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ARTICLE INFO ABSTRACT

Keywords: The transport, permeation and retention of tritium inside nuclear fusion reactors is a topic of great interest
Hydrogen due to the scarcity of the isotope, its ease of diffusion through materials and its radioactivity. An accurate

Membranes balance of tritium is needed in all the fuel cycle, and each loss term needs to be evaluated in detail. In

l?pe“F(iéM this context, reliable and flexible tools to evaluate tritium permeation and retention are a necessity for the
ermeation

development of fusion technologies. This work presents the OpenFOAM PermeAtion Solver for Tritium
Analysis Foam (pastaFoam) solver and two custom boundary conditions, along with a series of verification
and validation cases. The solver inherits all capabilities of the base solver, chtMultiRegionFoam, and is
capable to simulate hydrogen transport in coupled fluid-solid systems in the presence of hydrogen traps, under
diffusion limited regime or accounting for surface effects. All features are tested against analytical solutions
and results are compared with other tritium transport codes. Agreement with experimental data is aligned

Tritium transport

with results of numerical benchmarks from literature.

1. Introduction

Current efforts in the development of thermonuclear fusion power
plants are directed towards deuterium (D) - tritium (T) reaction-based
machines, and see T as a fundamental element required to fuel the
reaction. Due to the scarce natural abundance of T and its limited
man-made supply, fusion devices need to be self-sufficient and produce
the isotope themselves, in the Breeding Blanket (BB). For instance, the
Affordable, Robust and Compact (ARC) reactor design uses a liquid
immersion BB made of FLiBe molten salt, that acts as coolant, shield
and tritium breeder [1-3]. Tritium is produced mainly via reaction of
neutrons with Li®, while beryllium acts as a neutron multiplier. Other
concepts such as the EU DEMO HCPB BB [4], the CFETR HCPB BB [5]
and the K-DEMO blanket [6] use a solid breeder in the form of pebble
beds, while the EU WCLL BB [7] and the CFETR COOL BB [8] concepts
use liquid PbLi flowing inside dedicated components. The isotope is
hazardous due to its radioactivity and it is the main source term
during normal operation and in case of accidental events. Thus, strict
accountancy is required to ensure compliance with regulatory limits
and guarantee self-sustaining operation through efficient recycling.

For these reasons, but also to aid the design of critical components,
reliable numerical tools for tritium transport are needed. Several codes
and models have been developed during the years [9-16]. The 1D
system-level Tritium Migration Analysis Program (TMAP) is considered
the reference application for safety analyses. Version 4 and 7 of the
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code have been widely used [17,18], and its latest version, TMAPS, is
currently under development at Idaho National Laboratory (INL) [19,
20]. Other developments have also mainly focused on a system-level
approach or on finite-element methods.

A component-level approach can give useful insight on the behav-
ior of geometrically complex systems with complicated thermal/fluid
conditions, and is a natural complement to the system-level approach.
In this work a Computational Fluid Dynamics (CFD) tritium transport
model developed by the Nuclear Engineering Research Group (NERG)
of Sapienza University of Rome is presented. The numerical solver is
based on the OpenFOAM (OF) open-source CFD toolbox. The model
was used to study a Double Wall Heat eXchanger (DWHX) for an ARC-
like reactor [21], to address concerns regarding hydrogen transport
through the hot and thin walls of the component. Modeling work of
tritium transport using OF has been done, with a different development
approach compared to the present work, by [14] in the framework
of the EUROfusion Consortium. The solver presented in this work,
named PermeAtion Solver for Tritium Analysis Foam (pastaFoam),
inherits all the capabilities of the original cht MultiRegionFoam (solver
for steady or transient fluid flow, solid heat conduction, conjugate
heat transfer, buoyancy effects, turbulence, reactions and radiation
modeling) plus the capability to simulate hydrogen transport in coupled
fluid-solid domains, under any permeation regime and in the presence
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of traps. The solver is designed to perform detailed analysis of tritium-
relevant components for a liquid breeder concept and will be applied
to an ARC-like fusion reactor.

2. Tritium transport model description
2.1. Physical model

In a liquid immersion BB, tritium is generated inside the BB, which
transports the isotope along its path, where it might interact with

surrounding structures. This can be modeled as the transport of the
tritium concentration C [molm—3], a scalar quantity:
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where D [m?s~!] is the diffusion coefficient, U [ms~!] is the velocity
of the fluid and S, [mol m~3s~!] is a volumetric source term. Due to a
hydrogen partial pressure gradient between the bulk of the fluid and
surrounding structures, permeation into structural materials occurs.
Inside metals, hydrogen isotopes can be trapped in so called trapping
sites, leading to the presence of the sink (trapping)/source (detrapping)
term in Eq. (1). Always in Eq. (1), the summation of the trapping term
is over all the active traps, while Eq. (2) is the conservation equation for
the trapped species C,;. The trapping and detrapping rate coefficients
are, respectively, @, [s"!] and a4 [s"!], and N [m~3] is the number
density of the host material. Concentrations in Eq. (1) and Eq. (2)
are atomic volumetric concentrations [m~3], while n, [m=3] is the trap
density, which is computed as the product between the trap fraction
f, and N. The difference between n, and C, represents the number of
empty trapping sites.

2.1.1. Membrane permeation

The dynamics of permeation are governed by surface (dissociation,
recombination) and bulk phenomena (diffusion, trapping). If hydrogen
is permeating through a metal membrane of thickness L, the molec-
ular flux impinging onto the metal surface is given by the net flux
[mol m~2 s~!] between the absorption flux and the desorption flux [22],
as shown in Eq. (3), where subscripts f and s stand for fluid and solid:

J=Kypr —K, CZ 3)

K, [molm=2Pa~!s~'] and K, [m*s~! mol~'] are the dissociation and
the recombination rate, respectively, p; [Pa] is the hydrogen partial
pressure in the fluid and C; is the concentration at the surface on the
solid side. A similar equation can be written on the other side of the
membrane, keeping in mind that surface properties, thus Ky and K,,
might differ on the two sides (asymmetric membrane).

At steady state, the flux in Eq. (3) on either side of the membrane
is equal to the diffusion flux into the material:

Kyp—K,Cl =DVC, C)]

Under the assumption of equilibrium (which is usually made, re-
gardless if equilibrium is actually achieved) [14,23] K , K, and the
solubility K, [molm~3 Pa~*] are linked together through Eq. (5), while
Eq. (6) determines the relationship between the hydrogen partial pres-
sure inside the metal and its concentration:

Kq=K2K, 5)

C=K+/p (6)

Depending on the material, typically in fluids, Eq. (6) might not hold
and concentration and partial pressure might follow Henry’s law. This
happens for instance in FLiBe [24]:

C=K,p (@)

In (7) the solubility has units of [molm~3Pa~!].
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2.1.2. Permeation regimes

When defects do not play a major role, the permeation of hydrogen
presents two limiting regimes: the Diffusion Limited Regime (DLR)
and the Surface Limited Regime (SLR). Let us consider the permeation
factor W = K, K, p®>L/D [22], which represents the relative rate of
diffusion and surface processes. If W > 1 we are in a DLR, surface
processes are much faster than diffusion processes and permeation can
be modeled as a function of the latter, neglecting surface dynamics. In
this case, at the interface between a fluid and a solid, one can write
the continuity of partial pressures (Eq. (8)) and the conservation of
hydrogen fluxes at the interface (Eq. (9)).

D; VC; =D, VC, (8)
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Inside the solver the concentration gradients in Eq. (4) and in Eq. (9)
are computed as the difference between the surface value and the cell
center value of the field interface cells divided by the distance between
the two points.

If W < 1 permeation is surface-limited and surface processes are
much slower than diffusion processes, determining the dynamics of per-
meation. Analytical solutions for this regime have been derived by [25,
26]. All transport properties are modeled as time-varying, temperature-
dependent scalar fields and are modeled according to the Arrhenius
equation, using a pre-exponential factor and a characteristic energy.
For instance, the diffusion coefficient is defined as:

D = D(T) = Dy exp Cg' > (10)

where D, [m?s~'] is the pre-exponential factor, E, [Jmol~!] is the
activation energy, R = 8.314 Jmol~! K~!is the ideal gas constant and T
[K] is the temperature.

2.2. Implementation of numerical model

The pastaFoam solver is based on the chtMultiRegionFoam solver
available in OF 9 [27], which can simulate transient, buoyant, turbulent
fluid flow and solid heat conduction, along with conjugate heat transfer
between fluid and solid regions. The solution strategy followed by
the solver is segregated: first, all the fluid regions are solved, solving
sequentially the field equations, then solid regions are solved using the
solution of the fluid regions as Boundary Condition (BC) at the fluid—
solid interfaces. The accuracy on regions coupling may be increased
performing several PIMPLE loops, which is the pressure-velocity cou-
pling algorithm adopted [28]. Concerns regarding errors in the mass
conservation of tritium when coupling two regions under this solution
strategy have been raised by [14], but such discrepancies have not been
encountered in this work, possibly due to the different implementation
of the coupling BC.

To couple fluid and solid regions two BCs have been developed, both
derived from the existing turbulentTemperatureCoupledBafleMixed
BC used to perform temperature coupling. The original BC imposes a
system of two equation consisting of the continuity of temperatures and
the conservation of heat fluxes at the interface, using an OF mixed BC:

Tyay = valueFr-w+ (T, +4-refGrad)(1 — ) an

ellcenter

where 4 is the inverse of the distance between the cell center and the
cell surface. One can derive the values for valueFr, » and refGrad by
solving for the system of two equations.

For the DLR, the DLRTritiumCoupledMixed BC has been devel-
oped in complete analogy with the original implementation for temper-
ature, imposing Eq. (8) and Eq. (9). For the more general formulation
that considers surface effects, the tritiumCoupledMixed BC has been
developed imposing Eq. (7) and Eq. (4). The main feature for both
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Table 1
Relative errors and integral errors for the verification cases presented in this work.
Case ref. Fig. ref. RE 1IE Data compared to
(%) (%)
Section 3.1.1  Fig. 1(a)  0.02 0.02 analytical
Section 3.1.1  Fig. 1(b)  0.49 0.23 analytical
Section 3.1.2  Fig. 2 0.00 0.00 analytical
Section 3.1.3  Fig. 3 0.15 - analytical
Section 3.1.3  Fig. 4 1.40 - analytical
Section 3.1.4  Fig. 4(a) 0.29 0.07 analytical
Section 3.1.4  Fig. 4(b) 0.17 0.05 analytical
Section 3.2 Fig. 6 0.004 0.004 analytical
Section 3.2 Fig. 7 0.62 0.62 analytical
Section 3.3.1  Fig. 8 0.007 0.004 analytical
Section 3.3.2  Fig. 9 - 0.2 code-to-code with Ref. [14]
Section 3.3.3  Fig. 10 - 0.08 code-to-code with Ref. [14]
Section 3.4.1  Fig. 11 72.0 - exp. [29]
Section 3.4.1  Fig. 12 20.3 - exp. [30]
Section 3.4.2  Fig. 13 022.8 0.4 exp. [31]

formulations is that the quadratic term in the resulting equation has
been decomposed in two terms, leveraging the iterative numerical
resolution approach intrinsic to the code, to maintain the same linear
formalism used for temperature.

The concentrations have been added as volumetric scalar fields and
the solver solves for them using Eq. (1) and Eq. (2), respectively (minus
the advective term in the transport equation for solids). Traps are
present only in solid regions and, at the moment, one single trap is
modeled, but the extension to multiple traps is straightforward.

3. Model verification & validation

In this chapter a series of verification and validation cases are
presented. Comparisons with TMAPS, the solver developed by [14] and
with TRIDENT [11] are made. Where indicated, Integral Errors (IE) are
computed according to Eq. (12) as the complement to one of the ratio
of the numerical and the reference areas delimited by the » data points.

n
A
TE =100 M_l 12)
Xini ArEff,i+1
RE - 100 2 | valuegr; _ 13
T on & |value,, ;

Relative Errors (RE) are instead computed as the complement to
one of the ratio of the numerical and the reference values. For all
cases hexahedral, structured and coherent meshes have been used, with
grading towards boundaries in the direction of the permeation flux
when needed. The discretization schemes adopted are of the second
order for both temporal and spatial discretization.

A summary of the results obtained in the verification and validation
cases shown in this work is reported in Table 1.

3.1. Analytical cases

3.1.1. Diffusion in a slab with constant source BC

In this verification case taken from [9], the ability of the solver to
reproduce a simple diffusion problem is tested. Permeation through a
200 m long slab of SiC is modeled, considering a constant source C,
equal to one on the left boundary of the slab. The initial concentration
is zero and diffusivity is taken as unity. The analytical solution for the
concentration is given by [32], where t [s] is the time and x [m] is the
distance from the left boundary:

C=Coerfc< d ) a4
24/Dt

Results are shown in Fig. 1. The IE and RE with respect to the
analytical solution for Fig. 1(a) are both 0.02% and are the same as
TMAPS, while for Fig. 1(b) the IE is 0.2%, higher than the 0.1% of
TMAPS8 and the RE is 0.5%, lower than the 1.5% in TMAPS8 (Table 1).
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Fig. 1. Diffusion in a semi-infinite slab with constant source BC.
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Fig. 2. Concentration vs time for the diffusion in a semi-infinite slab preloaded with
an initial concentration C; in the first 10 m. Plots are shown for x = 0, 10 and 12 m.

3.1.2. Diffusion in a partially preloaded slab

Permeation into a 100 m long slab of SiC is analyzed, considering
that the first 10 m of the slab are preloaded with an initial concentration
Cy, while the rest of the slab is initialized at C = 0. D and C; are
taken as unity. The simulation time is 100 s. Both the pastaFoam and
TMAP meshes are made of 1000 elements along the length of the slab.
This case tests the behavior of the solver under nonuniform initial
conditions. In Fig. 2 the evolution of the concentration over time is
shown, at the inlet of the slab and 10 and 12 meters away from the
inlet. The case is taken from [9] and the analytical solution for the
concentration is given by [32]:

C —
C= 2 fers (VDASE) dory 222 (15)
2 2 24/D1
Agreement of pastaFoam with the analytical solution is excellent
(IE and RE less than 0.001%, Table 1).

3.1.3. Permeation through a membrane with trapping
This case from [9] tests the trapping functionality of the solver.
Permeation through a 1 m thick membrane at 1000 K with active
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traps is simulated. The region is initially empty. On the inlet side a
fixedValue BC is used to set a constant atomic source of 3.1622x10'8 m=3
for C, while the outlet side concentration is kept at zero. The solver
is coded to accept molar concentrations, but when trapping is turned
on all input molar quantities must be converted to atomic ones. D is
taken as unity, while the trapping rate «, is set constant and equal to
1 x 1013 s~1. The detrapping rate o4 is defined as:

k
ag=1x 103 - exp <—%> (16)

where e is the trap energy and k is Boltzmann’s constant. To evaluate
numerical results a comparison between the analytical and the numeri-
cal breakthrough time is made. Depending on the trapping regime, the
breakthrough time can have two different limiting values. The trapping
regime can be determined by comparing the trapping parameter ¢
defined in Eq. (17) with the ratio between the mobile concentration and
the trap fraction C/f,. 4 = 3.162 x 10~8 m is the lattice parameter, v =
1x 103 57! is the Debye frequency, D, = 1 m”s~! is the pre-exponential
factor of the Arrhenius equation for diffusivity and E, is the diffusion
activation energy. For f, a value of 0.1 is considered.
A2y E,—¢e\  C

C—Dopexp< T >+E an

If { » C/f,, then diffusion is the rate-limiting process and the
effective diffusivity regime applies. The transient is similar to the
standard diffusion but an effective diffusivity D,ss (Eq. (18)) must
be considered. In this case, the analytical solution for the transient
permeation flux is give by [10]:

D,/ = Ll 18)
1+Zj§_j
C,D < ; L
J= T{1+2; [(-1) exp <—m2a>]} 19)
L? 20
R o

where L is the thickness of the slab and 7, is the breakthrough time,
defined as the intersection of the steepest tangent to the diffusion flux
plot over time with the time axis (Eq. (20) and Eq. (18)).

If ¢ ~ C/f, then, the trapping is the rate-limiting process and
the strong trapping regime applies. In this case, there is little to no
permeation until the traps are filled and then the flux quickly reaches
its steady state value. Here, the breakthrough time can be defined as
the time it takes for the flux to reach 99% of its steady state value and
is given in formula by:

L2,
Tha = m

Results for the effective diffusivity regime are shown in Fig. 3.
pastaFoam and TMAP8 perform very similarly with respect to the
analytical solution, with an error of 0.15% on the breakthrough time
(Table 1).

Results for the deep trapping regime are shown in Fig. 4. The break-
through time obtained in pastaFoam and TMAPS8 are 507 and 477 s,
while the analytical one is 500 s (RE with respect to the analytical of
1.38% and 4.6%, respectively, Table 1).

(21)

3.1.4. Diffusion in composite membrane

This verification case is taken from [10] and tests the DLRTri-
tiumCoupledMixed BC. The computational domain is composed of two
regions, a PyC layer 33 pm thick followed by a Sic layer 66 pm thick.
The same nodalization of 1000 uniform elements used in TMAP8 along
the thickness of the membrane was used in pastaFoam. On the left
boundary of the PyC region the inlet concentration is fixed to C, =
50.7079 mol m—3, while on the right boundary of the SiC region a zero
concentration BC is used. Diffusivity values are taken as constants and
equal to 1.274 x 107" m?s~! for the PyC and 2.622 x 10~ m?>s~! for
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Fig. 3. Atomic flux vs time for the diffusion in a slab with active trap under effective
diffusivity regime.
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Fig. 4. Atomic flux vs time for the diffusion in a slab with active trap under strong
trapping regime.

SiC. Solubility is taken as unity for both materials. Analytical transient
solutions for the two materials can be found in [10] and numerical
results obtained with OF are shown in Fig. 5. pastaFoam IE is 0.07%
and 0.05% for Figs. 4(a) and 4(b) ( Table 1), respectively, and are
similar to the errors with TMAP8 (0.1% and 0.01%).

3.2. SLR analytical solution

In this section the tritiumCoupledMixed BC is tested under SLR. A
gas-driven permeation of hydrogen through a 1 mm thick membrane
is studied. The membrane is in contact with an upstream fluid volume
kept at a constant pressure p = 4 x 10™* Pa and a downstream fluid
volume constantly evacuated from the permeated gas. The analytical
solution to the problem is taken from [25,26], which provide an
equation for the time evolution of the flux J and the concentration C
during surface-limited permeation through a membrane:

2
y=1, [tanh (1/7) + Cy/C,,] i 22
[(Cy/C,) x tanh (t/7) + 1]

C = C,, x tanh? [t/ + arctanh(C/C)] (23)
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Jm = Kg pKrlKrZ(Krl + Kr2)71 (24)
Cp = K p' 2K (K, +Kpp) 772 (25)

]—1/2 26)

=LK' p7? K, (K +Kpp)
where J,, and C,, are the steady state flux and concentration, respec-
tively, L is the membrane thickness and z is the characteristic time,
defined as the time it takes for the concentration to reach its steady
state value if the initial concentration is zero and there is no release
from the membrane. The subscripts 1 and 2 indicate the left and right
side of the membrane.

The different treatment of the two surfaces is because the analytical
model, as well as the solver, can take into account asymmetries in the
membrane, thus different values of K, and K for a single region can be
considered. The parameters used for the analysis are: D=1 m?s~!, K=
1x107 molm=Pa~!, K, =K, = 1 x 107 m*s~! mol™! andT =773 K.
With this setup the permeation parameter W is < 1 and SLR is ensured.

Inside the pastaFoam computational domain two fluid regions with
a solid one in the middle have been considered. They are coupled
together using the tritiumCoupledMixed BC for concentration, while
on the left boundary of the upstream region and on the right boundary
of the downstream region concentration is fixed to p x K, and zero,
respectively. The fluid regions are 0.1 mm thick and all regions meshes
have grading towards coupled boundaries. Results for three different
initial concentrations are shown in Fig. 6 and in Fig. 7. Agreement for
the concentration is excellent (IE and RE < 0.004%) and the error (IE
and RE) for the flux, computed in post-processing, is 0.62% (Table 1).

3.3. Benchmark with existing openfoam tritium migration models

To address concerns raised by [14] and verify the equivalence of
the modeling with the present work, in this section three cases reported
in [14] are reproduced. The benchmark is limited to the functionalities
used in the reference cases, that is, the transport equation and the
coupling under diffusion limited regime.

3.3.1. Diffusion in a membrane with constant BCs

This case is analogous the one in Section 3.1.1 and is take from
[33], which describes the analytical solution in Section 4.3.3. Hydrogen
permeates through a 1.2 mm thick membrane fixing the concentration

1.0
0.8 1
0.6 1
5
o OFCo=0
0.4 —— OF Cy = 0.3C,
—— OF Cp = 0.5Cp
0.2 . Analytical Co =0
e Analytical Co = 0.3C,
001 e Analytical Co = 0.5C,,
0 1 2 3 4
t/T

Fig. 6. Normalized concentration as a function of time for three different initial values
in the membrane.

1.0
0.8 1
0.6 1
£
= OFCo=0
0.4 - —— OF Cp = 0.3Cp
—— OF Co = 0.5C
0.2 . Analytical Co = 0
e Analytical Co = 0.3C,
0.01 e Analytical Cy = 0.5C,,
0 1 2 3 4
t/t

Fig. 7. Normalized permeation flux as a function of time for three different initial
concentration in the membrane.

at the left (1) and right (2) boundary of the domain. The initial
concentration C, is equal to the right boundary fixed value C, and
is equal to 8.3 x 10713 molm~3, while on the left side we have C, =
0.83 mol m~3. D is constant and equal to 1.119018x10~® m*> s~!. The mesh
is the same as the reference case, 90 x 2 x 2 elements, and the timestep
is 5 ms. The transient evolution of the concentration profile is shown
in Fig. 8. Agreement with the analytical solution is excellent (less than
0.01% both for RE and IE at 30 s into the simulation, Table 1).

3.3.2. Transient gas-driven permeation

This case reproduces the permeation of deuterium through a mem-
brane separating two volumes. The upstream volume is kept at a
partial pressure of 10 Pa, while the downstream one has an initial
concentration of 0 Pa and is assumed to be closed. The analytical
formula for the pressure evolution in the downstream volume is derived
from [33], formula (4).24a, page 51. Modeling parameters and choices
are the same as [14]. The membrane is assumed to be made of 9%-
Cr RAFM steel and transport data for Deuterium are taken from [34].
The computational domain is made of three regions, coupled with each
other with the DLRTritiumCoupledMixed BC. The yz cross-section of
the entire mesh is made of 4 cells, while along the x axis the upstream
fluid region, the membrane and the downstream fluid region are made
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Fig. 8. Diffusion in a membrane with constant BCs. Concentration profile over the
thickness of the membrane at different times, from 1 s to 30 s.

AT Analytical

— OF
e Ref.

.
N

o
© O

=
o

downstream p (Pa)

0 100 200 300 400 500
Time (s)

Fig. 9. Permeation of Deuterium through a 9%-Cr RAFM steel membrane. OF
(pastaFoam) is this work, Ref. is [14]. Analytical formulation does not consider pressure
buildup in the downstream volume.

of 10, 100 and 1 cell, respectively. To avoid the influence of gas
diffusion in the fluid regions, a diffusivity of 1 was considered for both
volumes. Results are shown in Fig. 9. Agreement with [14] is excellent
(IE ~0.2%, Table 1) and the deviation from the analytical solution is
due to the fact that pastaFoam takes into account the pressure buildup
in the downstream volume, while this is not considered in the analytical
formulation, which assumes the downstream pressure to be zero.

3.3.3. Transient gas-driven permeation 2

This case is very similar the one presented in Section 3.3.2 and
was meant to be a comparison with the TMAP7 code. Two volumes
of 1x10~3 m? and with initial hydrogen partial pressure of 1x10~3 Pa
are separated by a 1.2 mm thick Eurofer-97 membrane. Temperature is
uniform and equal to 723 K. Pressure in the upstream volume is ramped
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Fig. 10. Transient H gas driven permeation through a Eurofer-97 membrane. This work
(OF) vs Ref. [14]. Pressure evolution in the downstream fluid volume.

up from the initial value to 1 Pa during the first second of simulation
and it is then kept constant. The membrane is made of 10 cells in the
x direction and the two neighboring volumes present grading towards
the interface with the membrane. Concentration is fixed at the left
boundary of the upstream volume to obtain the desired input pressure,
the fluid-membrane interfaces utilize the DLRTritiumCoupledMixed
BC and all other boundaries are set up with a zeroGradient BC. Fig. 10
shows the pressure evolution in the downstream volume and agreement
of the pressure trend with the reference case is close to perfect (IE
~0.08%, Table 1).

3.4. Experimental cases

3.4.1. Permeation experiments in flinak & flibe

Considering the application of pastaFoam to ARC-like reactors,
testing on experiments with molten salts is of great interest. In the
absence of data for forced-convection molten salt system containing
tritium or other hydrogen isotopes, two static permeation experiments,
one using FLiNaK [29] and one using FLiBe [30] have been consid-
ered. Both experiments were done on the same experimental apparatus
described in [29] and a schematic diagram of it can be seen in Fig.
1 of [29]. The aim of the experiments was to measure permeability,
solubility and diffusivity of hydrogen in FLiNaK [29] and diffusivity
and solubility of tritium in FLiBe [30]. A mixture of H,/T, and argon
(Ar) is introduced into the bottom of the test section at a constant flow
rate and pressure. This mixture is in contact with the test section, which
has a 2 mm thick Ni lower plate and contains a known volume of static
FLiNaK/FLiBe. Permeation of atomic hydrogen through the Ni plate
followed by recombination and diffusion through the molten-salt layer
takes place. An Ar purge flow removes permeated hydrogen from the
salt free surface. Parameters used in pastaFoam to reproduce the two
experimental campaigns are shown in Table 2 and in Table 3. Upstream
pressures and experimental data have been extracted from Fig. 3 in [29]
and from Fig. 2 in [30].

The numerical model is made of a solid and a fluid region stacked
on top of each other. Concentration at the base of the nickel plate and
at the top of the fluid region is fixed, the interface is modeled with
the tritiumCoupledMixed BC and all other boundaries are modeled
as zeroGradient. The Nickel plate is modeled with 5 elements along
the thickness of the plate, the FLiNaK with 50 elements and the FLiBe
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Table 2

Input parameters for pastaFoam simulation of the experimental campaign

presented in [29].

Parameter

Value-Range

H,input pressure [Pa]
H,cover gas pressure [Pa]
Temperature [K]

FLiNaK thickness [mm]

Ni membrane thickness [mm]
Drpinak [m*s™']

K, prinak [molm=3 Pa~']

Dy, [m?s7']
K,y; [molm™ Pa
Kgyy; [mol m2s7!Pa!]

70.5]

1x10°-1x 103

0

773, 873, 973

20

2

0.38-1.9x 108 Ref. [29]
8.4-2.8 x 1075 Ref. [29]
1.5-5.3 x 107 Ref. [35]
4.8-8.0x 1072 Ref. [35]
1.4-3.7x 107% Ref. [36]

Table 3
Input parameters for pastaFoam simulation of the experimental campaign
presented in [30].

Parameter Value-Range
H,input pressure [Pa] 1210-171

H,cover gas pressure [Pa] 0

Temperature [K] 823, 873, 923, 973
FLiBe thickness [mm] 81

Ni membrane thickness [mm] 2

2.0-5.2x 10~ Ref. [30]
K rige [molm=Pa™'] 0.47-1.0 x 1073 Ref. [30]
Dy, [m?s7'] 1.3-3.1x 107 Ref. [35]
K, y; [molm= Pa=03] 5.6-8.0 x 107 Ref. [35]
Kyy; [molm™s7! Pa™'] 1.9-3.7x 107 Ref. [36]

2 -1
Drpipe [m*s™']

with 200 elements. A mesh sensitivity analysis has shown independence
of results from the selected mesh. Also smaller timesteps have been
tested to assess its influence over steady-state values. Of the different
configurations shown in Table 4 and tested on the run at 973K and
1 x 103 Pa, no significant variation in flux at steady state is observed
with respect to the coarser mesh analyzed. Steady state permeation
fluxes at different temperatures and pressures are shown in Fig. 11
(experiment from [29]) and Fig. 12 (experiment from [30]). The av-
erage error on the experimental campaign from [29] is 72%, which
goes down to 42.5% if only the single data point at 10* Pa and 773K is
neglected. Significant differences in flux have been observed changing
the transport properties for hydrogen in nickel, and this is considered
the biggest source of uncertainty for these cases. The average error on
the experimental campaign from [30] is 20.3% (Table 1). The same
cases have been simulated in the TRIDENT code by [23], and extracting
data from Fig. 5.23 (runs with FLiNaK) and Fig. 5.24 (runs with FLiBe)
in [23], average errors of 102.8% and 34.3% were found, respectively.
As argued by [23], one source of deviation for computed value with
respect to experimental results in [30] might be due to the fact that
in TRIDENT, as well as in pastaFoam, the assumption that all tritium
exists as T, is made, however the measured K, in [30] matches
more closely the value for tritium fluoride rather than that for T,.
This highlights the importance of chemistry control of the salt when
performing experiments and modeling real salt-based systems. As al-
ready mentioned above, the uncertainty in tritium transport properties
for cases [29,30] can significantly impact the accuracy of reproducing
experimental measurements. When validating software, to mitigate any
deviation, it is important to compare results with experiments where
the chemical state of all materials involved in the migration of tritium
is well-known. The transport properties employed in numerical compu-
tations should accurately reflect the state of said materials during the
experiment.

3.4.2. Diffusion experiment in beryllium sample

In this section the experimental data presented by [31] in Fig. 2
(a) is simulated in pastaFoam. In the paper, deuterium ion implan-
tation, thermal absorption and desorption experiments on thin layers
of high-purity beryllium were conducted. The experiment of interest
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Table 4
Mesh and timestep sensitivity analysis on experimental run from [29] at 973K and
1% 10° Pa. E% is with respect to the reference model “Ref”.

Run ID Mesh Ni Mesh FLiNaK Grading dt (s)
Ref 3x5x1 3x50x1 no 1
ml 3x10x1 3x100 x 1 no 1
m2 3x20x1 3x200x1 no 1
m3 3x20x1 3x200x1 yes 1
m4 3 x40 x1 3 x400 x 1 no 1
tl 3x5x1 3x50x1 no 0.1
t2 3x5x1 3x50x1 no 0.01
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Fig. 13. Deuterium flux through beryllium sample during a thermal desorption test.
Experimental points are from Fig. 2 (a) in [31].

Table 5

Meshe discretizations considered in the mesh sensitivity analysis on experimental data
from [31]. The beryllium region is modeled with two boxes, of which the first has the
same dimensions and discretization of the BeO region.

Run ID Mesh BeO Mesh Be

box1 box1 box2
ml 2x3x1 2x3x1 235 x 3 x 1, grading = 700
m2 3x3x1 3x3x1 354 x 3 x 1, grading = 700
m3 6x3x1 6x3x1 710 x 3 x 1, grading = 700
Ref 8x3x1 8x3x1 947 x 3 x 1, grading = 700
m5 10x3x1 10x3x1 1184 x 3 x 1, grading = 700

was conducted on a 0.4 mm thick sample of pure, polished beryllium.
On the surface of the sample a 18 nm beryllium oxide (BeO) film was
measured via Rutherford backscattering measurements. The sample
was first positioned in a charging furnace and exposed to deuterium
at 13.3 kPa and 773 K for 50 h. Then it was cooled under a vacuum of
1 x 107 Pa with a time constant of 45 min. Once cooled down to 300
K, the sample was transferred to a thermal desorption furnace where it
was heated under a vacuum of 1 x 1073 Pa up to 1073 K. The furnace
heating rate was 3 K/min. This experiment was reproduced in TMAPS,
modeling half of the sample with a reflective BC at the mid-plane of the
domain. The model is made of two-segments, the first with 36 elements
representing the BeO and the second with 40 elements representing
pure beryllium. Also in pastaFoam half of the domain was simulated,
using a symmetry BC at the mid-plane. The model is made of two solid
regions coupled together by the DLRTritiumCoupledMixed BC. The
BeO film is modeled with 8 uniform elements across its thickness, while
the beryllium region is made of 8 elements equal to those of the Beo
close to the coupled interface, followed by 947 elements that increase
gradually in length, with a cell-to-cell expansion ratio of 1.007. A mesh
sensitivity analysis (Table 5), of which results are shown in Fig. 14,
highlights that further refining of the mesh does not lead a change in
computed flux. Deuterium transport data in beryllium and in BeO are
the same used by [10].

Fig. 13 shows the permeation flux of deuterium during the thermal
desorption phase. Experimental points are taken from Fig. 2(a) in [31].
Integral errors for pastaFoam and TMAPS8 are 0.4% and 4.3%, respec-
tively (Table 1). While pastaFoam gets closer to the experimental peak
around 800 K, it slightly over-predicts the flux compared to TMAP
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Fig. 14. Mesh sensitivity for the model developed to reproduce the case from [31].
See Table 5 for a description of the differences between the cases.

in the lower-right portion of the curve. The IE is smaller because the
overall area under the curve is closer to the experimental one. On the
other hand, looking at the relative error pastaFoam averages a 22.8%
while TMAP a 20.3%. The main difference is in the left tail of the plot,
where a majority of data points is clustered. Overall correlation with
experimental values is excellent, with a coefficient of determination
equal to 0.98 for both codes.

4. Conclusions

In this work the OpenFOAM pastaFoam solver for transient tritium
transport was presented, along with two coupling BCs for hydrogen
mass transfer. The solver can simulate tritium transport with or without
traps in coupled fluid-solid systems and leverages all the capabilities
of the base chtMultiRegionFoam solver. Coupling is done both under
the assumption of DLR and accounting for surface effects. An extensive
list of verification and validation cases was performed, as summarized
in Table 1. Verification against analytical solutions and code-to-code
comparisons show excellent results. Errors for validation cases are
non-negligible, possibly due to uncertainties on experimental values
of tritium transport parameters and experimental conditions, but are
nonetheless in line with or better than results obtained with existing
codes taken into consideration. Outstanding activities are the simu-
lation of more complex 3D experimental campaigns, using data from
these experiments as it becomes available. The solver here presented
could be useful in scenarios where typical system-level codes struggle
to model the physics at play due to their modeling approach. The solver
could be used to evaluate the hydrogen mass transport coefficient
h,, from the bulk of fluids to solid surfaces, taking into account real
geometries and turbulent fluid flows. Experimental correlations for 4,
are scarce or non-existent for fluid of interest in fusion reactors such as
liquid metals (LiPb) and molten salts (FLiBe, FLiNaK). At the moment,
the standard approach is to apply heat and mass transfer analogies on
correlation developed for heat transfer in other fluids.

In the future, the capabilities of the code will bi extended consider-
ing multiple hydrogen species, chemical reactions and the development
of a hydrogen implantation flux in solid structures. Furthermore, the
code will be improved by also considering magnetohydrodynamic ef-
fects, fundamental for BB which used liquid metals, for which two
solvers are currently being developed at NERG [37].
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