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Abstract

The management of hydrogen isotopes within a fusion reactor remains a key design issue, with
many constraints concerning tritium. The fusion power plant should be self-sufficient with
respect to its fuel, while the contamination of components and the releases outside the primary
system should be limited. There is a need for versatile numerical tools to assess tritium
inventories and losses, which will support the design of components relevant to tritium
management and inform mitigation strategies. This work presents the development, verification
and validation of the System-level Application for Engineering Tritium
Transport Analysis (SAETTA). SAETTA is a modular, system-level code designed with
flexibility in mind. It is capable of simulating thin membranes as well as large systems with
several components and connections. The program is built using Python, with a
one-dimensional approach to simulate the transport of hydrogen isotopes in fluid and solid
systems. Various factors influencing the transport of hydrogen isotopes are addressed, such as
chemical reactions, mass transfer in the fluid, surface effects, permeation, trapping, leakage and
decay. SAETTA methodology and implementation strategy are thoroughly outlined. In addition, a
comprehensive verification and validation campaign has been specifically designed and
performed to demonstrate the code capabilities in a wide range of fusion-related applications.
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1. Introduction

In the pursuit of developing power plants utilizing controlled
fusion energy, the generation of tritium as a reaction product
and its need as fuel pose significant engineering and safety
challenges. It is essential that this hydrogen isotope is effi-
ciently recycled to ensure the self-sufficiency of the plant and
to provide a startup inventory for future machines. Accurate
tracking of tritium in all streams is crucial, and strategies for
mitigating trititum permeation and exposure must be estab-
lished to address both operational and safety concerns.

Several numerical tools for tritium transport have been
developed or are currently under development [1-8]. The ref-
erence tool for safety analyses has historically been the Tritium
Migration Analysis Program (TMAP), starting with version 4
and later version 7 [9, 10]. The development of version 8 is
currently underway, and represents a transition from a closed-
source FORTRAN application to an open-source MOOSE-
based (C++) application [11, 12]. Existing tools are capable
of simulating various aspects of tritium transport at differ-
ent scales. Some are focused on component-scale domains
[4, 13], for instance the TESSIM code has been used for
1D diffusion-trapping analyses of specific components under
heat and particles loads [7]. Other adopt lumped approach
for large physical domains, favoring scale and execution time
through a series of approximations [3, 14]. This last approach
has allowed to perform system-level analyses of complex sys-
tems such as the European (EU) DEMOnstrator Power Plant
(DEMO) Dual Coolant Lithium Lead Breeding Blanket (BB)
[6, 15] and the EU DEMO fuel cycle [16].

The aim of this work is to develop a code that bridges
the gap between component-scale and large-scale applica-
tions, and comes from a collaboration between the Nuclear
Engineering Research Group (NERG) of Sapienza University
of Rome, ENEA Frascati Research Center and Eni S.p.A..
The code is named System-level Application for
Engineering Tritium Transport Analysis (SAETTA).
Users are provided with a range of customizable options to
tune the accuracy and performance of the model according
to their specific needs and requirements. By employing a
mixed 1D—Ilumped parameters object-oriented approach, it
is possible to simulate certain system-level components in
1D (e.g. piping), while specific components can be separately
developed by means of dedicated methodologies, and integ-
rated into the overall system model. This strategy allows for
the simulation of large systems in a relatively timely manner,
while minimizing the need for unwanted simplifications.

In this work, SAETTA models are discussed, followed by
a detailed overview of the Verification & Validation (V&V)
campaign carried out on the code.

In section 2, the methodology of this study is outlined,
together with the transport physics that have been imple-
mented. Section 3 provides an overview of the verific-
ation and validation process, including a compilation of
analytical and experimental cases, as well as code-to-code
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comparisons where applicable. Several physical phenom-
ena have been verified, such as permeation under different
regimes (sections 3.1.1 and 3.1.2), in composite materials
(section 3.1.6), in the presence of traps (section 3.1.5), with
non uniform initial conditions (ICs) (section 3.1.4), and the
coupling of fluid and structures (section 3.1.3). The valid-
ation cases presented are relevant to fusion applications, as
they involve typical components and materials utilized in
fusion systems. The first validation case (section 3.2.1) focuses
on the thermal desorption of deuterium from a beryllium
sample, which is commonly employed as a neutron multi-
plier. The subsequent two cases (section 3.2.2) examine per-
meation through FLiBe and FLiNaK molten salts, which are
currently identified as primary options for the blanket of ARC-
like reactors [ 17]. The final two validation cases (sections 3.2.3
and 3.2.4) model a Permeator Against Vacuum (PAV), one of
the leading technologies being evaluated for tritium extraction
from lithium-lead (LiPb) in the EU DEMO reactor [18], as
well as a reference technology for the extraction of tritium and
other hydrogen isotopes from gaseous streams [19].

For the verification and validation activities, the approach
and data elaborated in [2] have been applied for the cases
presented in sections 3.1.3-3.1.6 and for the case presented
in section 3.2.1, respectively.

2. Code description

2.1 Code structure and methodology

The program revolves around pipes, fluid domain entities dis-
cretized in a series of connected volumes. It considers the pres-
ence of up to two hydrogen isotopes (hereinafter referred to
as Q), and their transport inside pipes is determined by the
working fluid used in the system. The fluid also determines
the chemical state in which Q is found. As of now, speciation
is available only in water, and in that case Q can be found in the
form of HT, H,, HTO and H,O. By default, one chemical reac-
tion in the fluid balance equations is considered, but more can
be defined. Other fluids can be easily added by creating a ded-
icated fluid class containing their thermophysical and transport
properties. It is possible to simulate transport and permeation
of a single isotope in any fluid. However, an efficient method
for the automated setup of speciation (‘fluid-specific’ chem-
ical equilibrium in table 1) and co-permeation of more than
one isotope in the presence of fluids different than water has
yet to be implemented.

Pipes can be connected to structures through which per-
meation takes place. If no structure is connected to a pipe,
then that pipe is isolated from a permeation point of view.
Tritium trapping can be independently activated inside each
structure (‘structure-specific’ traps in table 1), which can con-
sist of multiple layers of various materials. These layers can
also be utilized to model static fluid domains or small fluid
gaps between metal surfaces. Structures can be connected to
pipes or volumes. Volumes are OD components designed to
replicate environments like room atmospheres and can also be
used to fix boundary conditions (BCs) on connected structures.

Table 1. Available models in SAETTA base components.

Model Features

Pipes

Mass conservation
Chemical equilibrium

always active
fluid-specific

Decay on/off

Leakage pipe-specific
Structures

Permeation always active
Traps structure-specific

Permeation Reduction Factor surface-specific

Boundary conditions

on/off
surface-specific

Mass transfer
Local equilibrium of partial pressures

A series of models shown in table 1 can be activated to tailor
the input file to the specific problem the user wants to simu-
late. When working with tritium, decay can be toggled, while
a leakage model can be used to simulate loss of mass through
cracks, connections (e.g. flanges) and components (a leakage
rate can be specified for each pipe, hence the ‘pipe-specific’ in
table 1). A Permeation Reduction Factor can be applied to each
surface of a structure (‘surface-specific’ in table 1) to simulate
an additional resistance to permeation, usually due to a surface
oxide layer. This can be a computationally efficient alternative
to the simulation of the oxide layer with actual nodes within
a multi-layer structures. For BCs, it is possible to consider a
mass transfer coefficient to simulate the concentration gradient
between the bulk of the fluid and the interface with a structure.
The activation of this model adds a resistance to permeation
due to the boundary layer in the fluid. Another independent
model that can be activated is the assumption of Q partial
pressure local equilibrium at each structure surface (‘surface-
specific’ in table 1). If the model is activated, permeation is
diffusion limited, otherwise surface effects will be considered
in the calculation of concentration boundary values.

2.2. Implementation of transport physics

The generic conservation equation in a fluid volume of a pipe
is shown in equation (1), where ¢s (mol m~?) is the species
molar concentration, V (m?) is the volume, ¢ (s) is the time,
Fi, (mol s~!) is the molar flow rate entering the volume, ¢
(m? s~1) is the volumetric flow rate, J (mol m~2 s~ 1) is the
permeation flux through surface A of the volume, A (s~!) is
the decay constant, w (s~!) is the leak rate and ¢, (mol s~ ')
is the reaction rate. Here, s denotes the generic species con-
taining Q

e

5 = Fins — (g + wV+AV)cg — JA + dcn. (1)

For species that are able to permeate, depending on the
selected models in table 1 and the form of the species itself,
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equations (2)—(4), (5) and (6) are used to compute fluid-
structure BCs. The mass transfer coefficient is denoted by m
(ms~h), sy isa generic homonuclear molecule, s, is a gen-
eric heteronuclear molecule, K4 (molm~2s~! Pa—') is the
dissociation constant, K; (m* s~—' mol~!) is the recombination
constant, K; (mol m—3 Pa—%9) is the Sieverts’ constant in the
metal, K ¢ (mol m~3 Pa~!) is the Henry’s constant in the fluid,
p (Pa) is the pressure, D (m? s~!) is the diffusivity and dx (m)
is the distance between two nodes in a structure. The subscripts
wall, w1 and w2 indicate values at the fluid—solid interface on
the fluid side and inside the metal at the first and second node
closest to the interface, respectively. The subscripts 1 and 2
indicate two different hydrogen isotopes.

If local equilibrium is assumed, equations (2) and (3) are
used to impose the equality of partial pressures at the bound-
ary for heteronuclear and homonuclear species, respectively.
In this case, if mass transfer is active, also equation (4) is con-
sidered, otherwise the flux is computed directly from the dif-
fusion equation

Cs12,wall 2cl,WC2,W )

KSJ K32

2

Csllwall <Cl,w> 3)

Ks,f Ks
2m(cs11 — Cs11,wan) + M (€s12 — Cs12,wall)

D,
= (w1 —Ciw2)- 4)

If local equilibrium is not assumed, equation (5) or
equation (6) are considered, depending on whether or not mass
transfer is activated

2m(cs11 — Csi1,wail) + M (Cs12 — Cs12,wall)

1
== 2I<d (psn + 2ps12> - 2I<r (C%,wl + CI,WCZ,WI) (5)

1
2Kq (psll + 2]95]2) —2K; (C%,wl + Cl’chz’Wl)

D
= *I(Cl,wl *Cl,wz)- (6)

dx

When mass transfer is activated, m is obtained from
equation (7), where d (m) is the inner diameter of the pipe
and L (m) is its length. Depending on the flow regime, dif-
ferent correlations are used to find the Sherwood number
(Sh). These correlations typically depend on the Reynolds
(Re) and Schmidt (Sc) dimensionless numbers. For Re <
2030, equation (8) is used, while for 2030 < Re < 10000
equation (9) is used [20]. For Re > 10000, the Dittus—
Boelter heat transfer correlation [21] modified according to
the Reynolds analogy for mass transfer has been implemen-
ted (equation (10))

Shx D
f— 7
m ] (7)
Sh=1.86 x Re'/? x Sc¢'/* x (L/d)~"/* (8)

Sh=0.015 x Re®® x Sc*+? 9)
Sh = 0.023 x Re’® x Sc%4. (10

Inside structures, the transport equation is resolved for each
Q. If trapping is activated for a specific structure, the trap-
ping equations are integrated with the solution of the diffusion
equation (equations (11) and (12))

Oc ’ Ocyi
E—V-(Dvc)_SQ—; 5 (11
Ocy
66; :%c(n[—ci)—adct[. (12)

Sq (mol m~3 s~!) is a generic volumetric source term, ¢;
(mol m~?) is the trapped concentration and j is the number of
traps. o ™, ag (s7H, ny (m™3) and N (m~3) are the trap-
ping rate, the detrapping rate, the traps density and the number
density of the host material, respectively.

2.3. Numerical techniques and code flow

Transport of tritium through structures is solved using the
Crank—Nicolson scheme. The method is implicit, is second
order accurate (has a temporal truncation error O(A#*)) and
is unconditional stable [22]. However, in the presence of
jump discontinuities in BCs or ICs, the solution may exhibit
oscillations. If left unaddressed, the oscillations can persist
due to their weak dampening [23]. By selecting an appropri-
ate initial time step that considers the stability parameter «
(equation (13)), these oscillations can be promptly dampened

AtD

Ao (13)

o=

Selecting a time step for which « is equal to 0.5 should
eliminate the high frequency component of the oscillations.
After a few initial iterations the time step can be gradually
increased to the input value specified by the user.

The diffusion matrix is constructed with Robin BCs at the
sides of the structures, enabling the handling of various types
of BCs with a generalized approach. Internal interfaces for the
different layers of composite structures are also managed with
Robin BCs. All BCs are written according to equation (14),
where c is the concentration, Ay is the portion of the BC that
does not depend on c, By is the part dependent on ¢ and D is
the diffusion coefficient

% = (AR +BRC) /D

If traps are active within a particular structure, the trap-
ping equation (12) and the scalar transport equation (11) are
coupled for each node. Equation (15) shows the coupled sys-
tem for one active trap. Here, « is the same as previously
defined (although its meaning here is not that of ‘stability para-
meter’) and bief; and byigp, are diagonal coefficients adjusted to

(14)
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accommodate BCs. Coefficients 7; pertain to the ith quadrant
of the unknowns coefficient matrix and are related to the trap-
ping equations. Variables ¢; and cy; represent the unknown free
and trapped concentrations, respectively, and d are the known
terms. Following this procedure we obtained an unknowns

matrix consisting of the Crank—Nicolson tridiagonal matrix in
the second quadrant and three additional diagonal matrices in
the remaining quadrants, resulting in a sparse matrix suitable
for resolution through cost-effective numerical methods.

Figure 1 show a simplified flow chart of the code. Excel
input files are processed by an initial routine that generates all
the necessary data structures and elaborates data to set-up the
simulation. Then, the code enters in the transient routine and
iterates at every time step over all the components specified in
the input file. If the component cmpn[c] is a 0D component,
the model-specific equations are solved, otherwise we enter
in the pipe time advancement routine, where fluid equations
are solved, BCs are updated and diffusion in the walls is com-
puted. If the pipe is connected to a structure, internal iterations
are performed until convergence is reached (numerical toler-
ances are specified by the user).

3. Code verification & validation

SAETTA has undergone extensive verification against analyt-
ical cases to confirm accurate implementation of modeled for-
mulations. Validation was conducted using a set of experi-
mental cases. Where possible, benchmarks with other tritium
transport codes have been carried out. To quantify the devi-
ation of numerical results from reference data (be it analytical
or experimental) Relative Errors (RE) and Integral Errors (IE)
have been used. Here, the IE is defined as the complement to
one of the ratio of the area under the curve delimited by numer-
ical points and the x-axis and the area under the curve delim-
ited by reference points and the x-axis (equation (16))

n
Z[:1Acodei,i+l

IE =100
Z?zl Areferencei,iJrl

—1].

(16)

The RE is defined as the sum over all data points of the com-
plement to one of the ratio between the numerical data and

i b]ef[ — 0 0 0 Tl 0 0 0 0 1T Co 1 [ d]eft 1
—a 2420 —« 0 0 O = 0 0 0 c1 d;
0 0 — 2+20& — 0 0 0 Tr 0 CN—-2 dN_2
0 0 0 —Q bright 0 0 0 0 T CN—1 . dright (1 5)
TII 0 0 0 0 TIvV 0 0 0 0 Ct0 o dt,O
0 TII 0 0 0 0 TIV 0 0 0 Ct1 dt,l
0 0 0 TII 0 0 0 0 TIV 0 CiN=2 dt,N—Z
L 0 0 0 0 TI 0 0 0 0 Tiv | L &n—-1 | dt,N—l |

the reference data (equation (17)). The modulus of the devi-
ations is considered to avoid compensation between negative
and positive values

n

100
RE = TZ

i=1

valuecode,i ] (17)
Valuereference,i

3.1. Code verification: analytical cases

3.1.1. Diffusion-limited regime (DLR) analytical solution.
This case verifies that the code is able to reproduce a simple
diffusion problem in DLR through a slab of metal with fixed
concentrations at the boundaries of the slab. The case is taken
from [24], who presents the analytical solution shown in
equation (18) for transient diffusion with different surface con-
centrations and uniform initial distribution. In equation (18), b
is equal to 2m + 1, [ is the slab thickness, c; and ¢, are the con-
centration boundary values on the left and right sides, respect-
ively, x is the distance from the left surface and 7 is the time

C=C1+(62—C1)7
2 cycosnm — ¢y sin M4E 5 ot
e )
4ep o= 1 b t
+ % 5 sin (?) exp {—Dbzwzl—z} . (18)

m=0

The case is set up considering the same parameters used
by [5, 8], who reproduced the same case with two differ-
ent OpenFOAM solvers. A 1.2 mm thick slab divided into
90 mesh intervals with uniform diffusion coefficient equal to
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¥
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| Solve H, T diffusion |

SHANLONYLS

timestep
control

Figure 1. Simplified SAETTA code flow chart.

1.12 x 1078 m? s~! is considered. ICs and BCs are ¢y = ¢, =
8.3 x 10~ mol m~3 and ¢; = 0.83mol m—3.

Figure 2 shows the evolution over time of the concen-
tration inside the membrane. Solid black lines and red
dots represent numerical and analytical values. Following

from left to right the green arrow the time increases
and the concentration grows towards its steady state
value. RE and IE are both around 0.01% at 30 s,
which is in line with results from the two OpenFOAM
solvers.
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Figure 2. Diffusion through a slab with fixed BCs and uniform IC.
Radial concentration profile at different times.
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Figure 3. Hydrogen flux evolution over time for three different
membrane initial conditions.

3.1.2. Surface-limited regime (SLR) analytical solution.
This case verifies that the code is able to reproduce a gas driven
permeation problem in SLR and considers the analytical solu-
tion for transient SLR diffusion with uniform initial concen-
tration ¢y, derived by [25, 26]. The formulas for the time evol-
ution of concentration ¢ and flux J are provided in equation
(4) and equation (13) of [25], respectively. The membrane is
1 mm thick, has a diffusion coefficient D = 1 m2? s—! and is
in contact with fluid on the left side. Hydrogen partial pres-
sure in the fluid is kept constant at 4 X 10~* Pa, while the
right surface is continuously evacuated from the permeated
gas. Values of solubility and recombination constants on the
left and right surface (Ks =1 x 10 mol m—3 Pa=—%3 K, =
Ky = 1 x1073%m* s~ mol~!) have been chosen to ensure
that the permeation regime is SLR, i.e. that the permeation
number W = K,Kp°31/D [27] is << 1.

The regions in contact with the sides of the membrane are
modeled with two pipes with fixed inlet concentrations and

1.01
0.8
0.61
. ;
S / .
g Al
0.4+ —— code ¢p = 0.5¢,
‘/ / ---- code cg = 0.3
// —— code ¢o = 0.0¢,,
0.21 bd e Analytical ¢o = 0.5¢p,
// 4 Analytical ¢g = 0.3¢,,,
0.01% = Analytical co = 0.0cpy
00 05 10 15 20 25 3.0
t/t

Figure 4. Concentration evolution over time for three different
membrane initial conditions.

are connected together by a solid structure representing the
membrane. Figures 3 and 4 show the evolution over time of
the permeation flux and the concentration normalized by their
steady state value J,, (equation (20)) and ¢,, (equation (19)),
obtained analytically [25]

em = Kp' 2K (Ko + Kp) ™2 (19)

I = KpKnKp (Kn +Ko) ™" (20)

Three different uniform concentration ICs are considered:
an initial value of 0.5¢,, (black line and dots), an initial value
of 0.3¢,, (red line and dots), and an initial value of 0.0 (green
line and dots).

t. is the characteristic time representing the duration
required for the concentration to stabilize at its steady state
value in the absence of membrane release and with an ini-
tial concentration equal to zero. Its value is obtained from
equation (21), where the subscripts 1 and 2 represent the val-
ues on the two surfaces of the membrane

te =K' p 2 [Kn (Kn +Kn)] 2. @1

Looking at figure 4, for all three cases, the concentration
starts at the case initial value and reaches its steady state
value after about three characteristic times. Agreement with
the analytical solution is good. The RE averaged over the three
curves is 0.004% for the flux and 0.001% for the concentra-
tion. Similar deviations are obtained by [8] for the concen-
tration, while the flux calculation is less accurate because in
pastaFOAM it was computed in post-processing as a derived
quantity.

3.1.3. Depleting 0D volume.  This case verifies the imple-
mentation of OD volumes and their coupling to structures. It is
taken from the verification cases of TMAP4 and TMAP7 [1, 2]
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Figure 5. Release fraction from a closed volume in contact with a
membrane.

and it reproduces a closed volume with an initial tritium par-
tial pressure pg = 1 x 103 Paand volume V=15.2 x 10~ m3,
put into contact with a SiC membrane. The membrane is
3.3 x 1073 m thick and has a surface of 2.16 x 10~®m?. On
the other side of the membrane the concentration is fixed to
zero and the temperature is equal to 2373 K, constant and uni-
form over the entire domain. Tritium Sieverts’ constant in SiC
isassumed to be 0.12 /7 mol m—3 Pa—%3 while the considered
diffusivity is 1.54 x 10™* x exp(—308000.0/(R,T)) m? s~!
[2]. The case is modeled with a 0D volume connected to a
structure. On the other side of the structure a pipe with fixed
inlet concentration and very high flow rate simulates the zero
concentration BC.

One figure of merit for this case is the Fractional Release
(FR), defined according to equation (22) [1], where Ly=
IA/V®, A is the surface area, V is the volume, / the layer thick-
ness and «, are the roots of «,, = Lf/ tancy,

PR 1 i 2Lssec oy, exp (—adBY)
Li(L+1) + o5

(22)

n=1

Figure 5 shows the FR from the surface opposite to the
closed volume. The other figure of merit is the flux at the
surface facing the zero concentration BC, and it is shown in
figure 6. Initially, as the upstream volume is full of tritium and
the membrane is empty, the slopes of the flux and the FR are
very steep. Once the membrane is saturated and the flux has
reached a maximum, both the rate of depletion and the flux
start to decrease due to the gradual depletion of the volume
and the corresponding reduction in permeation driving force.
Agreement of results with the analytical solution on the FR is
satisfactory (RE = 0.053%), while for the flux the error is lar-
ger (IE = 0.16% and RE = 0.44%) due to the steep increase
in the flux in the first 10 s of the simulation.

3.1.4. Diffusion in a slab with constant source BC and non-
uniform IC. This case tests the implementation of non-
uniform ICs. A 100 m long SiC slab is modeled, considering

time (s)

Figure 6. Atomic flux at the external surface of a membrane in
contact with a closed volume.

an initial concentration ¢ in the first 10 meters of the slab and
a concentration value of zero in the rest of the slab. The case is
taken from [ 1] and the structure is meshed with 1000 elements,
the same used in [8]. At both surfaces of the slab a null flux is
imposed, which is equivalent to imposing a zero gradient BC
for the concentration. An analytical solution for the concentra-
tion evolution over time at different locations x within a slab
of thickness / is presented by [28] (equation (23))

co l—x [+x

() (5]

Figure 7 shows the concentration evolution over time at
three different locations within the slab. Black, red and green
lines and dots represent numerical and analytical concentra-
tion values 0.25 m, 10 m and 12 m into the slab, respect-
ively. At 0.25 m the slab gradually depletes of the pre-loaded
0, while at 12 m the Q diffusing from the pre-loaded region
causes an increase in concentration.

From figure 7 we can see that the agreement between
numerical results and the analytical solutions is good, with an
average RE over the three curves of 0.1%.

(23)

3.1.5. Permeation through a slab with trapping. ~ This case
tests the capability of the code to reproduce hydrogen per-
meation in the presence of traps and is taken from [1]. A 1 m
thick planar slab is considered to be exposed on one side to
a fixed deuterium concentration of 3.1622 x 10'¥m—3, while
the concentration on the other surface is fixed at zero and
the slab is initially empty. The case tests two types of per-
meation regimes that can occur when there are active traps in
the sample.

To assess the permeation regime we can define a trapping
parameter ¢ [1] (equation (24)), which depends on the pre-
exponential term of the diffusivity Dy = 1 m?s~!, on the
Boltzmann’s constant k, on the trap energy ¢, on the lattice
parameter A\, = 3.162 x 1078 m, on the Debye frequency
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Figure 7. Time evolution of concentration in a partially preloaded
slab at 0, 10 and 12 m into the slab.

v =1x10"s~!, on the trap fraction f; = 0.1, on the mobile
concentration ¢, on the temperature 7= 1000 K and on the
diffusion activation energy Ey4 (assumed zero)
p
¢

(Ed — 6) + c
= ex —.
Dof, P\ Tkt ) TS

When ( = il the transient starts with minimal permeation
until the traps are saturated and the flux rapidly increases to its
steady state value. This case is called strong trapping regime
and the time it takes for the flux to reach 99% of the steady
state value is called breakthrough time and is define as in
equation (25), where [ is the slab thickness

_ PR
T 2¢0D’

A2y

(24)

Th 25)

This condition is simulated assuming e/k = 10000 K.
Figure 8 shows the numerical flux (solid black line) as a
function of time. The trend is the one just described, with a
negligible flux until traps are saturated and then a sharp rise
to the steady state value. Figure 8 also shows the analytical
breakthrough time (red dashed line) and the numerical break-
through time (green dashed and dotted line), computed as per
equation (25).

When ¢ >> j%[ the transient shows a gradual increase of
the permeation flux similar to classical diffusion and the per-
meation regime is called effective diffusivity. In this case we
can define an effective diffusivity that takes into account trap-
ping phenomena (equation (26))

(26)

Here, the breakthrough time can be defined as the point
where the steepest tangent to the permeation flux intercepts
the time axis on a flux vs time plot (equation (27))
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Figure 8. Strong trapping regime permeation flux as a function of
time.

x10%8
—— code
2.51 « Analytical ,/"
steepest v
- 777 tangent /A
= 2.01
w0
= 1.5
g
5 1.01
[T
0.51
0.0 \ \ ; \ \
0.0 0.5 1.0 1.5 2.0 2.5 3.0
time [s]

Figure 9. Effective diffusivity regime permeation flux as a function
of time.

Effective diffusivity is simulated assuming ¢ /k = 100 K and
the flux transient is shown in figure 9. The black line is the
numerical atomic flux at the right surface of the sample, while
red dots are the analytical flux. The blue dashed line represents
the steepest tangent to the numerical flux, and its intersection
with the time axis marks the breakthrough time as defined in
equation (27). Here, we can see a steady increase of the flux
from the start of the transient, with a much smaller timescale
compared to figure 8.

Agreement on the breakthrough between numerical and
analytical results is good, with a RE of 0.6% for figure 8 (497 s
in the code and 500 s from the analytical formula) and 0.12%
for figure 9. These errors are comparable to the ones obtained
in [8] with OpenFOAM and TMAPS (0.15% for the effective
diffusion case and 1.38%—4.6% for the strong trapping regime
case).
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Figure 10. Steady state concentration profile in a composite
PyC-SiC membrane.

3.1.6. Diffusion in a composite membrane. This case is
taken from [1] and [2] and tests the implementation of multi-
layer structures. The case consists of a composite PyC (33 pm)
- SiC (66 pm) planar structure with a fixed concentration cg
= 50.5079 mol m~* on the left boundary and a zero concen-
tration on the right boundary. Solubility is assumed as unity
in both layers, while diffusivity values of 1.274 x —7m? s~!
and 2.622 x 10—11m? s—! are considered for PyC and SiC,
respectively. The same mesh of 1000 elements used in [8] is
considered.

The analytical solution for the steady state concentration
profile across the membrane and the transient concentration
evolution 48.75 pm into the membrane, in the SiC layer, are
reported in [2]. The comparison of these formulations with
numerical results obtained in this work is shown in figures 10
and 11. From figure 10 it is possible to see how, due to the
much smaller diffusivity in the SiC layer, the concentration
gradient is concentrated in the last 66 um. At the interface
there is no jump in concentration since the solubilities in the
two layers are equal. The RE is 0.13% for figure 10 and 0.04%
for figure 11, while the IE is 0.02% and 0.05% respectively, in
line with what obtained in [8].

3.2. Code validation: experimental data

3.2.1. Diffusion experiment in beryllium sample.  This case
reproduces a deuterium ion implantation, thermal absorp-
tion and desorption experiment performed by McMaster
University [29] and it has been used for the validation of
TMAP [1, 2, 11] and pastaFOAM [8]. A 0.4 mm thick sample
of polished beryllium with a 18 nm beryllium oxide film on its
surface was exposed to deuterium at 773 K and 13.3 kPa in a
charging furnace. After 50 h of exposure, the sample was let
cool down to 300 K with a time constant of 45 min under a
vacuum of 1 x 10~% Pa. The sample was then transferred to a
thermal desorption furnace to be heated up to 1073 K with a
heating rate of 3 K min~! under a vacuum of 1 x 103 Pa.

Figure 11. Transient concentration in SiC at 48.75 pm into a 99 ym
PyC-SiC composite membrane.
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Figure 12. Deuterium thermal desorption flux from a Be sample
with a BeO surface layer.

In the model, only half domain is simulated and at the mid-
point of the sample a zero gradient BC is used to reproduce
a symmetry condition. A composite wall is used to model the
sample, with 36 elements for the BeO and 40 for the Be. A pipe
with time-changing deuterium partial pressure and temperat-
ure is connected to the BeO free-surface. Transport properties
are taken from [2].

Figure 12 shows the deuterium flux at the free surface of the
BeO during the thermal desorption phase obtained from the
experiment (black triangles), from the code (red solid line),
and from TMAPS (grey solid line) using a model with the
same conditions described in this chapter. Agreement of the
code with respect to experimental data is good, with a 19.7%
RE and a 1.49% IE. Changing the time step does not lead to
appreciable variations in the results. Fluxes from both codes
overlap for most of the desorption phase, demonstrating the
same behavior apart from a small difference in the peak of
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Figure 13. Nodalization of the experimental set-up used in [30, 31].

the curve. They both underestimate the flux at lower temper-
atures, where the majority of experimental points is available
(thus the large difference between RE and IE). The overall fit
to the experimental curve is satisfactory, with a coefficient of
determination defined as in equation (28) of 0.98

> (exp— code)?

R? )
> (exp—exp)’

(28)

3.2.2. Permeation experiments in FLiNaK & FLiBe.  In the
last years there has been a renewed interest in molten salt sys-
tems for fusion applications, and one notable example is the
ARC reactor concept [17]. In this section two experimental
campaigns using FLiBe [30] and FLiNaK [31], the reference
fluids for the primary system of ARC-like reactors, are ana-
lyzed and compared with numerical results. Both works use
the same experimental set-up described in [31], consisting of
a crucible with a 2 mm thick nickel bottom plate (see figure
1 in [31]). The hydrogen source term for the test-section is
provided via a constant flow rate of a mixture of argon and
hydrogen, just below the bottom plate. Hydrogen permeates
through the nickel—molten salt system and is evacuated from
the atmosphere of the crucible via an argon purge flow. This
set-up was used by the authors to determine hydrogen trans-
port properties in FLiNaK and tritium transport properties in
FLiBe. The diffusivity and solubility values derived in [30, 31]
are here used in the numerical model. For nickel, the diffus-
ivity and the solubility are taken from [32], while the dissoci-
ation constant is taken from [33].

Both experiments are modeled using a structure connected
on one side to a pipe and on the other side to a 0D volume
(figure 13). H, /T, concentration is fixed at the inlet of the pipe
(purple cylinder), while it is fixed to zero inside the OD volume
(light gray volume). The structure has a planar geometry, is
composed of two layers, nickel (dark grey) and the static mol-
ten salt (green), and has the same uniform mesh used in [8],
that is 20 elements for the nickel layer and 0.4 mm long ele-
ments for the molten salt layer. In figure 14 the steady state
tritium flux at the free surface of the 81 mm layer of FLiBe is
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Figure 14. Tritium permeation flux through a nickel-FLiBe system
at different partial pressures and temperatures.
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Figure 15. Hydrogen permeation flux through a nickel-FLiNaK
system at different partial pressures and temperatures.

shown for different tritium input pressures (1210-171 Pa) and
different temperatures (973 K, 923 K, 873 K and 823 K).

The average RE across all points is 21.8%, close to the
20.3% reported in [8]. It is worth noting that although the
assumption that all tritium exists as 75 is made, the measured
K value in [30] aligns more closely with the value for tritium
fluoride rather than 75. At higher partial pressures the error is
on average higher possibly due to a discrepancy in transport
properties or due to tritium speciation in the salt.

In figure 15 the steady state hydrogen flux at the free surface
of the 20 mm FLiNaK layer, for different temperatures (973 K,
873 K and 883 K) and pressures (1 x 10° Pa—1 x 10° Pa), is
shown. The average RE is 68% and goes down to 38.7% if the
single point at 773 K and 1 x 10* Pa is neglected. These errors
are close to the ones reported in [8] (72% and 42.5%).

Nickel transport properties, which were not included in the
presentations of the experiments [30, 31], have been found to
have a significant impact on the numerical results. This factor
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Table 2. Input parameters for the simulation of the V-series
experimental campaign presented in [34].

Parameter Value—Range
Specific feed flow rate 85.4-517
(molh~! m™?)

Inlet H, fraction (%) 25,33.33
Temperature (K) 623.15

membrane internal diameter 10

(mm)

membrane length (mm) 500

membrane thickness (m) 113

Ppg_ag (mol m~' s Pa%%) 2.45 x 1078 x exp( *13{3;2)
reference [34]

0.184 x exp(12%%)
reference [39]

Ppg—_ag/Ks pa—ag reference [34, 39]

K pa—ag (mol m 3 Pa%?)

2 1
Dpg_pg (m”s77)

is considered the primary source of error in both cases. To
obtain accurate numerical results, it is crucial to know the
actual chemical state of the salt and to employ transport prop-
erties that accurately represent the conditions of the materials
in use.

3.2.3. Permeation through a Pd-Ag membrane: HyFraMe
facility. This case reproduces the V-series experi-
mental campaign [34] performed on the Hydrogen Frascati
Membrane (HyFraMe) facility, located in ENEA Frascati
Research Center [35]. The facility studies palladium-silver
(Pd-Ag) membranes, a reference technology for several sys-
tems in the fuel cycle of a fusion machine [36], such as the EU
DEMO [37] and ARC-like reactors [38]. HyFraMe working
principle is that of a Permeator Against Vacuum (PAV): it uses
a concentration gradient across the two sides of a membrane
to obtain permeation of hydrogen from the feed side to the
other side. There, vacuum is pumped to increase the concen-
tration gradient across the membrane and thus the permeation
driving force. The main components of the test sections are
three concentric tubes: an inner and outer stainless steel tubes
with a Pd-Ag tube-shaped membrane in the middle. A mixture
of helium and hydrogen is fed into the inner tube. As the gas
reaches the end of the inner tube, the middle tube is sealed on
that side and the gas inverts its flow, traveling in the annulus
between the inner tube and the membrane. This area is the
active region of the permeator and is known as lumen side.
From here, hydrogen can permeate into the annular region
between the membrane and the external tube (shell), ending
up in the shell side. The permeated gas (permeate), is removed
from the test section by a vacuum pump that operates on the
shell side during the experiment. Meanwhile, the gas that does
not permeate (retentate) is collected at the outlet of the lumen
side. Although a permeability for hydrogen in Pd-Ag is given
in the reference work, the code requires a diffusivity and a
Sieverts’ constant. The Sieverts’ constant from [39] and the
permeability from [34] are used to derive a diffusion coeffi-
cient. All parameters used for the simulations are reported in
table 2 and results are shown in figure 16.
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Figure 16. Extraction efficiency of the HyFraMe Pd-Ag membrane
permeator at different hydrogen feed flow rates. Numbers in the
legend are the total mixture feed flow rates in sccm.

The simulation of the V-series campaign is an edge case for
SAETTA in its current state. Inside the code, hydrogen isotopes
in fluids are treated as a scalar variable, thus the properties of
the fluid are not affected by their presence. However, in the
case of the V-series campaign, hydrogen makes up a signific-
ant portion of the fluid and the scalar treatment is not adequate
anymore. For this reason, only the cases with a hydrogen frac-
tion up to 33.33% have been simulated, as exceeding this value
would not provide meaningful results. The model is similar to
that shown in figure 13, where the pipe contains the helium—
hydrogen mixture and the wall is a single layer structure made
of Pd-Ag. On the shell side only the outlet molar flow rate and
hydrogen partial pressure are known. Due to the unknown con-
ditions in the shell side far from the outlet, several consider-
ations have been made on the shell side conditions and mod-
eling strategy. Ultimately, it has been found that the closest
match to the experimental data is obtained by modeling the
shell side as a pipe in counter-current with respect to the lumen
and with flowing hydrogen at the conditions measured at the
outlet. Doing so, the average RE over the data points shown
in figure 16 is 4.8%. Errors are satisfactory and the counter-
current flow on the shell side is a plausible modeling choice,
since vacuum is pumped on the opposite side of the retentate
outlet. The main limitations in this case are that the flow rate
changes as the composition of the lumen side mixture changes
due to permeation, and this is not captured in the model. On
the shell side a H;, fluid is considered, but this is a separate
entity with respect to the permeate, which is a scalar variable
and does not affect the flow of the fluid Hj.

3.2.4. Permeator Against Vacuum: PAV-ONE. The
EUROfusion consortium [40] is currently researching the
PAV, the Gas Liquid Contactor (GLC) and the Vacuum Sieve
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Tray (VST) tritium extraction technologies for the Tritium
Extraction and Removal System of the EU DEMO Water-
Cooled Lithium-Lead (WCLL) BB [41]. The PAV has the
capability to efficiently extract tritium from LiPb without the
need for further dilution into other waste streams. A PAV
mock-up, PAV-ONE, has been built and tested at the ENEA
Brasmimone Research Center [18]. The mock-up design is
similar to that of a typical shell-and-tube heat exchanger.
There are 16 niobium u-shaped tubes into which the LiPb
and hydrogen flow makes two passages before reaching the
tube-side outlet. The tubes are 1.83 m long on average, have
a 10 mm outside diameter, are 0.4 mm thick and the surface
exposed to LiPb flow is 0.42 m?. On the shell side vacuum is
pumped.

This section aims at reproducing the measurement obtained
in the experimental campaign presented in [41]. The mock-up
is modeled like in figure 13. The feed pipe in this case rep-
resents the LiPb flow of one tube, while the wall is a single
layer niobium structure with the dimensions of one tube. The
pipe and the wall are equivalent components. Their geometry
and properties are that of a single component, but they rep-
resent the entire system (i.e. they take into account that there
are several instances of the same component). On the LiPb—
Nb interface, local equilibrium is assumed (hydrogen in LiPb
is found as atomic H), while at the Nb—vacuum interface, sur-
face effects are considered. Inside the LiPb, mass transfer to
the walls is computed.

Pipes are discretized with 50 axial elements and 30 radial
elements. Diffusivity, Sieverts’ constant and recombination
coefficient in niobium are taken from [42, 43] and [44],
respectively. For LiPb the reference Sieverts’ constant for
hydrogen is from [45], while a sensitivity has been done on
the diffusivity and the viscosity. A description of the sensitiv-
ity cases as well as the results for all runs of the series SO are
shown in table 3 and figure 17.

Table 4 shows the experimental matrix with lithium lead
flow rate, temperature, hydrogen partial pressure at the inlet
and at the outlet and the numerical results in terms of outlet
pressure for all series considered. The Test ID has the form i-j,
where i is the test number and j is the measurement number.

With respect to experimental results, the average RE of the
series SO, S1, S2 and S3is 6.1, 11.36, 6.98 and 8.46% over the
measurements i-2. The overall RE for the series SO is 7.18%.
Both diffusivity and viscosity affect the mass transfer coeffi-
cient, which in this case dominates the transport of hydrogen
to the wall. Looking at figure 17, Test IDs are reported for all
measurements, and the alternated grey and green backgrounds
highlight the different tests. It can be observed that there is
a great agreement for all tests except for tests 1-j and 2-j, and
this is true for all numerical series. A linear regression analysis
of the experimental data (dashed red line) and numerical data
(dashed cyan line) demonstrates the similarities in the trends
between the two datasets. In general, across all sensitivities
and going from tests 1-j to 7-j, there is a decreasing trend for
the error. There is a strong dependence of results from fluid-
related parameters such as hydrogen diffusivity in LiPb and
the mass transfer coefficient. Apart from the uncertainty on the
diffusion coefficient utilized, one possible source of deviation

Table 3. Description of the different runs done to reproduce the
PAV-ONE experimental campaign presented in [41].

Series name Dy ipy references uipy reference

SO Shibuya (1987) [46] Schulz (1991) [47]
s1 Terai (1992) [48] Schulz (1991) [47]
S2 Reiter (1991) [45] Schulz (1991) [47]
S3 Reiter (1991) [45] Mogahed (1995) [49]
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Figure 17. PAV-ONE experimental and numerical outlet hydrogen
pressure versus inlet hydrogen partial pressure. Labels correspond
to the test IDs in table 4.

might come from the mass transfer correlation itself, since the
one implemented in the code was initially developed for water.
Further investigation, possibly implementing liquid metal spe-
cific mass transfer correlations, could improve results, but is
beyond the scope of this work.

4. Conclusions

In this work, the SAETTA program, developed by the Sapienza
NERG in collaboration with ENEA Frascati Research Center
and Eni S.p.A., is presented. The code is developed using
open-source software, i.e. Python, and is capable to run user-
defined input files for a variety of applications, from the study
of tritium transport in a single membrane to a complex loop
with specialized components. Several models are included,
such as mass transfer from the bulk of a fluid to the wall, sur-
face effects, diffusion-trapping with an implicit second-order
scheme, chemical equilibrium, composite structures and non-
uniform ICs and BCs. Modularity is at the heart of the applic-
ation: base components can be combined to create the desired
input, and if specialized components are not yet available they
can be added with ease. The general flexibility of the code
allows for its application beyond the original design focused
on fusion systems, making it suitable for any context where
the transport of hydrogen isotopes in fluid and solid systems
is relevant. The code structure and methodology is presented,
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Table 4. Experimental matrix from [41] and related numerical results obtained from the run series described in table 3.

Test ID r T Pin Pout Pout (S0) Pout (S1) Pout (S2) Pout (S3)
— kgs™! K Pa Pa Pa Pa Pa Pa
1-1 1.19 726.15 170 158 120.18 — — —
1-2 1.19 731.15 170 159 119.73 132.09 99.48 107.96
2-1 1.19 731.15 241 192 169.73 — — —
2-2 1.19 716.15 239 192 170.13 187.14 145.05 156.27
2-3 1.18 717.15 241 194 171.34 — — —
2-4 1.18 719.15 244 198 173.24 — — —
3-1 1.2 719.15 359 249 255.18 — — —
3-2 1.2 718.15 366 256 260.33 286.42 221.23 238.57
3-3 1.2 719.15 366 255 260.16 — — —
4-1 1.28 627.15 114 89 85.47 — — —
4-2 1.28 626.15 110 87 82.52 89.45 81.50 82.73
5-1 1.22 626.15 129 101 96.51 — — —
5-2 1.22 625.15 133 102 99.56 107.98 98.45 99.88
6-1 1.22 626.15 184 139 137.66 149.32 135.93 138.01
6-2 1.22 626.15 184 140 137.66 149.32 135.93 138.01
7-1 1.22 626.15 226 168 169.08 — — —
7-2 1.22 626.15 225 167 168.33 182.59 166.22 168.83

Table 5. List of cases presented in this work and errors with respect
to analytical/experimental data.

Case RE (%) figure Case reference
Analytical

Section 3.1.1  0.01 Figures 2 [24]
Section 3.1.2  0.004 and 0.001  Figures 3, 4 [25, 26]
Section 3.1.3  0.05 and 0.44 Figure 5, 6 [1]
Section3.1.4 0.1 Figure 7 [1]
Section 3.1.5 0.6 and 0.12 Figures 8, 9 [1]
Section 3.1.6  0.13 and 0.04 Figures 10, 11 [1, 2]
Experimental

Section 3.2.1 19.7 (1.49 IE) Figure 12 [29]
Section 3.2.2  21.8 Figure 14 [30]
Section 3.2.2  68.0 Figure 15 [31]
Section 3.2.3 4.8 Figure 16 [34]
Section 3.2.4  7.18 Figure 17 [41]

followed by a description of the general flow of the code and
the numerical techniques employed.

A thorough verification and validation process was conduc-
ted, benchmarking results with other codes, where possible.
Results show good agreement with other codes and with ana-
Iytical formulations. While appreciable errors are observed in
validation cases, they are consistent with existing codes, if not
better, and could be caused by uncertainties on transport para-
meters, experimental conditions and limitations in the model-
ing approach undertaken. A summary of all verification and
validation cases, along with relevant errors with respect ana-
Iytical or experimental data, is shown in table 5.

The focus on fusion systems is reflected in the selection
of validation cases. Materials and components relevant to the
fusion industry have been simulated. Special attention has

been directed towards permeators, which represent a leading
technology for the extraction of Q from fluid and gaseous
streams, an essential function for various systems within a
fusion power plant. The collection of experimental cases will
be expanded as new models are developed in the future.

Future development activities will improve the definition
and characterization of chemical species, as well as improve
the overall efficiency of the code. Mass transfer correlations
tailored for fluids other than water will be incorporated and
tested, and the hydrogen transport properties library bundled
with the code will be extended.
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