal conductivity, these properties were changed consequently for
the species containing hydrogen with respect to the default values when
the hydrogen isotope is protium.

The reaction rate of a single step is related to the Arrhenius’
equation:

k :ATbexp (_—;:A> 21

where A is the collisional frequency, T is the absolute temperature, b is
the temperature exponent and T, is the activation temperature of the
step considered. As explained previously, a preliminary assessment of
the capability of several mechanisms to predict the ignition of a
hydrogen mixture in air was carried out. As each mechanism is tailored
for particular conditions of interest (equivalence ratio, initial tempera-
ture, pressure), the above-mentioned constants greatly differ from one
mechanism to another.

In order to avoid incorrect prediction of the ignition risk of a mixture
of hydrogen and air, five detailed mechanisms ([16-20]) were tested to
determine the one that ensures the best agreement of the ignition tem-
perature with the one reported in literature (832 K).

To this end, a set of simulations was carried out in a cubic test
domain (10 x 10 x 10 ¢m) whose boundaries are walls. Uniform tem-
perature was imposed on them and set to five different values: 700, 750,
800, 850 and 900 K. The domain contains a stoichiometric mixture of
hydrogen and air initially at room conditions (1 atm and 300 K).

For each one of the 25 combinations of mechanism and temperature
(5 x 5), the peak temperature was taken as the observable quantity to
establish whether combustion occurs or not. A minimum rise of 500 K
above the initial 300 K was considered to be the threshold. For all
simulations, the physical duration was set to 2 s.

The computational domain has 1000,000 hexahedral cells with wall
mesh refining, as shown in Fig. 2:

Finally, the mechanism that gave the best result (850 K) was the one
proposed by the University of San Diego [16].

Table 1 reports the 21 elementary steps involving the 9 species, as
well as the values of the constants in the default units for OpenFOAM:

2.2.3. Boundary and initial conditions

Taking as a reference DEMO fusion plant scaled to considered ge-
ometry: i) a 50/50% molar D/T mixture fills the domain; the initial mass
of gas is 1.2 g scaled from the full inventory of D/T mixture in the
vacuum vessel (in the order of 4.5 kg); ii)under the assumption of
thermal equilibrium between chamber walls and D/T mixture, the
considered range of temperatures is varied between 400 K and 1300 K as
reported in [21,3]. The following initial conditions were therefore
imposed:

1. Case 1: T = 400 K, p = 490 Pa
2. Case 2: T=900 K, p =1100 Pa
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Fig. 2. Test domain mesh.

Table 1
USCD hydrogen-air detailed combustion mechanism.
Reaction A* b Ta (K)
H+ 0, < OH+ O 3.52E+13 —-0.7 8590.3
H, + 0O~ OH +H 50.6 2.67 3165.7
H, + OH < H,O0 + H 1.17E+06 1.3 1829.44
H,0 + O & 20H 7.06E-03 3.84 6431.3
2H + M < Hy + M* 1.30E+12 -1 0
H+ OH + M « H,0 + M* 4.00E+16 -2 0
20 + M < Oy + M° 6.17E+09 -0.5 0
H+O+M« OH + M’ 4.71E+12 -1 0
O + OH + M «< HO, + M* 8.30E+08 0 0
H+ O3 + M < HO; + M" ko 5.75E+13 -1.4 0
ke 4.65E+09 0.44 0
HO, + H & 20H 7.08E+10 0 147.94
HO, + H <+ Hy + O, 1.66E+10 0 413.75
HO; + H~ H,0+ O 3.10E+10 0 866
HO, + O < OH +0, 2.00E+10 0 0
HO, + OH < H30 + O, 2.89E+10 0 —250.18
20H + M « H20, + M° ko 2.30E+12 -0.9 —855.42
Koo 7.40E+10 —-0.37 0
2HO, < Hy045 + Oy 3.02E+09 0 697.6
H,0, + H & HO, + Hy 4.79E+10 0 4005.3
H,0, + H & H,O + OH 1.00E+10 0 1804.44
H,0, + OH < H,0 + HO, 7.08E+09 0 721.67
H,0, + O & HO; + OH 9630 2 2008.7

* units are kmol, m® and s

2 Chaperon efficiencies are 2.5 for Hy, 16 for H,0 and 1 for all other species.
Troe falloff with Fc = 0.5.

b Chaperon efficiencies are 2.5 for Hy, 12 for H,O and 1 for all other species.

¢ Chaperon efficiencies are 2.5 for Hy, 6 for H,O and 1 for all other species: Fc
= 0.265exp(-T/(94 K)) + 0.735exp(-T/(1756 K)) + exp((—5182 K)/T).

3. Case 3: T =1300 K, p = 1592 Pa
The following boundary conditions were imposed:
e Walls: adiabatic because of the very short transient duration, no-slip
e Inlet: air, total temperature of 300 K, total pressure ramping from
initial pressure to 1 atm in 0.001 s.
A gradual variation of pressure takes into account the progressive

formation of the breach, whose duration is affected by a number of
factors. The estimation of the order of magnitude of this transient time
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was done by considering that the ingress of air takes place through a
circular Cross-scored rupture disk staying at the inlet, notwithstanding
that its layout, shown in Fig. 3 [22], does not correspond to the one of a
real breach:

The inlet total pressure rise time was assumed to coincide with the
disk opening time, whose expression is reported in [22]:

pil\! /2
t=0.93 (—) (22)
Ap

where p is the thickness of the sheet of metal that breaks, 7 is its thick-
ness, [ is the length of a square whose surface is equal to the one of the
rupture disk and Ap is the pressure difference across the latter. In our
case, the cross section to be taken into account is the one relative to the
pipe diameter. Therefore, [ is given by:

l=ry7 (23)
where r is the radius of the pipe. Eq. (22) then becomes:
1/2
£=0.93 (M) @4)
Ap

Assuming that p = 7800 %, 7=10.002m, r=0.0015m and Ap =
10° Pa,t =6-107* 5. A value of 1 ms was then chosen as it is sufficiently
small not to affect the overall results of the simulation that lasts 0.03 s,
while being sufficiently long to reproduce a real failure of the vacuum
containment.

2.2.4. Mesh

A polyhedral mesh with wall refinement was used. A convergence
study was performed on three grids with increasing refinement level: a
coarse mesh with about 300,000 cells, a medium mesh with 750,000
cells and a fine mesh with 1500,000 cells. In all cases, wall functions
were used to avoid an excessively fine grid at walls. The convergence
criterion used in this study was the peak mass fraction of water during
the simulation. It was found that coarse mesh leads to an underestima-
tion of water production with respect to the results of the other two,
which are in good agreement. Finally, the fine mesh (1500,000 cells)
was adopted.

3. Results

For the three cases, Mach number, temperature, combustion in-
tensity and HoO mass fraction fields are shown at 0.002 s, 0.01 s and
0.03 s on xz plane. Figs. 4-6 show, respectively, the results for Cases 1, 2
and 3. Fig. 7 shows the plots versus time of the comparisons between the
three cases of the maximum values of the quantities mentioned above
that are found in the whole domain.

3.1. Case 1

As air penetrates through the pipe in the vacuum chamber, it ex-
pands and reaches a constant Mach number of 2.9 in a bubble located at
the connection between the duct and the sphere, inducing a compression
of the D/T mixture and a temporary temperature raise up to 1900 K at
the end of the total pressure ramp at the inlet (0.001 s). This compressive
effect locally and temporarily ignites the air/hydrogen mixture that

Fig. 3. Cross-scored rupture disk.
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Fig. 4. Fields vs time for Case 1.
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Fig. 5. Fields vs time for Case 2.
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Fig. 7. Comparisons of peak over domain of Mach number, temperature, combustion intensity and water mass fraction versus time.

starts forming at the interface between the jet and the stagnating, low-
pressure fuel. Heat production is observed, as well as water formation,
at the borders of the jet and especially in counter-rotating vortices (0.01
s and 0.03 s), where air/hydrogen mix and where the speed is lower than
in the core of the jet, so that the reactions have more time to occur.

However, the initial temperature (400 K), much lower than the re-
ported ignition one of hydrogen (around 832 K) and the dilution caused
by the incoming jet of air below at a temperature below 300 K make the
gas mixture to rapidly cool down, which reduces the reaction rates. This
effect, combined with the short residence time due to the high speed of
the main flow, causes a rapid extinction of the reactions, as can be seen
from the drop of combustion intensity and water mass fraction.

Despite the strong initial compressive effect, the resulting intensity of
combustion is not sufficient to produce an appreciable impact on tem-
perature in the whole domain.

3.2. Case 2

From a qualitative standpoint, Case 2 transient does not differ from
that observed with an initial temperature of 400 K: the incoming jet of
air expands supersonically into the vacuum chamber and momentarily
ignites the D/T/air mixture by compression, which leads to water and
heat production at the forefront of the air stream and in the counter-
rotating vortices. Maximum Mach number is lower (2.7) due to the
lower expansion ratio of the jet of air, whereas, despite a lower
compressive effect, the peak temperature is higher because of its higher
initial value. The higher initial temperature leads to a greater heat and
water production, because the reaction rate grows with temperature, as
stated in Eq. (21), notwithstanding that combustion intensity levels
down to about 10 W/m?>.

3.3. Case 3

Mach number and temperature graphs show the same behaviour as

for cases 1 and 2. Combustion intensity and water mass fraction, how-
ever, start to increase after the initial reduction that is observed previ-
ously and tend, at least at this stage, to a steady value. This is due to the
fact that because of the higher initial temperature (well above the
ignition one), combustion occurs and the flame doesn’t extinguish. D/T
mixture is so being consumed in the counter-rotating vortices as they
progressively enlarge and move rearwards. Combustion intensity rea-
ches a value that is 3 orders of magnitude greater than in Case 2 (about
10* instead of 10 W/m®) and may lead to dust ignition. In this case, it can
be concluded that initial temperature is sufficient to ensure a sustained
reaction between oxygen and hydrogen isotopes.

4. Conclusions

In this paper, the influence on ignition risk of initial temperature of a
D/T mixture in case of a LOVA was investigated by means of numerical
CFD simulations caried out on a spherical domain. It was found that at
low temperature (400 K), combustion doesn’t sustain itself as the
compressive effect due to the penetration of a supersonic stream of air
only momentarily heats the gas mixture above the ignition temperature,
whereas dilution and short residence time strongly reduce mixture
temperature and causes extinction. By increasing temperature (900 K),
reactions proceed faster and do not seem to stop after 0.03 s, although
combustion intensity is low and tends to reduce. At 1300 K, combustion
takes place and keeps occurring after 0.03 s.

The overall reaction rate of hydrogen combustion depends on local
values of equivalence ratio and temperature, the first factor having to
fall into the flammability limits (lower and upper) at that temperature to
let combustion occur. In the present study, being the oxidizer (oxygen of
air) and fuel (D/T) initially separated (diffusion flame), the composition
of the local mixture of reactants covers the whole range of equivalence
ratio (from pure fuel inside the vessel at t=0 s to pure oxidiser inside the
incoming jet of air) and therefore comprises the flammability one.
Therefore, the initial temperature inside the vessel is the factor that
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determines whether an ignition of the mixture contained in the vessel
ignites or not.
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