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Development of new analytical tools for tritium transport modelling
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bENEA C.R. Brasimone – Località Brasimone, 40043 Camugnano (BO), Italy

cPlasma Science and Fusion Center, Massachusetts Institute of Technology - 167 Albany St, 02139 Cambridge (MA), US

Abstract

Tritium technologies, in particular tritium extraction from lithium-lead (LiPb, 15.7 at. % Li) and tritium concen-
tration measurement in the eutectic alloy, are among the most challenging aspects of the R&D activities envisaged for
the development of ITER and the European DEMO reactor. For instance, to efficiently design the systems devoted to
the extraction of tritium, such as Gas-Liquid Contactors (GLC), Permeators Against Vacuum (PAV) or Liquid-Vacuum
Contactor (LVC), theoretical models for the evaluation of the permeation flux are strictly necessary. In general, the same
needs arise for the description of tritium permeators, which can find their application as Hydrogen isotopes Permeation
Sensors (HPS) for the measurement hydrogen/tritium solubilized in the LiPb of either the Test Blanket Systems (TBS)
or the Breeding Blanket. In this paper, new mathematical tools to describe the different permeation regimes both in the
gas phase and in the presence of hydrogen isotopes monoatomically dissolved in a liquid phase, thus substantiating the
theoretical background of hydrogen isotopes transport modelling throughout a membrane, is presented. For the sake of
completeness, theoretical models in case of absence of a membrane (LVC) are also reported.

Keywords: Hydrogen Isotopes, Permeation, Membranes, PAV, LVC, Tritium modeling

1. Introduction

Over the last two decades, there has been a surge of
interest in developing technologies for measuring and ex-
tracting tritium from liquid LiPb. For example, ENEA C.
R. Brasimone, in collaboration with Politecnico di Torino,5

has developed hydrogen isotopes Permeation Sensors (HPS)
based on pure α-iron membranes since the 2000s [1, 2, 3];
these sensors have been characterised under both static
and flowing LiPb conditions [4]. As for the tritium extrac-
tion technologies, several technologies have been studied10

and developed [5, 6], such as the Gas-Liquid Contactor
(GLC), the Permeator Against Vacuum (PAV) and the
Liquid-Vacuum Contactor (LVC) [7, 8, 9]. Among these,
the PAV concept should be highlighted as it is one of the
reference technologies envisaged for the European reactor15

DEMO [10].

As far as modelling is concerned, most analytical mod-
els have been developed for gas-driven permeation [11, 12,
13]. The permeation of hydrogen through a membrane
is called gas-driven permeation because the permeation is20

induced by the pressure gradient of the hydrogen gas be-
tween the upstream (or high pressure) side and the down-
stream (or low pressure) side. In general, the permeation
of hydrogen isotopes is influenced by at least four factors:
diffusivity, solubility, surface adsorption and desorption,25

∗Corresponding author
Email address: ciro.alberghi@polito.it (Ciro Alberghi)

and hydrogen-defects interaction. Neglecting the pres-
ence of structure defects or trapping sites, one can identify
two limiting regimes: the diffusion-limited regime (DLR)
and the surface-limited regime (SLR) [14]. Additional ref-
erences can be found in [15, 16, 17]. For the so-called30

Plasma-Facing Components (PFC), trapping was imple-
mented in 1D and 2D numerical codes [18, 19, 20, 21, 22,
23, 24]. However, if the upstream side is LiPb (or more
generally a liquid metal or molten salt), the hydrogen iso-
topes are monoatomically dissolved into the liquid. To35

account for transport in the liquid phase, a mass transfer
coefficient is usually assumed in this framework. Recently,
Humrickhouse and Merril [25] have developed an analyti-
cal model that takes into account the mass transfer coef-
ficient of tritium in LiPb assuming a DLR. However, this40

assumption does not always hold - especially for perme-
ators based on V-group metals - as surface effects can play
a major role. To solve this problem and to substantiate
the theoretical physical background of tritium transport,
new analytical models are presented within the paper.45

2. Hydrogen isotopes transport in permeators

2.1. Gas-solid-gas systems

In gas-solid-gas permeators, hydrogen isotope atoms
are in diatomic form at the high pressure side. A metal
membrane separates this from one side, which is generally50

kept under vacuum. Thanks to the pressure gradient, a
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flux is promoted between the two sides. In Fig. 1 the phe-
nomena described are shown schematically. It should be
highlighted that this model assumes equal recombination
constants at both sides of the membrane.55

t

cs,gs

J=Kdpg-Krc2s,gs

J=D(cs,gs-cs,sg)/t

J=Krc2s,sg

Gas Solid Gas

cs,sg

pg p≈0

Figure 1: Typical concentration behavior in a gas-solid-gas perme-
ator. The molar fluxes in the three different domains are shown.

The molar flux impinging on the left side of the mem-
brane is determined by the following equation, which reads:

J = Kdpg −Krc
2
s,gs (1)

where pg (Pa) is the tritium partial pressure in the gas,
cs,gs (mol m−3) is tritium concentration in the membrane
on the gas-solid interface. Kd (mol m−2 s−1 Pa−1) and60

Kr (m
4 mol−1 s−1) are the dissociation and recombination

constants, respectively. The flux across the membrane is
given by:

J =
D

t
(cs,gs − cs,sg) (2)

Here, D (m2 s−1) is the diffusion coefficient, t (m) is the
thickness of the membrane, cs,sg (mol m−3) is the concen-65

tration on the right side of the membrane. On the vacuum
side, in the case in which p ≈ 0, the flux is:

J = Krc
2
s,sg (3)

The fluxes are now non-dimensionalised (denoted by the
apex ∗) by dividing their values by DKs,s

√
pg/t, where

Ks,s (mol m−3 Pa−1/2) is the Sieverts’ constant of the70

membrane, while the concentrations are non-dimensionalised
by the factor Ks,s

√
p. This results in:

J∗ = W
(
1− c∗2s,gs

)
(4)

J∗ = c∗s,gs − c∗s,sg (5)

J∗ = Wc∗2s,sg (6)

The dimensionless number W = KrKstp
1/2
g /D is called

permeation parameter [14]. In steady-state, the three fluxes
must be equal. The solution of the problem is given by the75

following system of equations:

c∗s,gs =
√

1− c∗2s,sg (7)

W 2c∗4s,sg + 2Wc∗3s,sg + 2c∗2s,sg = 1 (8)

Simple solutions can be found in two limiting cases. For
small values of W , the flux is limited by surface effects,
and it results:

J∗ =
1

2
W (9)

or J = 1/2Kdpg in dimensional form. The dissociation80

constant, the recombination constant and the Sieverts’
constant are related, in equilibrium conditions (but is as-
sumed to be valid also outside equilibrium), through the
relationship Ks,s = (Kd/Kr)

0.5. The permeation regime
is called surface-limited regime (SLR) and cs,gs = cs,sg =85

Ks,s

√
pg/2. Otherwise, for W ≫ 1 the diffusion in the

bulk of the membrane is rate-limiting. The dimensionless
flux becomes:

J∗ = 1 (10)

that in dimensional form is J = DKs,s
√
pg/t. The perme-

ation regime is called diffusion-limited regime (DLR) and90

the concentrations takes the values cs,gs = Ks,s
√
pg and

cs,sg = 0.
In Fig. 6, the relative error of the limit solutions

with respect to the full solution, obtained substituting the
meaningfull roots of Eq. 8 in Equation 6, is plotted as a95

function of W .

Figure 2: Relative error (-) between the limit regimes solution and
the full solution, cut at err = 0.05.

The figure is cut at err > 0.05, which is considered here to
be the maximum acceptable error that allows the limiting
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case formulae for dimensionless flux to be adopted. Four
regions are then defined: for W < 7 · 10−2 the surface-100

limited regime takes place, whereas for W > 4 · 102 the
kinetics is diffusion-limited. Around W = 1, two mixed
regime, named surface-dominating regime (SDR) and diffusion-
dominating regime (DDR) can be defined, extending the
analysis proposed by Candido et. al.. [4]. It is interest-105

ing to highlight that surface effects are negligible only for
permeation parameters in the order of hundreds.

2.2. Liquid-gas system

In liquid-vacuum contactors (LVC), hydrogen isotope
atoms are monoatomically dissolved in a liquid that is in110

contact with the gas-phase, kept under vacuum, where the
extracted hydrogen flows due to the pressure gradient. In
Figure 3 the hydrogen concentration and flux, in the dif-
ferent domains, are depicted.

≈

Figure 3: Typical concentration behavior in a liquid-gas permeator.
The molar fluxes in the two different domains are shown.

The relationship for steady-state flux through a liquid-115

gas system for 1D slab is now derived. The flux moving in
the liquid is determined by:

J = Kt (cl,b − clg) (11)

which is the analogous of Eq. 21, with cl,b and clg bulk
concentration and liquid-gas interface concentration, re-
spectively. The flux departing from the liquid surface is120

defined as:

J = Krc
2
lg (12)

Here Kr is the recombination constant referred to the liq-
uid surface. The fluxes are now non-dimensionalised by
dividing their value by Ktcl,b, and the concentrations by:
cl,b = Ks,l

√
pl:125

J∗ = 1− c∗lg (13)

J∗ =
1

C
c∗2lg (14)

C is called by us contact parameter, and is defined as:

C =
Kt

Kr

1

Ks,l
√
pl

(15)

At steady-state, the fluxes Eqs. 13 and 14 must be equal,
giving the following second-degree algebraic equation:

1

C
c∗2lg + c∗lg − 1 = 0 (16)

that determines the dimensionless interface concentration
c∗lg:130

c∗lg =
±
√
1 + 4/C − 1

2/C
(17)

The negative solution is unphysical, therefore it is ne-
glected. The non-dimensional flux for a liquid-gas system
can be derived injecting the latter equation in Eq. 14:

J∗ =

(√
1 + 4/C − 1

)2

4/C
(18)

It is interesting to see that the relation of the flux is equiv-
alent to Eq. 33, when W is exchanged with 1/C.135

There are two limiting cases: when C ≪ 1, the mass
transfer in the liquid is the slowest phenomenon, and the
transport regime is liquid-limited (LLR). In this case the
flux becomes:

J∗ = 1 (19)

which in dimensional form is J = Ktcl,b, and clg ≈ 0.140

In the other case, C ≫ 1, surface effects dominate the
kinetics, so the regime is surface-limited (SLR). The flux
becomes:

J∗ =
1

C
(20)

This means that the interface concentration is clg = cl,b
and the dimensional flux is J = Krc

2
l,b = KrK

2
s,lpl.145

In Fig. 4, the relative error of the limit solutions with
respect to the full solution, Eq. 18, is plotted as a function
of C.

The figure is cut at err > 0.05, which is considered here to
be the maximum acceptable error that allows the limiting150

case formulae for dimensionless flux to be adopted. Four
regions are then defined: for C < 2·10−3 the liquid-limited
regime takes place, whereas for C > 4 · 101 the kinetics
is surface-limited. Around C = 1, the liquid-dominating
regime and diffusion-dominating regime can be found.155
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Figure 4: Relative error (-) between the limit regimes solution and
the full solution, cut at err = 0.05.

2.3. Liquid-solid-gas systems

In the systems under consideration, hydrogen isotope
atoms are monoatomically dissolved in a liquid, usually a
molten metal or salt, from which they must be removed
(PAV extractor technology) or measured (sensor technol-160

ogy). A metal membrane separates the stagnant or flowing
liquid from a side where the pressure of the hydrogen iso-
tope Q2 is kept at lower values, generally under vacuum.
Thanks to the pressure gradient, a flux is promoted be-
tween the two sides. In Fig. 5 the phenomena described165

are shown schematically.

Figure 5: Typical concentration behavior in a liquid-solid-gas per-
meator. The molar fluxes in the three different domains are shown.

A relationship for steady-state flux through a liquid-
solid-gas system for a simple 1D slab is now derived. The
flux moving in the liquid can be determined, if the mass
transfer coefficient Kt (m s−1) is known, by:170

J = Kt (cl,b − cl,ls) (21)

where cl,b and cl,ls are the tritium concentrations in the
bulk of the liquid and at the liquid-solid interface, respec-
tively. The flux through the membrane is instead given by
the expression:

J =
D

t
(cs,ls − cs,sg) (22)

Here cs,ls and cs,sg are the concentrations in the mem-175

brane at the liquid-solid and solid-gas interfaces. The con-
centrations cl,ls and cs,ls are related by pressure continu-
ity at the interface between the liquid and the membrane
pl,ls = ps,ls, where pl,ls is the partial pressure of the hy-
drogen isotope, evaluated at the liquid/solid interface, and180

ps,ls is the partial pressure at the solid/liquid interface,
from which, taking Sieverts’ law c = Ks

√
p into account,

the concentration discontinuity at the interface results:

cl,ls
cs,ls

=
Ks,l

Ks,s
(23)

The ratio K = Ks,s/Ks,l is called partition coefficient.
The last flux is that departing from the membrane, which185

is the same in the case where the gas side is kept at a
negligible pressure pg ≈ 0:

J = Krc
2
s,sg (24)

As for the gas phase systems, the fluxes are now non-
dimensionalised (indicated also in this case by the apex
∗) by dividing their values by DKs,s

√
pl/t, where pl is the190

partial pressure of the isotope Q in the liquid carrier, while
the concentrations are non-dimensionalised by the factor
Ks,l

√
pl:

J∗ =
1

ζ

(
1− 1

K
c∗s,ls

)
(25)

J∗ =
1

K

(
c∗s,ls − c∗s,sg

)
(26)

J∗ =
W

K2
c∗2s,sg (27)

We call partition parameter the dimensionless number ζ,
introduced by Humrickhouse et. al. [25] and expressed195

here for a plane 1D geometry, is:

ζ =
D

Kt

Ks,s

Ks,l

1

t
(28)

Under steady state conditions, the three fluxes must be
equal. Equating 25 and 26, it is possible to derive an
expression for c∗s,ls as a function of c∗s,sg:

c∗s,ls =
1

ζ + 1

(
K + ζc∗s,sg

)
(29)

By substituting this value into the flux of Eq. 26, we get:200

4



J∗ =
1

ζ + 1

(
1− 1

K
c∗s,sg

)
(30)

The latter flux is equated with the surface flux expressed
by Eq. 27, determining the concentration of tritium on
the right side of the permeable membrane:

c∗s,sg =
±
√
1 + 4W (ζ + 1)− 1

2W
K (ζ + 1)

(31)

The negative solution is unphysical because the denomi-
nator is strictly positive, so it is not considered. Finally,205

the solution for the steady-state flux through the system
is given by Eq. 27:

J∗ =

(√
1 + 4W (ζ + 1)− 1

)2

4W (ζ + 1)
2 (32)

As evident, the flux is completely determined by the two
dimensionless quantities ζ and W .

Even though the latter relation provides the solution210

for any value of the two dimensionless parameters, it is
interesting to examine different limiting cases to verify the
results. For ζ ≪ 1, the membrane effects are slower with
respect to the mass transport in the liquid. This can be
called membrane-limited regime (MLR). Taking the limit215

at ζ −→ 0 of Eq. 32, the following expression for the di-
mensionless flux is obtained:

J∗ =

(√
1 + 4W − 1

)2
4W

(33)

There are two limiting cases: when W ≪ 1, surface effects
dominate the kinetics, and the transport regime is surface-
limited (SLR). In this case, the Taylor expansion of Eq. 32,220

evaluated near W = 0, gives the flux in the surface-limited
regime:

J∗ = W (34)

which in dimensional form is J = Kdpl. It is interesting
to point out that this value is twice as high as the flux
obtained in gas-phase systems in the surface-limited ap-225

proximation, Eq. 9. Moreover, it is evident that W repre-
sents the dimensionless flux in the surface-limited regime.
In the other case, W ≫ 1, diffusion is the slowest phe-
nomenon, so the regime is diffusion-limited (DLR). The
flux becomes:230

J∗ = 1 (35)

This means that the dimensional flux is J = DKs,s
√
pl/t,

i.e. the flux obtained for gas-solid-gas systems in the
diffusion-limited regime. In both cases analysed, the flux
is independent of the mass transfer properties. Moreover,
in the membrane-limited regime, the concentration on the235

left side of the membrane is c∗s,ls = K, i.e. the dimensional
concentration is cs,ls = Ks,s

√
pl and thus depends only on

the partial pressure of the tritium in the bulk of the fluid

and on the solubility of the membrane. It is possible to
calculate the concentration on the right side of the mem-240

brane directly from Equation 31, which simplifies under
the membrane-limited regime to:

c∗s,sg =

√
1 + 4W − 1

2W
K

(36)

The dimensionless concentration on the low-pressure side
is a function of a single variable, the permeation parameter
W , and takes values ranging from 0 when the regime is245

diffusion-limited to 1 when the surface effects are rate-
limiting. The concentration gradient between the liquid
and the solid membrane is negligible in the case of surface-
limited flux.

There are two possible cases for ζ ≫ 1. ζ ≫ 1 and250

W > 1 represents the condition where mass transport in
the liquid is the rate-limiting phenomenon. The series ex-
pansion of the flux expressed by Equation 32 at ζ −→ ∞
is 1/ζ + O

(
1/ζ2

)
, so the flux in the liquid-limited regime

(LLR) is:255

J∗ =
1

ζ
(37)

Thus, the partition parameter ζ represents the inverse of
the dimensionless flux in the liquid-limited regime. Mul-
tiplied by the diffusion-limited flux, the dimensional flux
for the liquid-limited regime became J = Ktcl,b: the flux
is independent of the membrane properties. For ζ ≫ 1260

and W < 1, the regime lies between the liquid-limited and
the surface-limited regimes and the flux is described by
Equation 32.

Limiting cases can also be derived by taking the limits
for W of Eq. 32 in a first step. If W ≪ 1 and ζ is not265

particularly high, the limit for W −→ 0 of the full flux is
simply expressed by 34. If instead ζ −→ ∞, a mixed regime
takes place, represented by Equation 32.

For W >> 1, taking the limit W −→ inf of Eq. 32:

J∗ =
1

ζ + 1
(38)

In dimensional form, the flux becomes J = Ktcl,bζ/ (ζ + 1),270

which is the result of [25]. For ζ ≫ 1, the flux simply re-
duces to the LLR flux, Equation 37, and for ζ ≪ 1 to the
DLR flux, Equation 35.

In Fig. 6, the relative error of the limit solutions with
respect to the full solution, Eq. 32, is plotted as a func-275

tion of W and ζ. The three dotted lines representing the
W = 1, ζ = 1 and W = 1/ζ planes divide the figure into
three regions, namely the liquid-limited regime bounded
by the ζ = 1 and W = 1/ζ planes, the diffusion-limited
regime lying between the W = 1 and ζ = 1 planes, and280

the surface-limited regime in the remaining region. As
in the gas-solid-gas system analysis, the graphs are trun-
cated at err = 0.05. At ζ ≪ 1 and between the sur-
face and the diffusion-limited regions, two intermediate
regimes are defined, divided by the W = 1 plane. For285
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4 · 10−2 < W < 1, the surface-dominating regime (SDR)
occurs, while the diffusion-dominating regime (DDR) oc-
curs for 1 < W < 4·102. The SDR can also be extended for
larger values of ζ, in the neighbourhood of the SLR region
bounded by the W = 1/ζ plane. The same considerations290

can be made for W ≫ 1, where for 4 · 10−2 < ζ < 1 the
regime is diffusion dominating, and for 1 < ζ < 2 · 101 the
liquid-dominating regime takes place. The latter is also
found for smaller values of W , close to the LLR region
and bounded by the plane W = 1/ζ.295

Figure 6: Relative error (-) between the limit regimes solution and
the full solution Eq. 32, cut at err = 0.05.

The crucial point to emphasise here is that even at
very high ζ the regime can still be limited by surface ef-
fects. This was not considered in the analysis of [25] and is
of fundamental importance when the surface of the perme-
ator is, for example, oxidized. Furthermore, if one consid-300

ers the PAV extractor systems where the concentration of
hydrogen isotopes in the liquid carrier decreases from the
inlet to the outlet of the system, it is expected, when the
permeation parameter at the inlet is not particularly high,
that the permeation regime near the outlet of the perme-305

ator is surface-limited, since W depends on the bulk hy-
drogen partial pressure. The last point is that, for ζ < 1, a
“pure” diffusion limited regime occurs only for W > 4·102.
For smaller value, surface effects play still a non-negligible
role.310

Table 1 shows the summary of the introduced dimen-
sionless quantities and their meaning in the limiting cases,
with the corresponding expression for the dimensionless
flux J∗. MR stands for mixed regime.

It is interesting to highlight that the three non-dimensional315

quantities introduced in this section, i.e. the permeation
parameter W , the partition parameter ζ and the contact
parameter C, are directly related. Recalling that the per-
meation parameter represent the ratio between surface and
diffusion properties, the partition parameter the ratio be-320

tween diffusion and mass transport in the liquid and, lastly,

Regime
W ≪ 1 W < 1 W > 1 W ≫ 1

J∗

ζ ≫ 1
MR LLR LLR LLR

Eq. 32 J∗ = 1/ζ J∗ = 1/ζ J∗ = 1/ζ

ζ > 1
SLR MR MR LDR

J∗ = W Eq. 32 Eq. 32 J∗ = 1/ (ζ + 1)

ζ < 1
SLR MR MR DDR

J∗ = W Eq. 32 Eq. 32 J∗ = 1/ (ζ + 1)

ζ ≪ 1
SLR SDR DDR DLR

J∗ = W Eq. 33 Eq. 33 J∗ = 1

Table 1: Summary of the transport regimes depending on the di-
mensionless quantities introduced.

the contact parameter the ratio between transport in the
liquid and surface effects, the product between two of them
gives the inverse of the remaining multiplied by ratio of the
dissociation constants of the solid and liquid, thus:325

WζC =
Kd,s

Kd,l
= K2Kr,s

Kr,l
(39)

3. Axial Hydrogen isotope transport in permeators

3.1. Liquid-gas systems

𝜙

𝜙

Figure 7: Hydrogen isotope balance on a liquid volume in liquid-gas
systems.

The axial transport in a rectangular channel of liquid
carrier of thickness r and width w is analysed. Considering
a small volume rwdy, shown in Fig. 7, the molar balance330

can be expressed by:

ϕ (y) = ϕ (y + dy) + J (y)wdy (40)

The molar rate is given by ϕ (y) = vrwcl,b (y), where v
(m s−1) is the fluid velocity. Differentiating, the molar
balance becomes:

dcl,b (y)

dy
= − 1

vr
J (y) (41)

6



The equation can be non-dimensionalized dividing the ge-335

ometrical parameters by the total channel length H, the
concentrations by the inlet concentration cl,b (0) = Ks,l

√
pl,0

and the flux by the liquid-limited flux Ktcl,b. It gives:

dc∗l,b (y
∗)

dy∗
= −τJ∗ (y∗) c∗l,b (y

∗) (42)

Where τ = HKt/v/r (-) and the non-dimensional flux

J∗ (y∗) =

(√
1 + 4/C (y∗)− 1

)2

4/C (y∗)
(43)

with C (y∗) = C (0) /c∗l,b (y
∗). Equation 42 can be solved340

analytically in the two limit cases liquid-limited regime
and surface-limited regime. If C (0) ≪ 1, the dimension-
less radial flux becomes equal to 1, therefore Eq. 42 simply
becomes:

dc∗l,b (y
∗)

dy∗
= −τc∗l,b (y

∗) (44)

which has the solution, with c∗l,b (0) = 1:345

c∗l,b (y
∗) = e−τy∗

(45)

The dimensional concentration is:

cl,b (y) = cl,b (0) e
−τ y

H (46)

If instead C (0) >> 1, the kinetics is limited by surface
effects. Injecting the expression of J∗ given by Eq. 20, the
molar balance becomes:

dc∗l,b (y
∗)

dy∗
= − τ

C (y∗)
c∗l,b (y

∗) = − τ

C (0)
c∗2l,b (y

∗) (47)

The solution, for c∗l,b (0) = 1, is:350

c∗l,b (y
∗) =

1
τ

C(0)y
∗ + 1

(48)

In dimensional form becomes:

cl,b (y) =
cl,b (0)
τ

C(0)
y
H + 1

(49)

The efficiency of the permeator can be expressed by
the ratio between the drop in the concentration between
the inlet and the outlet over the inlet concentration, math-
ematically:355

η =
cl,b (0)− cl,b (H)

cl,b (0)
= 1− cl,b (H)

cl,b (0)
= 1−

c∗l,b (1)

c∗l,b (0)
(50)

In liquid-limited regime, the efficiency becomes:

η = 1− e−τ (51)

This means that in the LLR the efficiency is only deter-
mined by τ , and it can be increased increasing the length
of the permeator, decreasing fluid velocity and/or channel
thickness. The efficiency for the surface-limited regime is:360

η = 1− 1
τ

C(0) + 1
(52)

The SLR efficiency increases, as in the LLR regime, in-
creasing τ . In order to have η different from zero, τ much
bigger than 1 is required, and it must be bigger than C (0)
if high efficiencies are needed (τ = C (0) gives η = 0.5).

If an intermediate regime takes place (C (0) around365

1), the concentration distribution along y can be obtained
with a simple finite differences numerical scheme that solves
Eq. 42, and the efficiency injecting the obtained c∗l,b (1) in
Equation 50.

It must be addressed the fact that, being C (y∗) in-370

versely proportional to the concentration c∗l,b (y
∗) that de-

creases moving on the axial coordinate, the contact param-
eter is a monotonically increasing function of y∗. There-
fore, if the efficiency of the system is particularly high
and/or C (0) is not sufficiently smaller than 1, the contact375

parameter may reach values around 1 along the channel
and the regime departs from the liquid-limited regime. In
this case the relation given by Equation 51 overestimates
the efficiency. In order to be sure that the LLR efficiency
relation holds, it must be checked that the contact param-380

eter at the exit of the permeator, C (1), is still ≪ 1, or
equivalently C (1) = C (0) eτ ≪ 1. If this is not true, the
solution of the problem has to be found numerically with
Eq. 42.

3.2. Liquid-solid-gas systems385

𝜙

𝜙

Figure 8: Hydrogen isotope balance on a liquid volume in liquid-
solid-gas systems.

The axial transport in a rectangular channel of liq-
uid carrier of thickness r and width w, separated from a
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side kept under vacuum by a metallic membrane of thick-
ness t, is analysed. Following the same strategy adopted
in the latter section, the differential equation expressing390

the concentration distribution is given by equation 41. It
can be non-dimensionalized dividing the concentrations by
Ks,l

√
pl (0) and the flux by DKs,s

√
pl (0)/t. It gives:

dc∗l,b (y
∗)

dy∗
= −τζJ∗ (y∗) c∗l,b (y

∗) (53)

where the dimensionless radial flux is:

J∗ (y∗) =

(√
1 + 4W (y∗) (ζ + 1)− 1

)2

4W (y∗) (ζ + 1)
2 (54)

Here W (y∗) = W (0) c∗l,b (y
∗). The differential equation395

can be solved analytically for the three limit regimes. When
W ≫ 1 and ζ ≫ 1 the liquid-limited regime takes place,
and adopting the corresponding radial flux, it is:

dc∗l,b (y
∗)

dy∗
= −τc∗l,b (y

∗) (55)

This equation can be easily integrated, giving, for c∗l,b (0) =
1:400

c∗l,b (y
∗) = e−τy∗

(56)

And in dimensional form:

cl,b (y) = cl,b (0) e
−τ y

H (57)

It is interesting to see that the solution is equivalent to the
liquid-gas case, the membrane has no effect on the radial
flux and therefore on the axial concentration distribution.
The efficiency of the PAV is therefore equivalent to Eq.405

51:

η = 1− e−τ (58)

If instead, ζ ≪ 1 and W ≫ 1, the regime is diffusion-
limited. Eq. 53 becomes:

dc∗l,b (y
∗)

dy∗
= −τζc∗l,b (y

∗) (59)

It has the solution:

c∗l,b (y
∗) = e−τζy∗

(60)

In dimensional form:410

cl,b (y) = cl,b (0) e
−τζ y

H (61)

The efficiency in the DLR case becomes:

η = 1− e−τζ (62)

The efficiency in this case does not depend on the transport
in the liquid. This can be seen expanding the product
between τ and ζ, in which the mass transfer coefficient Kt

disappears.415

The last limit regime happens when ζ ≪ 1 and W ≪ 1.
In the surface-limited regime the differential equation for
the bulk concentration is:

dc∗l,b (y
∗)

dy∗
= −τζW (0) c∗2l,b (y

∗) (63)

That gives the following axial concentration distribution:

c∗l,b (y
∗) =

1

τζW (0) y∗ + 1
(64)

The dimensional surface-limited axial concentration is there-420

fore given by:

cl,b (y) =
cl,b (0)

τζW (0) y
H + 1

(65)

The efficiency in the SLR becomes:

η = 1− 1

τζW (0) + 1
(66)

It is interesting to highlight that the solution is equiv-
alent to the one for the liquid-gas system, exchanging the
surface properties of the liquid with the one of the solid
membrane. Injecting Equation 39 to the axial concentra-
tion gives:

c∗l,b (y
∗) =

1
τ

C(0)
Kd,s

Kd,l
y∗ + 1

(67)

4. Conclusions and future work

This paper presents new mathematical models for tri-
tium transport in liquid-phase, both for liquid-gas and425

liquid-solid-gas systems. For the first kind, the contact pa-
rameter C is defined, and it is used to define the transport
regime and to express the relation for the general flux. For
liquid-solid-gas systems, the model uses two dimensionless
parameters, W and ζ, and allows to define different regions430

where the transport kinetics can be limited by surface ef-
fects, diffusion and mass transfer, or a mixed regime in be-
tween. In addition, a general relation that gives the value
of the permeation flux in the mixed regime is derived, and
the simplified equations in the limit regimes are presented.435

In a second part, the axial transport for a simple geometry
is derived, both for the Liquid-Vacuum Contactor and the
Permeator Against Vacuum, giving simple relations for the
efficiency of the systems derived in the limit regimes.

It should be highlighted that the expressions derived440

for the tritium permeation flux in the different regimes
and in the different systems can be used in the particular
case where the concentration in the liquid or the pres-
sure in the gas are known quantities; in more complex
applications, this does not happen. For example, in the445

Water-Cooled Lithium-Lead (WCLL) breeding blanket of
the European DEMO reactor [26] or in WCLL Test Blan-
ket Module of ITER [27], the concentration in the liquid is
derived from mass balance equations [28, 29, 30, 31, 32, 23],
which depend on the permeation in the various domains450
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and which, in turn, depend on the concentration. There-
fore, implicit equations have to be solved and numerical
schemes must be adopted. With the expressions of the tri-
tium fluxes derived in this paper, it becomes easier to set
tritium transport analytical models not only in DLR but455

also in SLR.
Future work will regard two main aspects. Firstly, the

models developed will be applied to the design of HPS,
LVC and PAV systems under fusion-relevant operative con-
ditions. Secondly, experiments on the hydrogen/deuterium460

permeation in a liquid-solid-gas system are on-going in a
dedicated apparatus, located at ENEA Brasimone research
center, called HyPer-QuarCh II. In particular, concerning
this last point, a detailed overview of the experimental
set-up of this laboratory-scale device can be found in [33].465

The facility can be used to characterize HPS and, hence,
it will be possible to validate the model developed over the
experimental results obtained.
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