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Abstract
Compliance with imposed hydrogen concentration limits in the lithium loop of the
DEMO-Oriented Neutron Source (DONES) requires the installation of an yttrium-based
hydrogen trap. To determine an appropriate H-trap design, it is essential to have access to a
numerical tool capable of simulating hydrogen transport in the DONES lithium loop connected
to an yttrium pebble-bed. In the past, a simplified model was created that allows such
calculations when hydrogen concentrations in the lithium are low. However, in certain DONES
operating phases, the concentration in the lithium is high and in a range where yttrium dihydride
(YH2) formation is likely. Due to the anticipated great impact of YH2 formation on the H-trap
performance a new model is developed that includes the mechanism of hydride formation. It is
based on a mathematical reproduction of complete pressure-composition isotherms of the Li–H
and Y–H systems. Thus, the conditions that trigger YH2 formation are determined and the
variation of hydrogen solubility in different yttrium hydride phases is deduced. An approximate
concentration-dependent relationship of hydrogen diffusivity in yttrium is derived and
incorporated into the model. Simulations are performed to analyze the dynamics of the
concentration decrease during purification of the lithium circuit prior to the experimental
DONES phase by varying design parameters of the trap. It is found that hydride formation
greatly increases the hydrogen gettering capacity of the H-trap and limits the maximum
concentration in the lithium. Indeed, YH2 formation may be purposefully triggered to exploit its
beneficial properties for DONES. Simulations of the hydrogen purification process during the
experimental phase of DONES show that the H-trap must be replaced at least every 28 days to
meet tritium limits. This work sets the conditions for the required pebble-bed mass of the H-trap
at a given temperature to comply with the DONES safety requirements. Finally, the model is
validated by numerical reproduction of experimental results.

Keywords: DONES, hydrogen trap, yttrium getter, liquid lithium, hydrogen diffusion,
tritium transport modeling, metal hydrides
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1. Introduction

An essential step on the way to safe and reliable fusion power
plants is the execution of high-energy neutron irradiation
experiments with fusion-relevant materials. The experimental
facilities IFMIF (International Fusion Materials Irradiation
Facility) and its scaled-down earlier version DONES (DEMO-
Oriented Neutron Source) are designed for this purpose and
will be constructed in the near future [1]. In these experiments,
a 40MeV deuteron beam colliding with a flowing liquid lith-
ium (Li) target produces a neutron ray by undergoing nuclear
stripping reactions. The reactions cause a gradual accumula-
tion of protium (1H), deuterium (2H), tritium (3H) and 7Be in
the liquid Li which flows through a closed loop system [2, 3].
A particular threat to the safety of the plant is the production
of radioactive 3H and 7Be. Both isotopes could be liberated
in case of an accident or escape into the environment by per-
meation or leakages [4–6]. In addition, hydrogen isotopes and
other non-metallic impurities such as C, N and O can lead to
increased corrosion of the structural loop material and to an
erosion of precipitating solid compounds [7]. For this reason, a
DONES safety analysis decided to establish stringent contam-
ination limits to bemet by installing an impurity control and an
impurity monitoring side loop system [8].While N is absorbed
by a titanium getter in the dump tank [9], the impurities O, C
and part of the accumulating 7Be are removed by a cold trap
[2, 10]. In order to meet the safety requirements for the hydro-
gen isotope concentrations in the loop, it was decided to install
an yttrium pebble-bed as a separate hydrogen getter trap [2].
Yttrium metal (Y) has a much higher solubility of hydrogen
isotopes than Li. As a result, a significant fraction of the dis-
solved isotopes in Li is absorbed by the Y pebbles [2]. The
hydrogen retention rate of the pebble-bed is greatly reduced in
N- or O-contaminated Li, which provides another reason why
purification of the Li from these impurities is essential [11].
In addition to the corrosion-related maximum allowable total
hydrogen isotope concentration of 10wppm in the Li [2], radi-
ation safety requires that the tritium inventory be kept below
0.3 g, in both the Y and Li [6].

The determination of appropriate trap designs and operat-
ing conditions to meet these safety limits requires the devel-
opment of a simulation tool capable of realistically modeling
the transport of hydrogen isotopes from flowing liquid Li into
an arbitrarily sized Y getter bed. This was the purpose of a
previous numerical study [12] using the simulation software
EcosimPro© [13]. It allows performing dynamic simulations
of the hydrogen isotope concentrations and fluxes in the trap
and in the surrounding loop system by continuously solving a
system of coupled differential transport equations and algeb-
raic boundary conditions. The previous model was built on the
assumption that the yttrium pebbles in the trap always remain
in the low concentration α-Y solid solution phase regardless
of the concentration in the surrounding Li. As long as the total
concentration in the Li is sufficiently low, this approximation
is valid [14]. However, in DONES the concentration in the Li is
likely to exceed critical values and YH2 formation is triggered.
Yttrium dihydride formation strongly determines the thermo-
dynamics of metal-hydrogen systems and thus the hydrogen

isotope absorption dynamics of a Y getter trap [15, 16]. There-
fore, to ensure correct simulation results, the development of
a new improved model that implements the physical mechan-
isms of hydride formation is essential and forms the objective
of this work.

The new numerical tool comprises a model of the DONES
Li loop with a parallel-connected purification side loop con-
taining the hydrogen hot trap. To include the processes
of hydride formation into the model, complete pressure-
composition isotherms of the Li–H and Y–H binary systems
are mathematically reconstructed by using recent data from
the literature. Thus, the solubility of hydrogen isotopes in dif-
ferent yttrium hydride phases as a function of the concentra-
tion in the Li is obtained and the conditions for YH2 formation
are derived.Moreover, the newmodel considers a theoretically
determined concentration dependency of the hydrogen isotope
diffusivity in different yttrium hydride phases. The integration
of the processes of metal hydride formation into a dynamic
hydrogen transport model is a novelty and is demonstrated in
this work for the first time on this scale.

A detailed description of the developed numerical model
is given in section 2. Section 3 presents simulation results
of the time-evolving hydrogen isotope concentrations in the
DONES Li loop encountered during a proposed initial purific-
ation run and throughout the DONES experimental phase. The
simulations demonstrate the influence of YH2 formation on
the hydrogen absorption behavior of the trap. In addition, the
simulation results and the underlying mathematical model are
used to derive conditions for the minimum required pebble-
bed mass and appropriate operating modes to meet the safety
requirements during the different stages of DONES operation.
Finally, the numerical model is tested against experimental
values of a previous deuterium retention experiment which
was performed in the past [17].

2. Numerical model

To simulate the process of hydrogen isotope retention by a Y
getter trap in the liquid Li loop of DONES, a numerical model
of the circuit is developed from scratch using the software
EcosimPro© [13]. In this study, absorption and permeation
processes of hydrogen isotopes in loop components other than
the getter trap are neglected. Therefore, it is sufficient to model
hydrogen transport in the DONES Li loop with a simplified
layout compared to the full piping and instrumentation dia-
gram shown in [18].

A component flow chart of the created model is presen-
ted in figure 1. It consists of a main loop with a volume
flow rate Fmain and a purification side loop connected in par-
allel. In this model, the purification side loop merely con-
tains a Y getter trap which is exposed to a Li flow rate of
Ftrap. The total volume of liquid Li in the loop system is
labeled with VLi. The model of the Li circuit comprises a set
of algebraic and coupled differential transport equations that
determine the temporal evolution of the concentrations and
particle fluxes at various spatial positions in the main loop and
the trap.

2
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Figure 1. Flow diagram of the numerical model of the DONES Li
loop created using the software EcosimPro© [13].

2.1. Hydrogen transport in the lithium loop

The molar concentrations cpipeh,Li(z, t) of hydrogen isotopes h ∈
{1H,2H,3H} in liquid Li flowing with constant velocity vLi
and flow rate Fpipe along the longitudinal z-axis of a pipe of
length lpipe and volume Vpipe is described by the general mass
continuity equation:

∂ch,Li(z, t)
∂t

= σh− vLi ·
∂ch,Li(z, t)

∂z

= σh−
Fpipe · lpipe
Vpipe

· ∂ch,Li(z, t)
∂z

. (1)

Parameter σh is a particle sink or source term with the unit
(molm−3 s−1). The second term describes the advection of
hydrogen isotopes in z-direction.

The hydrogen hot trap is considered as a cylindrical pipe of
diameter dtrap. It is densely filled with Npeb round Y pebbles
of radius rpeb and individual surface area Apeb = 4π r2peb. Con-
sequently, the total Y surface area yields AY = NpebApeb. The
length ltrap and inner volume Vtrap of the trap container are
determined through the relations ltrap = 4Vtrap/(πd2trap) and
Vtrap = VY/(1− ϵ). Here, ϵ is the void fraction of the pebble-
bed. The volume and mass of the Y pebble-bed is given
by VY = 4/3 ·Npebπ r3peb and mY = ρYVY, respectively. Para-
meter ρY = 4469 kgm−3 is the density of pure Y. The volume
of liquid Li filling the interstitial sites of the pebble-bed is
determined by VLi,trap = Vtrap −VY.

Equation (1) is used to calculate the concentrations
ctraph,Li(z, t) in the Li flow through the interstitial sites of the
pebble-bed. This is done by considering the retention of

hydrogen isotopes into the Y pebbles as a particle sink. It is
quantified by an isotope specific retention flux Jret,h(z, t)which
is negative for fluxes orientated towards the pebble centers
and varies along the z-direction of the trap. For its numerical
treatment, the trap container is discretized into M segments
zj = z1, . . . ,zM, with ∆z= ltrap/M. A sketch of the applied
discretization is presented in figure 2. It allows equation (1) to
be written in the following finite-difference form:

∂ctraph,Li(zj, t)

∂t
=

AY

VLi,trap
· Jret,h(zj, t)

−
Ftrap ·M
VLi,trap

·
[
ctraph,Li(zj, t)− ctraph,Li(zj−1, t)

]
. (2)

For j= 1, the term ctraph,Li(zj−1, t) in equation (2) is replaced

by ctraph,Li,in (t). The parameters ctraph,Li,in (t) and ctraph,Li,out (t)≡
ctraph,Li(zM, t) label the inlet and outlet concentration of the trap.

The isotope specific retention rate ṅh,Y(t) of the Y pebble-
bed is defined by:

ṅh,Y(t)≡ AY ·
M∑
j=1

Jret,h(zj, t)
M

=
3mY

rpebρY
·
M∑
j=1

Jret,h(zj, t)
M

. (3)

Consequently, the total retention rate is determined by ṅY(t) =∑
h ṅh,Y(t).
Also the temporal and spatial evolutions of the hydro-

gen isotope concentrations in the main loop are described by
equation (1). Therefore, it is discretized along its longitud-
inal axis z’ axis into U spatial segments z ′k = z ′1, . . . ,z

′
U. The

generation of hydrogen isotopes originating from the impel-
ling deuterons into the Li target is quantified by a generation
rate ṅgen,h with the unit (mol s−1) and considered to happen in
the first segment z ′1 of the main loop pipe. Here, it is treated
as a particle source with σh = ṅgen,h ·U/VLi,main. This allows
adapting equation (1) to the situation occurring in the Li target
which is expressed by the following finite-difference form:

∂cmain
h,Li (z

′
1, t)

∂t
=

U
VLi,main

· ṅgen,h

− Fmain ·U
VLi,main

·
[
cmain
h,Li (z

′
1, t)− cmain

h,Li,in (t)
]
, (4)

where cmain
h,Li,in (t) is the inlet concentration of the main loop.

Parameter VLi,main = VLi −VLi,trap is the volume of Li flowing
through the main loop. Neither particle sinks nor sources are
considered to occur in the remaining main loop sections z ′k =
z ′2, . . . ,z

′
U. This reduces the finite difference expression of the

mass continuity equation in these segments to:

∂cmain
h,Li (z

′
k, t)

∂t
=−Fmain ·U

VLi,main
·
[
cmain
h,Li (z

′
k, t)− cmain

h,Li (z
′
k−1, t)

]
.

(5)
Like for the trap, the outlet concentration of the main loop is
defined by cmain

h,Li,out (t) = cmain
h,Li (z

′
U, t). The equations (2) and (5)

are linked through the relation cmain
h,Li,out (t) = ctraph,Li,in (t).

3
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Figure 2. Numerical discretization of the trap container which
contains the Y pebble-bed.

In this model, the Li density is calculated by ρLi (T) =
562− 0.1 ·T(K) [19]. Both the temperature and the Li density
are assumed constant everywhere in the loop. Consequently,
mass continuity requires Fmain = FBP +Ftrap, where FBP des-
ignates the volume flow through the bypass parallel to the puri-
fication side loop (see figure 1). The value of the concentration
at the main loop inlet results from the mixing of the Li flows
through the trap and the bypass, according to:

cmain
h,Li,in (t) =

1
Fmain

·
[
cmain
h,Li,out (t) ·FBP + ctraph,Li,out (t) ·Ftrap

]
.

(6)
The average concentration ch,Li (t) in the entire Li system is
calculated with:

ch,Li (t) =
VLi,main

UVLi

U∑
k=1

cmain
h,Li (z

′
k, t)+

VLi,trap

MVLi

M∑
j=1

ctraph,Li(zj, t) .

(7)

2.2. Hydrogen transport into the yttrium getter bed

In both the lithium and the yttrium, hydrogen isotopes are dis-
solved in atomic form. In thermodynamic non-equilibrium,
diffusion processes cause a net transport of the isotopes
through themetal until thermodynamic equilibrium is attained.
The occurring diffusion fluxes highly depend on the gradients
of the concentrations at each location in Li and in Y. Accord-
ing to Fick’s first law, a flux of hydrogen isotopes from the
Li into the pebbles requires the existence of a concentration
gradient in the Li which is oriented towards the pebble centers
[20].

The model is based on the assumption that within a thin
boundary layer surrounding each pebble, the concentration in
the Li decreases from its core concentration value ctraph,Li(zj, t)
down to a minimum value of ch,Li,I(zj, t) at the Li-Y interface
[21]. The thickness of the boundary layer dBL depends on
the hydrodynamic characteristics of the Li flow through the
pebble-bed and can be approximated by a specific mass trans-
fer coefficient αf = Sh ·DLi/(2rpeb)≈ DLi/dBL [22]. Para-
meter Sh is the Sherwood number of the Li flow through
the trap. The expression for the mass transfer coefficient in
pebble-beds [23] which is used in this model is equivalent
to the one derived in the equations (20)–(24) of the article
[12]. Assuming a linear concentration decrease in the bound-
ary layer allows writing an approximated expression for the
retention flux occurring on the Li side of the Li-Y interface
[24]:

J reth,Li(zj, t) = αf · [ch,Li,I(zj, t)− ctraph,Li(zj, t)] . (8)

Parameter DLi is the diffusivity of hydrogen isotopes in Li.
The model considers the diffusivity relation of deuterium in
Li for all three hydrogen isotopes. It has the unit (m2 s−1) and
is determined from the tritium diffusivity measured in [25] by
considering the isotope effect of hydrogen diffusion in metals
[12,26,27]:

logDLi = 1.737logT− 110
T

− 8.562+ log

√
M3H

M2H
. (9)

Here, M2H and M3H label the molar masses of deuterium and
tritium [26, 27].

In contrast to the previous model presented in [12], this
work considers a more accurate numerical description of
hydrogen isotope transport inside of each Y pebble. From
now on, a pebble is regarded as a sphere consisting of N+ 2
spherical shells i. Figure 3 illustrates the considered discret-
ized shell structure. The pebble center forms the first shell
and is described as a sphere of radius r1 = δ. The last shell
is considered as a spherical layer of thickness δ with an inner
radius of rN+2 = rpeb − δ and an outer radius of rN+3 = rpeb.
The defined radial positions of the remaining shells ri = (i−
3/2) ·∆r with ∆r= rpeb/N≫ δ are situated in the middle
between their inner and outer spherical surface planes. As a
consequence, the volumes Vi of the spherical shells i can be
expressed by:

Vi =



4
3πδ

3 if i= 1

4
3π
(
∆r3 − δ3

)
if i= 2

4
3π
(
[(i− 1)∆r]3 − [(i− 2)∆r]3

)
if 2< i⩽ N

4
3π
(
r3N+2 − [rN+3 −∆r]3

)
if i= N+ 1

4
3π
(
r3N+3 − r3N+2

)
if i= N+ 2

.

(10)
Using Fick’s first law, the number of isotopes h that cross a
spherical plane at radius r of a Y pebble per time yields:

qh(r,z, t) =−4π r2DY(r,z, t) ·
∂ch,Y(r,z, t)

∂r
. (11)

4
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Figure 3. Discretized shell structure considered for the finite
difference description of hydrogen transport inside of each Y pebble.

Integrating this equation on both sides from one to the next
radial discretization node and assuming the same isotropic dif-
fusion coefficient DY(ri,zj, t) within the same shell i allows
defining the following two finite difference relations [28]:

qh(ri,zj, t) =
4πDY(ri,zj, t) · [ch,Y(ri,zj, t)− ch,Y(ri+1,zj, t)]

1/ri− 1/ri+1
(12)

and

∂ch,Y(ri,zj, t)
∂t

=
qh(ri−1,zj, t)− qh(ri,zj, t)

Vi
. (13)

They approximately describe the time-evolving fluxes and
concentrations of each hydrogen isotope h at the nodes i
in the pebbles. Consequently, the retention flux in Y at the
Li-Y interface is defined by Jreth,Y(zj, t)≡ qh(rN+2,zj, t)/Apeb.
Moreover, the concentration of hydrogen isotopes in Y at the
Li-Y interface is given by ch,Y,I(zj, t)≡ ch,Y(rN+3,zj, t). The
diffusion relation for hydrogen isotopes in Y is concentration-
dependent. Obtaining an expression for DY(r,z, t) requires a
previous theoretical analysis of the thermodynamics of the Li–
H and Y–H system which is done in section 2.3. The final
expression for DY(r,z, t) is derived in section 2.5.

2.3. Determination of the Li-Y boundary condition

To complete the set of transport equations, two boundary con-
ditions are required. The first condition yields from the prin-
ciple of mass conservation across an interface:

J reth,Li(z, t) = Jreth,Y(z, t)≡ Jret,h(z, t) . (14)

The second boundary condition is the relationship between
the hydrogen isotope concentrations ch,Li,I and ch,Y,I at the Li-
Y interface. It will be seen that this boundary condition mainly
determines the hydrogen isotope absorption kinetics of the Y
pebble-bed and describes the process of hydride formation in
the getter material.

From now on, the term hydrogen (H) is considered as a uni-
fied expression for all three hydrogen isotopes, which leads
to the definitions cMe ≡

∑
h ch,Me and JMe ≡

∑
h Jh,Me. In gen-

eral, when in this paper a quantity is not assigned to a specific
hydrogen isotope by the index h, it refers to the sum of all
hydrogen isotopes. The symbol Me stands for either Y or Li.
Furthermore, in the following, it will be omitted to relate each
quantity to the corresponding longitudinal position in the trap,
since the boundary conditions apply to every trap segment.

Hydrogen is absorbed by the Y pebbles until the con-
centration and temperature-dependent chemical potential of
hydrogen dissolved in lithium µLi-H(cLi,T) equals the chem-
ical potential of hydrogen dissolved in yttrium µY-H(cY,T).
When this equilibrium is established, all concentration gradi-
ents and net diffusion fluxes vanish. Thermodynamic equilib-
rium between the two metal-hydrogen systems Li–H and Y–
H can be mathematically treated by considering a scenario in
which both systems are in equilibrium with a third system, a
diatomic hydrogen gas reservoir. Such a configuration satisfies
the equilibrium condition:

1
2
·µH2(p

eq
H2
,T) = µLi-H(cLi,T) = µY-H(cY,T) . (15)

The equilibrium pressure peqH2
of the diatomic gas would coex-

ist with two distinct equilibrium concentrations cLi and cY in
the twometals. An increasing chemical potential implies a big-
ger equilibrium pressure and thus a higher equilibrium concen-
tration. The higher the hydrogen solubility of the respective
metal, the higher the adjusting equilibrium concentration at a
given equilibrium pressure. Assuming an ideal gas, the chem-
ical potential of the gas phase can be expressed by:

µH2 = µ◦
H2

+RT ln

(
peqH2

p◦

)
, (16)

where µ◦
H2

is the chemical potential of the gas phase at stand-
ard state and p◦ = 101325 Pa is the standard state pressure.
Consequently, relation (15) transforms to [15, 29]:

peqH2

p◦
= exp

(
2µLi-H −µ◦

H2

RT

)
= exp

(
2µY-H −µ◦

H2

RT

)
. (17)

Here, R is the ideal gas constant. Hence, in thermodynamic
equilibrium the equality of the chemical potentials between the
Li–H and the Y–H systems may be represented by an equal-
ity of their temperature and concentration-dependent equilib-
rium pressures peqLi (cLi,T) and p

eq
Y (cY,T). For the model, it is

assumed that within an infinitesimal layer crossing the Li-Y
interface, the chemical potentials in both materials are always
in equilibrium. According to equation (17), this allows defin-
ing the second boundary condition:

peqLi (cLi,I,T) = peqY (cY,I,T) , (18)

5
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where the variables cLi,I and cY,I refer to the equilibrium
concentrations in the corresponding metal at the Li-Y inter-
face. It should be mentioned that in this model boundary
condition (18) refers to the summed concentration cMe,I =∑

h ch,Me,I in both metals. The concentrations ch,Y,I of the
individual hydrogen isotopes are here determined through the
relation:

ctraph,Li

ctrapLi

=
ch,Y,I
cY,I

. (19)

The equilibrium pressure plotted against the equilibrium
concentration at constant temperature is represented by so-
called pressure-composition (p-c) isotherms. They are char-
acteristic for each metal-hydrogen solution. At very low con-
centrations the p-c isotherms of the Y–H and Li–H systems
can be approximately described by the Sieverts’ law:

peqMe ≈
(
cMe

Ks,Me

)2

, (20)

where Ks,Me is the temperature-dependent but concentration-
independent Sieverts’ constant of hydrogen isotopes in the
observed metal. Consequently, if the concentrations in both
metals are low, boundary condition (18) reduces to [14]:

cLi,I
Ks,Li

=
cY,I
Ks,Y

. (21)

The model presented in [12] made use of this boundary con-
dition. Thus, it enables hydrogen transport simulations in the
low concentration regime. However, at higher concentrations,
lithium and yttrium hydride phases form and the Sieverts’ law
as well as boundary condition (21) are no longer valid [30].

The formation of metal hydrides dictates the courses of the
p-c isotherms beyond the Sieverts’ regime. For this reason,
hydride formation has a strong influence on the absorption
characteristics of a Y getter trap exposed to flowing liquid Li
of elevated H content. This work is dedicated to implement-
ing a generalized expression of boundary condition (18) in
the numerical model. Therefore, the relations which approx-
imately describe the courses of the p-c isotherms of the Li–H
and theY–H systems at higher concentrations are derived from
literature.

In the past, p-c isotherms covering the complete concentra-
tion range of the Li–H binary system could be measured for
temperatures 700◦C< T< 900◦C [31, 32]. However, experi-
mentally determining their courses in the temperature range
relevant for DONES (200◦C< T< 400◦C) is not possible
since the equilibrium pressures are too small to be measured.

In the low-concentration liquidα-Li phase H is dissolved as
a solute. As mentioned above, in this regime the p-c isotherms
are described by relation (20). This model considers the same
Sieverts’ constant for all three hydrogen isotopes. Namely, the
Sieverts’ constant of deuterium in Li which was determined
by Smith et al [32]:

Ks,Li =
(
9.2× 10−4 · ρLi

) mol

m3
√
Pa

· exp

(
46.9 kJ

mol

RT

)
. (22)

Figure 4. Temperature-concentration phase diagram of the Li–H
system as considered in the model [38].

Hendricks et al [12] presents a collection of Sieverts’ constants
of the Li–H system which were measured in the experimental
campaigns [30–34]. They differ within a narrower zone than
the range, which is limited by the Sieverts’ relations of 1H and
3H measured by Smith et al [32]. Hence, the model considers:

∆+Ks,Li ≈
∣∣Ks,Li,1H −Ks,Li,2H

∣∣ (23)

∆−Ks,Li ≈
∣∣Ks,Li,3H −Ks,Li,2H

∣∣ (24)

as the upper and lower error limits of Ks,Li.
The maximum concentration cα-end

Li of the pure solid solu-
tion α-Li phase is called terminal solubility of H in Li [15].
This critical temperature-dependent concentration could be
measured in the experimental campaigns [35–37] for 1H and
2H between 250 ◦C and 500 ◦C. Yakimovich et al evaluated
their data for 2H dissolved in Li and derived the expression:

lncα-end
Li =−1.52− 1197

(
1
T
− 1
TM

)
+ 6.83ln

T
TM

, (25)

with (molH/(molH +molLi)) as the unit of cα-end
Li [38]. All

other equations in this work consider (molm−3) as the unit
of the concentration. In equation (25), TM ≈ 963K is the
monotectic temperature of the Li–H system [38]. Whenever
a temperature T appears in a formula of this article, it is con-
sidered with the unit (K). The reported mean square error of
the coefficients in equation (25) is 1.9%. It defines an error
range of cα-end

Li . The position of the phase boundary for pro-
tium dissolved in Li given in [38] is located within this error
range. Figure 4 presents the calculated phase boundary cα-end

Li
plotted in the T-c binary phase diagram of the Li–H system.
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Most of the graphs in this article are created using Matplotlib
[39]. The corresponding equilibrium pressure pα-end

Li at the end
of the pure α-Li phase is estimated by inserting relation (25)
into the Sieverts’ law (20):

pα-end
Li =

(
cα-end
Li

Ks,Li

)2

. (26)

This pressure is known as the α→ β decomposition pres-
sure of the Li–H system. It increases with temperature. At the
decomposition pressure, the p-c isotherms reach a flat plat-
eau area. Here, a very small increase in equilibrium pres-
sure results in the precipitation of solid Li hydride compounds
(β-LiH). The decomposition regime where the two hydride
phases α-Li (liq.) + β-LiH (sol.) coexist is called the α→ β
phase transition. In fact, the concentration cβ-start

Li within the
precipitating solid β-LiH compounds is significantly higher
than the terminal solubility concentration cα-end

Li that occurs
in the coexisting liquid α-Li phase [35, 40]. Nevertheless, in
this model a concentration cMe of hydrogen in metals refers
to the mean concentration averaged over the distinct concen-
trations occurring in coexisting metal-hydrogen phases. Con-
sequently, the higher the proportion of a precipitating metal-
hydride phase, the higher the average concentration cMe in the
metal.

Once the entire Li–H solution has transformed to solid β-
LiH, the pure β-LiH phase is reached. The final saturation con-
centration in the pure β-LiH phase is here approximated by
cβ-start
Li ≈ ρLi/MLi. In this expression,MLi is the molar mass of

Li. The calculated phase boundary of purely saturated β-LiH
is plotted in the phase diagram of figure 4. For the model, it is
assumed that when passing through the α→ β phase trans-
ition the equilibrium pressure increases by about 1%, such
that pβ-start

Li = fαβLi · pα-end
Li , with fαβLi ≈ 1.01. The assumed slight

slope of the plateau region agrees with previously measured p-
c isotherms of the Li–H system [31, 32]. In the α→ β phase
transition regime as well as in the β-LiH phase, the p-c iso-
therms are here described by linear straight lines. To repro-
duce an almost infinite slope of the equilibrium pressure in
the β-LiH phase the model assumes the hypothetical values
pβ-end
Li = 1010 Pa and cβ-end

Li = 1.01 · cβ-start
Li .

Finally, the complete theoretically approximated relation
describing p-c isotherms of the Li–H system can be expressed
by:

peqLi ≈


c2Li/K

2
s,Li if cLi < cα-end

Li

sLiαβ · (cLi − cα-end
Li )+ pα-end

Li if cα-end
Li ⩽ cLi < cβ-start

Li

sLiββ · (cLi − cβ-start
Li )+ pβ-start

Li if cβ-start
Li ⩽ cLi

,

(27)
where the slopes of the straight lines are defined by:

sLiαβ =
(
pβ-start
Li − pα-end

Li

)
/
(
cβ-start
Li − cα-end

Li

)
(28)

sLiββ =
(
pβ-end
Li − pβ-start

Li

)
/
(
cβ-end
Li − cβ-start

Li

)
. (29)

Figure 5 presents three p-c isotherms of the Li–H system
belonging to the temperatures T= 250◦C, T= 300◦C and
T= 350◦C. They are plotted using equation (27).

Figure 5. Theoretically approximated pressure-composition
isotherms of the Li–H system at three temperatures relevant for the
DONES Li loop.

In the relevant temperature range 200◦C< T< 400◦C, p-c
isotherms of the Y–H system could only be measured for equi-
librium pressures peqY > 100 Pa which led to very high equilib-
rium concentrations [41, 42]. In contrast, the T-c phase dia-
gram of the Y–H system could be experimentally explored in
a much greater concentration and temperature range [42–46].
It reveals the ability of Y to absorb up to three H atoms per Y
atom. Three hydride phases (α-Y, δ-YH2±x and ϵ-YH3−y) and
their transition regimes exist for the Y–H system.

In the low-concentration α-Y phase, hydrogen is intersti-
tially dissolved in Ywhere it occupies tetrahedral sites without
changing the hexagonal closed-packed (hcp) lattice structure
of the pure metal [40]. To describe the p-c isotherms of the Y–
H system in this regime, the model considers the same Siev-
erts’ constant of deuterium in Y for each hydrogen isotope.
Since it is estimated to be the most accurate for the relevant
temperature range [12], it is made use of the Sieverts’ relation
measured by Begun et al [45]:

Ks,Y = 16.4× 10−2 mol

m3
√
Pa

· exp

(
95.0 kJ

mol

RT

)
. (30)

A list of Sieverts’ relations of the Y–H system found in
literature [41, 45, 47] is given in [12]. As for the Li–H sys-
tem, it is found that the difference between the Sieverts’ rela-
tions measured for different hydrogen isotopes by Begun et al
is greater than the disagreement among the Sieverts’ relations
measured in different experimental campaigns. Therefore, the
upper and lower error limits of the Sieverts’ constant are estim-
ated by:

∆+Ks,Y ≈
∣∣Ks,Y,1H −Ks,Y,2H

∣∣ (31)
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Table 1. Obtained fitting coefficients of the polynomial cY (T) = a1 · T5 + a2 · T4 + a3 · T3 + a4 · T2 + a5 · T+ a6 which is used to describe
the temperature-dependent concentrations cα-end

Y , cδ-startY , cδ-endY and cϵ-startY that mark the phase boundaries in the T-c diagram of the Y–H
system.

Phase boundary a1
[

mol
m3K5

]
a2
[

mol
m3K4

]
a3
[

mol
m3K3

]
a4
[

mol
m3K2

]
a5
[

mol
m3K

]
a6
[

mol
m3

]
cα-end
Y

[
mol
m3

]
1.39× 10−11 −6.27× 10−8 1.00× 10−4 −7.22× 10−2 3.97× 101 6.63× 103

cδ-startY

[
mol
m3

]
1.04× 10−10 −5.63× 10−7 1.15× 10−3 −1.07 3.79× 102 5.61× 104

cδ-endY

[
mol
m3

]
4.37× 10−12 −2.18× 10−8 4.15× 10−5 −3.75× 10−2 1.60× 101 9.84× 104

cϵ-startY

[
mol
m3

]
4.59× 10−11 −2.10× 10−7 3.48× 10−4 −2.43× 10−1 5.33× 101 1.43× 105

∆−Ks,Y ≈
∣∣Ks,Y,3H −Ks,Y,2H

∣∣ . (32)

Peng et al performed a thermodynamic study in which
the entire T-c phase diagram of the Y–H system was the-
oretically calculated [48]. Their calculation is based on an
improved thermodynamic description compared to the previ-
ously determined phase diagram by Fu et al [42]. For this
reason, it is chosen to use Peng’s theoretical results as the basis
for the numerical reconstruction of the p-c isotherms in this
model. The temperature-dependent equilibrium concentration
cα-end
Y which marks the end of the α-Y phase is determined by

fitting the fifth order polynomial:

c(T) = a1 ·T5 + a2 ·T4 + a3 ·T3 + a4 ·T2 + a5 ·T+ a6 (33)

against the theoretically calculated phase boundary. Table 1
presents the obtained fitting coefficients. The phase boundary
cα-end
Y which is calculated in the fitting procedure is plotted in

the Y–H phase diagram in figure 6. By comparing the obtained
expression for cα-end

Y with a relation derived by Beaudry et al, it
is estimated that in the range 200◦C< T< 400◦C the uncer-
tainty of the determined expression for cα-end

Y is approximately
[44]:

∆cα-end
Y ≈ 2× 103molm−3 . (34)

The corresponding decomposition plateau pressure at the end
of the α-Y phase is determined by inserting the obtained rela-
tion cα-end

Y into the Sieverts’ law (20), such that:

pα-end
Y =

(
cα-end
Y

Ks,Y

)2

. (35)

In the α→ δ phase transition regime, yttrium dihydride (YH2)
precipitates within the lattice. This goes alongwith a change of
the hcp crystal structure into a face-centered cubic (fcc) struc-
ture in which all tetrahedral sites are occupied by hydrogen
isotopes [40].

When most of the lattice has transformed to YH2, the solu-
tion enters the δ-YH2±x phase. The increase in equilibrium
pressure during the α→ δ phase transition is estimated from
measured p-c isotherms by Fu et al to be roughly 10%, such
that:

pδ-startY = fαδY · pα-end
Y , with fαδY ≈ 1.1± 0.1 . (36)

Figure 6. Temperature-concentration phase diagram of the Y–H
system determined by fitting against theoretically calculated phase
boundaries in [48].

Using equation (35), the error of pδ-startY yields:

∆±pδ-startY

pδ-startY

=

√√√√(2∆±Ks,Y

Ks,Y

)2

+

(
2
∆cα-end

Y

cα-end
Y

)2

+

(
∆fαδY

fαδY

)2

.

(37)
Fitting the polynomial (33) against the lower phase bound-
ary of the δ-YH2±x phase, which was theoretically calculated
in [48], enables defining a relation for cδ-startY . It is plotted in
figure 6 using the corresponding fitting parameters listed in
table 1.

In the δ-YH2±x phase, further hydrogen isotopes occupy
octahedral sites of the fcc structure, which demands a relat-
ively large amount of energy. Here, significantly rising the
equilibrium concentration requires increasing the equilibrium
pressure by several orders of magnitude. At some point, a
second plateau area is reached, which is characterized by the
precipitation of hcp yttrium trihydride (YH3). A relation for
the height of the δ → ϵ decomposition pressure pδ-endY is estim-
ated by applying a linear regression against the corresponding

8
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Van’t Hoff plot which was measured by Peng et al in the rel-
evant temperature range [48]:

pδ-endY ≈ 1.45× 1011Pa · exp

(
−

76.14 kJ
mol

RT

)
. (38)

By comparing relation (38) with the Van’t Hoff relation which
yields from a fit to the equilibrium pressures pδ-endY measured
by Fu et al a relative uncertainty of ∆pδ-endY ≈ 0.6 · pδ-endY is
determined. Based on experimental data by Fu et al [42], the
equilibrium pressure assigned to the end of the δ → ϵ transition
regime and beginning of the δ-YH2±x phase is here approx-
imated by pδ-endY ≈ fδϵY · pϵ-startY , with fδϵY ≈ 1.1. The obtained
fitting coefficients, which provide the equilibrium concentra-
tions cδ-endY and cϵ-startY , are shown in table 1. From the observed
discrepancies between the phase diagrams calculated by Peng
et al and Fu et al, it is estimated that the errors of the calculated
phase boundaries are approximately:

∆cδ-startY ≈ 7× 103molm−3 (39)

∆cδ-endY ≈ 2× 103molm−3 (40)

∆cϵ-startY ≈ 5× 103molm−3 . (41)

In this model, the courses of the p-c isotherms in the α→ δ
and δ → ϵ phase transition regimes as well as in the δ-YH2±x
and ϵ-YH3−y phases are described by linear straight lines link-
ing the defined characteristic points peqY (cY) which mark the
start and end points of the different hydride phases. This leads
to the following definition of the p-c isotherms of the Y–H
system:

peqY ≈



c2Y/K
2
s,Y if cY < cα-end

Y

sYαδ ·
(
cY − cα-end

Y

)
+ pα-end

Y if cα-end
Y ⩽ cY < cδ-startY

sYδδ ·
(
cY − cδ-startY

)
+ pδ-startY if cδ-startY ⩽ cY < cδ-endY

sYδϵ ·
(
cY − cδ-endY

)
+ pδ-endY if cδ-endY ⩽ cY < cϵ-startY

sYϵϵ · (cY − cϵ-startY )+ pϵ-startY if cϵ-startY ⩽ cY

,

(42)
where the slopes are defined by:

sYαδ =
(
pδ-startY − pα-end

Y

)
/
(
cδ-startY − cα-end

Y

)
(43)

sYδδ =
(
pδ-endY − pδ-startY

)
/
(
cδ-endY − cδ-startY

)
(44)

sYδϵ =
(
pϵ-startY − pδ-endY

)
/
(
cϵ-startY − cδ-endY

)
(45)

sYϵϵ =
(
pϵ-endY − pϵ-startY

)
/
(
cϵ-endY − cϵ-startY

)
. (46)

The maximum theoretically achievable concentration in the
Y–H system is considered to be cϵ-endY ≈ 3 · δY/MY. To repro-
duce an almost infinite pressure increase in the ϵ-YH3−y phase,
the model assumes a hypothetical equilibrium pressure of

Figure 7. Theoretically approximated pressure-composition
isotherms of the Y–H system at three temperatures relevant for the
DONES Li loop.

pϵ-endY ≈ 1010 Pa. Figure 7 shows the fully assembled p-c iso-
therms of the Y–H system for T= 250◦C, T= 300◦C and
T= 350◦C as mathematically defined by relation (42).

Finally, a generalized expression of boundary condi-
tion (18) is numerically determined after inserting the rela-
tions (27) and (42) into equation (18). The result is plotted
in figure 8. It reveals the value of cY,I which occurs at the
pebble surface at a given value of cLi,I. In addition, the visual-
ized boundary condition indicates the homogeneous equilib-
rium concentration that would occur inside the Y pebbles as
soon as a certain constant concentration in the Li is established
at thermodynamic equilibrium.

2.4. Yttrium hydride formation in lithium

Figure 8 reveals that up to a certain temperature-dependent
critical concentration c−Li,I the adjusting interface concentra-
tion cY,I is determined by equation (21). At a Li–Y inter-
face concentration in Li of cLi,I > c−Li,I the concentration at the
pebble surface in Y satisfies cY,I > cα-end

Y and YH2 formation
is triggered. Since c−Li,I < cα-end

Li the critical concentration can
be calculated by inserting cα-end

Li into equation (21):

c−Li,I =
Ks,Li

Ks,Y
· cα-end

Y . (47)

Its upper and lower error limits ∆+c−Li,I and ∆−c−Li,I are
determined by error propagation:

∆±c−Li,I = c−Li,I ·

√(
∆±Ks,Li

Ks,Li

)2

+

(
∆±Ks,Y

Ks,Y

)2

+

(
∆cα-end

Y

cα-end
Y

)2

(48)
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Figure 8. Visualization of the numerically calculated concentration
boundary condition (18). It indicates the H concentration in Y
which occurs at the pebble surface at a certain interface
concentration in the Li. Moreover, it depicts the concentration
which adjusts in the Y pebbles at a certain equilibrium
concentration in the Li once thermodynamic equilibrium is reached.

using the errors estimated in the equations (23), (24), (31), (32)
and (34). Figure 8 reveals that YH2 formation goes hand in
hand with a strong increase in concentration at the pebble sur-
face from cY,I = cα-end

Y to cY,I = cδ-startY . At the same time, the
concentration cLi,I increases by only a very small value. The
slightly higher concentration that occurs in Li at the Y-Li inter-
face once the surface region of the Y pebbles has fully reached
the δ-YH2±x phase, is denoted by c+Li,I. Since c

+
Li,I < cα-end

Li , it
can be calculated by inserting pδ-startY into the Sieverts’ law (20)
of the Li–H system:

c+Li,I = Ks,Li

√
pδ-startY . (49)

Its error range is given by:

∆±c+Li,I = c+Li,I ·

√(
∆±Ks,Li

Ks,Li

)2

+

(
1
2
∆±pδ-startY

pδ-startY

)2

, (50)

where ∆±pδ-startY is determined through relation (37). In
figure 9 the calculated critical concentrations c−Li,I and c

+
Li,I are

plotted against temperature together with their error ranges.
Figure 8 discloses that at cLi,I > c+Li,I, further increasing the

concentration in the Li leads to an almost negligible rise in
pebble surface concentration cY,I. This can be attributed to the
steep increase of the p-c isotherms in the δ-YH2±x phase. By
observing the figures 5 and 7, it is found that in the DONES-
relevant temperature range the equilibrium pressure pβ-start

Li , at
which a Li–H solution would fully transform to solid β-LiH,
is not high enough to trigger a formation of YH3. For this
reason, the formation of YH3 surrounded by H loaded Li is not

Figure 9. Concentration range in Li at the Li-Y interface where
YH2 is formed on the pebble surface. Above this concentration
range, the pebble surface is in the δ-YH2±x phase and below this
concentration, it occurs in the α-Y phase.

possible. In fact, even at a concentration in the Li of cβ-start
Li the

establishing concentration in the Y would remain at a value of
approximately cδ-startY . Hence, the concentration cδ-startY can be
considered as the approximate saturation concentration of H
in Li-exposed Y at DONES-relevant temperatures.

The ratio between the concentrations that adjust in the Y
pebbles and in the Li at thermodynamic equilibrium is called
partitioning coefficient KLi−Y

D of the Li-Y-H system. It is evid-
ent that the higher the partitioning coefficient, the higher the H
gettering capacity of the Y getter at a certain equilibrium con-
centration in the Li. During thermodynamic non-equilibrium
the partitioning coefficient is defined by the ratio of the inter-
face concentrations, according to:

KLi−Y
D ≡ cY,I

cLi,I
. (51)

Figure 10 presents the temperature-dependent partitioning
coefficient of the Li-Y-H system as a function of cLi,I for
different temperatures. It is calculated from the numerically
obtained boundary condition (18) shown in figure 8. As the
plot reveals, in the Sieverts’ regime of the low concentra-
tion α-Y phase the partitioning coefficient takes a constant
value KLi−Y

D,0 . Inserting the low concentration boundary con-

dition (21) into equation (51) yields KLi−Y
D,0 = Ks,Y/Ks,Li. Con-

sequently, with the equations (22) and (30) it follows that:

KLi−Y
D,0 =

1
ρLi

· 1.76× 102
kg
m3

· exp

(
48.1 kJ

mol

RT

)
. (52)

The error of this low concentration partitioning coefficient is
calculated by error propagation:
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Figure 10. Partitioning coefficient of the Li-Y-H system as a
function of the concentration in Li calculated from the numerically
derived concentration boundary condition (18) depicted in figure 8.

∆±KLi−Y
D,0 = KLi−Y

D,0 ·

√(
∆±Ks,Li

Ks,Li

)2

+

(
∆±Ks,Y

Ks,Y

)2

(53)

using the estimated errors (23), (24), (31) and (32). At
concentrations c−Li,I < cLi,I < c+Li,I, where hydride formation

occurs, the partitioning coefficient KLi−Y
D experiences a sharp

increase. Its highest value is reached at the start of the δ-YH2±x

phase. At concentrations cLi,I > c+Li,I it decreases with increas-
ing cLi,I. Above a certain value of cLi,I the partitioning coeffi-
cient even decreases below its constant value in the α-Y phase
KLi−Y

D,0 . It can therefore be concluded, that in the concentration

range cLi,I > c−Li,I where KLi−Y
D > KLi−Y

D,0 the H gettering capa-
city of Y in Li is particularly large.

2.5. Diffusion in different yttrium hydride phases

A physical quantity which, according to equation (10),
strongly determines the retention flux of hydrogen isotopes
into the Y pebbles, is the diffusion coefficient DY of H in Y.

Several previous experimental studies have shown that the
diffusion coefficient in Y is dependent on the hydride phase of
the Y–H system [16, 49]. This can be attributed to the fact that
the driving force for chemical diffusion arises from the gradi-
ent of the chemical potential in the metal-hydrogen system.
This is expressed by the generalized Fick’s first law [15, 50]:

JY =−BYcY · ∂µY-H

∂r
=−BYcY · ∂µY-H

∂cY

∂cY
∂r

. (54)

The quantity BY is the H mobility in Y. Equation (54)
allows writing a general expression for the temperature- and
concentration-dependent diffusion coefficient of H in Y:

DY ≡ BYcY
∂µY-H

∂cY
. (55)

The chemical potential µY-H of atomic H at a given position
in the Y pebble where a certain concentration cY occurs can
be obtained by expressing µY-H in terms of the correspond-
ing chemical potential of a diatomic H2 gas that would adjust
at thermodynamic equilibrium with the corresponding H–Y
solution of concentration cY. Therefore, equation (16) is inser-
ted into equation (15) and the equilibrium pressure is replaced
by the derived temperature-dependent p-c isotherm peqY (cY,T),
which is expressed by equation (42):

µY-H =
1
2
µ◦
H2

+
RT
2

ln

[
peqY (cY,T)

p◦

]
. (56)

Consequently, the derivative in equation (55) writes:

∂µY-H

∂cY
=

RT

2peqY (cY,T)

∂peqY (cY,T)
∂cY

. (57)

At low concentrations, the diffusion coefficient is
concentration-independent [15]. It is determined using
equation (55) by inserting the Sieverts’ law (20) into
equation (57):

D0
Y = BYRT⇔ BY =

D0
Y

RT
. (58)

For the value ofD0
Y, this model considers the diffusion relation

of deuterium in Y for all three hydrogen isotopes. It is determ-
ined from the protium diffusivity reported in [27] by taking
into account the isotope effect of diffusion [12, 26, 27]:

D0
Y = 2.7× 10−7m2 s−1 · exp

(
−

46.0 kJ
mol

RT

)
. (59)

Finally, substituting the equations (57) and (58) into
equation (55) provides a relation for the concentration-
dependent H diffusion coefficient in Y:

DY(cY,T) = D0
Y (T) ·

cY
2peqY (cY,T)

∂peqY (cY,T)
∂cY

. (60)

In this description, the derivative of the equilibrium pressure
peqY (cY,T)which is described by relation (42) equals the phase-
specific slopes sY given by the equations (43)–(46). Figure 11
shows the calculated concentration-dependent diffusion coef-
ficient in Y for three different temperatures. It can be seen that
at concentrations corresponding to the phase transitions the
diffusivity plunges. When entering a new phase, it abruptly
rises by several orders of magnitude above the constant dif-
fusivity D0

Y of the α-Y phase.
For the numerical description, the derived concentration-

dependent diffusion coefficient is inserted into equation (12),
whereDY(ri,zj, t) = DY[cY(ri,zj, t)]. Here, cY(ri,zj, t) refers to
the summed concentration of all isotopes in the corresponding
shell of the discretized pebble.

The previous model presented in [12] assumed the constant
diffusivity D0

Y for the entire concentration range. However, as
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Figure 11. Theoretically derived concentration-dependent diffusion
relation of H in Y calculated using the equations (42) and (60).

figure 11 clearly shows, this approach is no longer correct for
concentrations cY > cα-end

Y . The sharp change in the diffusion
coefficient at higher concentrations is a clear indication that
hydride formation has a strong influence on the H absorption
kinetics of yttrium.

It is important to mention that, in contrast to the new model
described in this paper, the previous model presented in [12]
used a different relation than equation (59) for the calculation
of the diffusion coefficient D0

Y. The relation used in [12] is
reported by Talbot et al [51] and gives slightly smaller dif-
fusivities than equation (59). Nevertheless, when in the fol-
lowing reference is made to a simulation with the old model,
what is meant is a simulation in which the diffusion coeffi-
cientD0

Y given by relation (59) and boundary condition (21) is
considered to be valid over the entire concentration range.

Figure 12 presents two simulated diffusion processes of H
into a Y pebble of radius rpeb = 5× 10−4m assuming a con-
stant interface concentration of cY,I = 1.42× 105molm−3 >
cϵ-startY and a temperature of T= 300◦C. The upper plot shows
the concentration profiles in the pebble after three differ-
ent points in time that result if the old model is used for
the simulation. Since the old model assumes a homogen-
eous diffusion coefficient, a continuous concentration pro-
file is observed which rises smoothly over time. It follows
the typical solution of Fick’s second law for a diffusion pro-
cess into a homogeneous sphere at constant interface con-
centration (see chapter 6 in [20]). The bottom graph displays
a simulation of the same process, this time carried out with
the new model. Areas shaded in color indicate the concentra-
tion ranges corresponding to the different hydride phases. The
interrupted concentration scale in the lower plot illustrates the
fact that the new model, unlike the old model, has taken into
account a maximum H content of yttrium. It is found that a

Figure 12. Simulated temporal evolution of the concentration
profile inside of a Y pebble at T= 300◦C if its surface is
maintained at a constant concentration of
cY,I = 1.42× 105molm−3 > cϵ-startY . (top) The first simulation
assumes a concentration-independent diffusion coefficient DY = D0

Y
as it was used in the old model presented in [12]. (bottom) The
second simulation considers the derived concentration-dependent
diffusion coefficient (60) applied in the new model.

concentration-dependent diffusion coefficient results in a con-
centration profile which is no longer continuous. In fact, in the
concentration ranges representing the α→ δ and δ → ϵ trans-
ition regimes, the diffusing atoms pile up and form steep diffu-
sion fronts. Due to the much slower diffusivity in the transition
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regimes compared to the pure hydride phases, the rate of
diffusing atoms entering a transition range from an adjacent
higher phase is bigger than the rate of atoms leaving the trans-
ition range into a lower phase. Moreover, it is observed that
the α→ δ front moves faster than the δ → ϵ front. These res-
ults are in good accordance with measurements made by den
Broeder et al who experimentally visualized the same beha-
vior of H diffusion in different yttrium hydride phases at lower
temperatures [49].

It should be noted that the material-altering effects of radio-
active decaying tritium on the H transport properties of the two
metals are not taken into account in this model.

3. Simulation results

In this section, the developed numerical model is applied
to simulate the retention of hydrogen isotopes by an H-trap
installed in the DONES Li loop. Therefore, the volume flow
rate through the main loop is set to Fmain = 1× 10−1m3 s−1.
The current design of the DONES Li loop envisages a
total Li volume of approximately VLi = 14 m3 which is con-
sidered as a reference value for the following simulations [52].
Unless otherwise noted, the simulations are executed assum-
ing a flow rate through the trap of Ftrap ≈ 2× 10−3m3 s−1,
a trap diameter of dtrap = 0.15m and a pebble radius of
rpeb = 5× 10−4m.

The pebble-bed void fraction of perfectly round pebbles
packed in a cylindrical trap container with dtrap ≫ rpeb is usu-
ally determined to be approximately ϵ≈ 0.4 [53]. However,
in a real Y getter-bed the sizes and shapes of the pebbles are
expected to strongly vary. Therefore, a packing density as high
as ϵ≈ 0.4 is likely not achievable. The mass transfer coeffi-
cient αf in equation (8) decreases with increasing void fraction
[12]. Hence, to obtain conservative simulation results, the fol-
lowing calculations assume a higher void fraction of ϵ= 0.6.

The applied discretization density of the spatial sub-
systems considered in the model are set to N= 198, M= 6
and U= 3. To solve the system of equations introduced in the
previous section, the finite difference equations (2), (5), (12)
and (13) are manually solved in for-loops over the indexes i,
j and k. The temporal parts of the differential equations (2),
(4), (5) and (13) are automatically computed by EcosimPro©.
It applies the DASSL algorithm [54] by making use of the
Newton–Raphson method combined with the backward dif-
ferentiation formula.

In order to cope with the imposed safety requirements for
DONES, the installed H-trap needs to be capable of maintain-
ing the average total hydrogen isotope concentration in the
Li below climit

Li = 10wppm. Further radiation safety require-
ments restrict the inventories of tritium in Y to mlimit

3H,Y =

3× 10−4 kg and in Li tomlimit
3H,Li = 3× 10−4 kg [6]. This is equi-

valent to climit
3H,Li = 7.1× 10−3molm−3 considering that VLi =

14m3. The current design basis of the DONES impurity con-
trol loop envisages T= 350◦C as the design temperature of
the H-trap [18].

Figure 13. Simulated temporal evolution of the average protium
concentration in Li during initial purification of the DONES Li loop
at T= 350◦C, assuming different Y masses in the H-trap. The
graph includes a simulation using the old model, which does not
take hydride formation into account. The green area represents the
required concentration range for DONES operation.

3.1. DONES initial purification phase

It is assumed that the Li which is going to be purchased
to fill the DONES Li loop for its future experimental cam-
paigns will be contaminated with a relatively high protium
concentration. Furthermore, filling the DONES Li loop the
first time will cause the stainless steel walls of the pipes to
release an additional significant amount of protium into the Li.
Part of the dissolved protium will be retained by a cold trap
which is working at a temperature of T= 190◦C. The cold
trap retains solidified Li hydride (β-LiH) which precipitates
above the temperature-dependent terminal solubility cα-end

Li .
Equation (25) reveals that at T= 190◦C the terminal solubil-
ity of the solid solution α-Li phase is cα-end

Li ≈ 28.7molm−3.
Hence, it is to expect that after the first purification run using
only the cold trap, the liquid Li will have a maximum pro-
tium concentration of approximately cinitLi,1H = 28.7molm−3 =
57wppm. To meet the DONES safety requirements, prior to
continuous DONES operation, the Li should undergo another
purification run using the H-trap in which its concentra-
tion is further reduced to cLi,1H < 10wppm= 5.1molm−3.
This initial purification process using the H-trap is simu-
lated and analyzed in the following paragraphs. Since protium
is assumed to be the only isotope present during the ini-
tial purification phase, its concentration cLi,1H equals the total
concentration cLi.

Figure 13 presents the simulated temporal evolution of the
average concentration cLi in the loop during initial purification
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Figure 14. Simulated temporal evolution of the protium
concentration profile inside of a Y pebble of the first trap segment,
assuming a temperature of T= 350◦C and a pebble-bed mass of
mY = 15kg.

for different pebble-bed masses. The simulation assumes an
operating temperature of T= 350◦C. To analyze the observed
H absorption behavior of the trap and the impact of YH2 form-
ation, it is taken a closer look on the purification process result-
ing from a trapwith aYmass ofmY = 15kg (see solid blue line
in figure 13). A deep insight into the getter process is obtained
by observing the time-evolving concentration profile within a
Y pebble of the first trap segment z1. It is simulated and plot-
ted in figure 14. The analysis is supported by the figures 15–17.
They display the simulated values of cY,I, cLi,I and the parti-
tioning coefficient KLi−Y

D at the Li-Y interfaces of Y pebbles
of the first trap segment.

It is found that after a period of several minutes in which
the empty Y pebbles absorb the protium atoms as a solute,
the surface concentration cY,I surpasses the maximum con-
centration cα-end

Y of the pure α-Y phase and hydride formation
sets in (see figures 14 and 15). The precipitation of high con-
centrated YH2 at the surface is characterized by an abruptly
accelerated increase in surface concentration (see figure 15).
As figure 16 reveals, during hydride formation the protium
concentration in Li at the Li-Y interface abides in the con-
centration range c−Li,I < cLi,I < c+Li,I. Figure 17 demonstrates
how the rapidly growing concentration cY,I at almost con-
stant value of cLi,I causes the partitioning coefficient KLi−Y

D to
increase above its constant value KLi−Y

D,0 in the pure α-Y phase
(see figure 7). Approximately 1 h after the start of the puri-
fication process, the increase in interface concentration at the
pebble surface comes to a halt at the saturation concentration
cY,I = cα-end

Y (see figure 15) and the partitioning coefficient
reaches its maximum value (see figure 17). By this time, the
Y surface has entered the pure δ-YH2±x phase. Once surface

Figure 15. Simulated temporal evolution of the protium
concentration occurring at the surface of the Y pebbles of the first
trap segment during initial purification of the DONES Li loop,
assuming a temperature of T= 350◦C and a pebble-bed mass of
mY = 15kg. The graph includes a simulation using the old model,
which does not take hydride formation into account.

saturation occurs, the protium concentration in Li at the Li-
Y interface abruptly increases beyond the concentration range
c−Li,I < cLi,I < c+Li,I where it resided during phase transition. In
accordance with figure 10, the sudden rise in the concentra-
tion cLi,I implies that the partitioning coefficient decreases. At
about the same time, the quickly diffusing protium atoms in
the α-Y phase have homogeneously distributed in the entire
pebble. In contrast, the much slower elapsing diffusion pro-
cess occurring in the α→ δ phase transition regime closer to
the surface leads to the formation of a relatively steep diffu-
sion front (see red shaded area in figure 14). It slowly flat-
tens out over time while the pebble surface remains at the
saturation concentration cY,I = cδ-startY . Figure 16 reveals that
after approximately 3 h, the H absorption flux induced by the
concentration gradient that occurs at the pebble interface has
lowered the average concentration in the loop so much that
cLi,I reaches a maximum before decreasing alongside with the
average concentration cLi. According to figure 10, this results
in a slow but persistent rise in the partitioning coefficient back
towards its maximum value. The transport processes come to
an end once thermodynamic equilibrium establishes and the
concentrations in both the Li–H and the Y–H systems have
reached steady-state values. At this time the concentration pro-
files in the pebbles are flat. Figure 14 shows that at equilibrium
the Y pebbles of a getter-bed with a mass of mY = 15kg have
entirely transformed to pure δ-YH2±x and occur at a homo-
geneous concentration of cY = cδ-startY .

The influence of the implemented mechanism of hydride
formation on the retention dynamics of the trap becomes
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Figure 16. Simulated temporal evolution of the protium
concentration occurring in Li at the Li-Y interfaces in the first trap
segment during initial purification of the DONES Li loop, assuming
a temperature of T= 350◦C and a pebble-bed mass of mY = 15kg.
The graph includes a simulation using the old model, which does
not take hydride formation into account.

apparent when comparing the discussed simulation results of
the new model with a performed simulation using the old
model. Therefore, the same input parameters are assumed as
before (mY = 15kg, T= 350◦C). The results are plotted in the
figures 13 and 15–17 using an orange dotted line. Figure 15
reveals that in contrast to the results produced with the new
model, if the processes of hydride formation are ignored, no
abruptly accelerated increase in cY,I is observed once the con-
centration in Y at the pebble surface surpasses the terminal sol-
ubility cα-end

Y . Since the old model considers the low concen-
tration boundary condition (21) even at concentrations cY,I >
cα-end
Y , the partitioning coefficient remains constant atKLi−Y

D,0 =
Ks,Y/Ks,Li during the entire simulated time period. In contrast,
the simulationwith the newmodel predicts that hydride forma-
tion causes an increase in partitioning coefficient which levels
out at a value KLi−Y

D > KLi−Y
D,0 (compare solid blue and orange

dotted lines in figure 17). For this reason, the final equilib-
rium concentration ceqLi ≈ 19wppm which yields from the new
model is much lower than the adjusting equilibrium concentra-
tion ceqLi ≈ 30wppm predicted by the old model. The great dif-
ference between the two simulated equilibrium concentrations
in Li obtained with and without the consideration of hydride
formation illustrates the significant magnitude by which YH2

formation increases the gettering capacity of Y. Ignoring the
processes of hydride formation as done in the old model might
therefore lead to an overestimation of the required trap mass to
meet the DONES safety requirements. This example demon-
strates the importance of incorporating the thermodynamics of
hydride formation into the model.

Figure 17. Simulated temporal evolution of the Li-Y partitioning
coefficient in the first segment during initial purification of the
DONES Li loop, assuming a temperature of T= 350◦C and a
pebble-bed mass of mY = 15kg. The graph includes a simulation
using the old model, which does not take hydride formation into
account.

Observing figure 13, it is found that regardless of the
pebble-bed mass, with the examined parameter set (T=
350◦C, Ftrap = 2× 10−3m3 s−1, rpeb = 5× 10−4m, dtrap =
0.15m, ϵ= 0.6) the purification process takes about 12 h to
reach thermodynamic equilibrium. It is found that the higher
the trap mass, the lower the average equilibrium concentra-
tion ceqLi in the loop that adjusts at thermodynamic equilibrium.
Figure 15 reveals that different pebble-bed masses lead to spe-
cific equilibrium concentrations in the pebbles. In fact, three
distinct scenarios are identified.

The first scenario describes a case like the one discussed
above (mY = 15kg, T= 350◦C), where, at thermodynamic
equilibrium, the entire pebble-bed converts to pure δ-YH2±x.
This means that the concentration everywhere in the pebbles
is cY = cδ-startY . As the derived concentration boundary con-
dition illustrated by figure 8 indicates, full saturation occurs
only if the establishing equilibrium concentration in Li sat-
isfies ceqLi > c+Li,I. In this case, the final concentration ceqLi can
be calculated assuming that at thermodynamic equilibrium the
mole numbers of hydrogen isotopes in the yttrium neqY and in
the lithium neqLi are distributed according to ninitLi = neqY + neqLi .
Here, ninitLi is the mole number of hydrogen isotopes present in
the Li prior to purification. With ninitLi = cinitLi VLi, n

eq
Li = ceqLiVLi

and neqY = cδ-startY VY the equilibrium concentration yields:

ceqLi = cinitLi − mYcδ-startY

ρYVLi
ifceqLi > c+Li,I . (61)

According to figure 6, the concentration cδ−start
Y decreases with

increasing temperature. Therefore, in the first scenario, the
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gettering capacity slightly reduces with increasing temperat-
ure. Solving equation (61) for mY yields the pebble-bed mass
required to reduce the equilibrium concentration from a given
initial concentration cinitLi down to a certain equilibrium value:

mY =
ρYVLi

cδ-startY

·
(
cinitLi − ceqLi

)
ifceqLi > c+Li,I . (62)

The error of the required pebble-bed mass is determined by
the error of the phase boundary ∆cδ-startY which was estimated
in equation (39). Consequently, error propagation yields:

∆mY =
∆cδ-startY

cδ-startY

·mY ifceqLi > c+Li,I . (63)

The second scenario refers to a case where during the con-
centration decrease the value of cLi falls below the minimum
concentration required for hydride formation c−Li,I, such that
ceqLi < c−Li,I. As figure 13 shows, such a situation is observed for
a trap with a mass of mY = 100kg operating at T= 350◦C.
The pink dash–dotted lines in the figures 15 and 17 reveal
that if a sufficiently heavy trap is installed the concentra-
tion cY,I never exceeds cα-end

Y and no hydride formation takes
place. Hence, if ceqLi < c−Li,I the pebble-bed occurs exclusively
in the α-Y phase and the concentration boundary condition is
described by relation (21).With equation (51), this implies that
at thermodynamic equilibrium the mole number of H atoms
in the pebbles is given by neqY = VYc

eq
Y = VYc

eq
LiK

Li−Y
D,0 . In this

case, the relation ninitLi = neqY + neqLi transforms to:

ceqLi =
ρYVLicinitLi

ρYVLi +mYK
Li−Y
D,0

ifceqLi < c−Li,I . (64)

Also in the second scenario, the gettering capacity decreases
with increasing temperature. This is attributed to the temper-
ature dependency of KLi−Y

D,0 which is visualized in figure 10
and mathematically expresses in equation (52). According to
equation (64), in the second scenario the required pebble-bed
mass to lower the concentration in Li down to a certain equi-
librium value is determined by:

mY =
ρYVLi

KLi−Y
D,0

·
(
cinitLi

ceqLi
− 1

)
ifceqLi < c−Li,I . (65)

Its error originates from the error of KLi−Y
D,0 given by

equation (53), such that:

∆±mY =
∆±KLi−Y

D,0

KLi−Y
D,0

·mY ifceqLi < c−Li,I . (66)

A third scenario arises when, for the observed temperat-
ure and pebble-bed mass, the values of ceqLi resulting in the
equations (62) and (65) do not satisfy the respective condi-
tions for ceqLi . In this case, the Li-Y-H system levels out at
an equilibrium concentration c−Li,I < ceqLi < c+Li,I. According to
figure 8, in this regime, the pebbles have only partially trans-
formed to YH2 once thermodynamic equilibrium is reached.
Figure 9 shows that both c−Li,I and c

+
Li,I strongly increase with

Figure 18. Minimum required pebble-bed mass for the initial
purification run of the DONES Li loop to reduce the concentration
from an initial value of cinitLi = 57wppm to a limit equilibrium value
of climit

Li = 10wppm as a function of the trap temperature. The black
star indicates the optimal design parameters for the H-trap used for
the initial purification of the DONES Li loop.

temperature. For this reason, also in the third scenario, the
gettering capacity decreases with increasing temperature. The
figures 13, 15 and 16 show that at T= 350◦C, the third scen-
ario occurs for the traps with the massesmY = 30kg andmY =
60kg. In spite of their large difference in mass, both traps are
found to reduce the average concentration in the Li into the
range c−Li,I (350

◦C)< ceqLi < c+Li,I (350
◦C) and level out in the

α→ δ phase transition regime.
The equations (62) and (65) allow calculating the minimum

pebble-bed mass which is required to reduce the concentration
in the DONES Li loop from cinitLi = 28.7molm−3 = 57wppm
to the limit value climit

Li = 10wppm= 5.1molm−3. It is plotted
in figure 18 against the temperature.

From figure 9 it can be derived that if the operating tem-
perature is smaller than a critical value T< T−crit = (347 ±
60
45 )

◦C the DONES limit concentration satisfies climit
Li > c+Li,I

and the pebble bed follows the defined first scenario. In this
case, the minimum required trap mass is significantly lower
than at higher operating temperatures and is described by the
equations (62) and (63). They yield an almost constant value of
mY ≈ (18± 1)kg throughout the temperature regime T< T−crit.

According to figure 9, if T> T+crit = (350 ± 60
45 )

◦C the
limit concentration satisfies climit

Li = 5.1molm−3 < c−Li,I. Con-
sequently, in this regime, any pebble-bed will behave as
described in the defined second scenario where the min-
imum required trap mass and its error range are given by the
equations (65) and (66). It can be seen that if T> T+crit a much
larger minimum pebble-bed mass mY > 78kg is required to
comply with the concentration limit than at lower operating
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temperatures. Such a large pebble-bed mass is necessary
because, without hydride formation, the gettering capacity
remains relatively low.

Figure 18 reveals that the defined third scenario occurs if
T−crit < T< T+crit. In this regime, the minimum required pebble-
bed mass is in the range of 18kg< mY < 78kg.

The old model did not take hydride formation into account
which is why it suggests a minimum required trap mass
given by equation (65) regardless of the operating temper-
ature (see orange dashed line). Using the old model as a
tool to determine appropriate design parameters of the trap
at temperatures T> (265± 5)◦C could hence only lead to a
non-problematic overestimation of the minimum required trap
mass. However, at temperatures T< (265± 5)◦C, using the
old model would lead to a severe underestimation of the neces-
sary pebble-bed mass. This is because below this temperature
the orange dashed line falls below the curve which yields from
the new model. Therefore, implementing hydride formation in
the model is essential.

In figure 18, the green shaded area represents an appro-
priate combination of operating temperature and pebble-bed
mass which ensures meeting the safety requirement cLi < climit

Li
during initial purification of the DONES Li loop. Picking the
design parameters from the red area must be avoided, as this
would lead to equilibrium concentrations above the concentra-
tion limit. The relatively large error range which enters deep
into the green shaded area arises from the error ranges of the
critical temperatures T−crit and T

+
crit.

An optimal H-trap design for the DONES purification
phase should be based on the intention to exploit the getter-
ing capacity enhancing effect of yttrium dihydride formation.
Therefore, the optimal trap should have an operating temper-
ature of T< T−crit. To ensure hydride formation to occur and
the DONES limit to be met under all circumstances, the con-
servatively estimated error range in figure 18 must be taken
into account when choosing the design parameters. Consider-
ing this, it is found that if T< T−crit, a trap with a pebble-bed
mass of mY = 20kg would ensure meeting the requirements
with the least amount of yttrium.

Figure 19 displays the simulated protium concentration
decrease during initial purification at three different temperat-
ures that would result from a trap with a mass of mY = 20kg.
As predicted by figure 18, the two temperatures that satisfy
T< T−crit lead to a concentration decrease well below the safety
limit. In contrast, T= 350◦C is above the critical temperature.
At this temperature, a pebble-bed mass of mY = 20kg can be
assigned to the red shaded area in figure 18 and therefore does
not comply with the concentration safety limit (see figure 19).
It is found that the higher the temperature, the less time it takes
for the system to reach thermodynamic equilibrium. This can
be attributed to the fact that the diffusion coefficients in Li and
in Y increase with temperature (see figure 11).

According to the error range in figure 18, an operat-
ing temperature of T= 290◦C is the maximum temperat-
ure where hydride formation in a pebble-bed with a mass
of mY = 20kg is guaranteed. Furthermore, with this com-
bination of design parameters, the purification run would be
completed in a reasonable period of time of between one

Figure 19. Simulated temporal evolution of the average protium
concentration in the Li during initial purification of the DONES Li
loop for a pebble-bed mass of mY = 20kg, assuming different
operating temperatures.

and two days (see figure 19). Having determined the optimal
trap mass and working temperature it remains to be investig-
ated how varying the flow rate, pebble diameter and aspect
ratio AR≡ ltrap/dtrap affects the purification dynamics. In the
following, these quantities are referred to as secondary design
parameters. Figure 20 depicts the simulated temporal evol-
ution of the average concentration in the Li yielding from
the determined optimal trap mass and temperature for differ-
ent sets of the secondary parameters. The reference parameter
set which was assumed for all previous simulations is Ftrap =
2× 10−3m3 s−1, rpeb = 5× 10−4m and dtrap = 0.15m. Given
that mY = 20kg and ϵ= 0.6, the trap length yields ltrap =
0.63m and the aspect ratio is AR= 4.2.

Figure 20 discloses that operating a trap at a lower Li flow
rateFtrap causes the purification process to finish later. This has
the following reasons. As discussed in detail in [12], the mass
transfer coefficient of the pebble bed appearing in equation (8)
follows the proportionality αf ∝ v1/3Li r

−1/3
peb for Reynolds num-

bers 1.6× 10−3 < Re< 55 and the relation αf ∝ v0.69Li r−0.31
peb if

55< Re< 1500 [23]. Since a smaller flow rate Ftrap implies a
lower Li flow velocity vLi it leads to a reduced mass transfer
coefficient and thus to a lower retention flux into the pebbles.
Moreover, at a lower flow rate the residence time of Li in the
trap container is higher. As a result, the Li flowing past is
exposed to the Y getter for a longer time leading to smaller
concentrations ctraph,Li in the trap. Consequently, the concentra-
tion gradient in Y at the pebble surface and thus the retention
flux is smaller, so that thermodynamic equilibrium is reached
later.

Furthermore, the plot in figure 20 shows that using a trap
with wider pebbles also leads to a delay in the purification
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Figure 20. Simulated temporal evolution of the average protium
concentration in the Li flow during initial purification of the DONES
Li loop for a pebble-bed mass of mY = 20kg and an operating
temperature of T= 290◦C, varying the pebble diameter, the Li flow
rate through the trap or the aspect ratio of the pebble-bed.

time. As equation (3) discloses, this is due to the fact that a
reduced total surface area of the Y pebbles at equal pebble-
bed mass implies a reduced H retention rate. Moreover, wider
pebbles imply a smaller mass transfer coefficient.

Increasing the trap diameter and thus reducing the aspect
ratio of the trap container does not increase the residence time.
However, it does decrease the Li flow velocity and thus the
mass transfer coefficient of the pebble bed. Therefore, one
would expect the time to reach equilibrium to increase with
trap diameter. However, figure 20 shows no noticeable change
in the shape of the concentration decrease as the trap dia-
meter is increased from dtrap = 0.15m to dtrap = 0.3m. This
is due to a second overlapping effect that increases the reten-
tion flux when moving towards wider trap diameters. It arises
from the effect a reduced mass transfer coefficient has on the
hydride formation dynamics. During α→ δ phase transition,
the pebble surface concentration in Y increases abruptly and
the concentration gradients on both sides of the Li-Y interface
increase alongside. This is directly related to an increase in H
retention flux. However, the increased retention flux lasts only
until the pebble surface reaches the saturation concentration. A
smaller mass transfer coefficient causes hydride formation to
proceed slower and surface saturation to happen later. There-
fore, in wider traps the increased retention flux occurring dur-
ing hydride formation lasts over a longer period of time.

Finally, it is found that in contrast to the pebble-bed mass
and operating temperature, neither the Li flow rate, nor the
pebble diameter or aspect ratio has an influence on the estab-
lishing concentration ceqLi at thermodynamic equilibrium.

Figure 21. Simulated average total hydrogen isotope concentration
in Li during DONES experimental phase for different pebble-bed
masses at T= 350◦C if a single non-replaced trap is used. The
graph includes a simulation performed with the old model.

3.2. DONES experimental phase

As soon as the DONES experimental phase is started, nuclear
stripping reactions in the target component of the loop lead to
an accumulation of hydrogen isotopes in the Li flow. Current
estimations expect the generation rates [6, 8, 18]:

ṅgen,1H = 8.26× 10−8mols−1 (67)

ṅgen,2H = 1.37× 10−6mols−1 (68)

ṅgen,3H = 4.11× 10−8mols−1 . (69)

The total hydrogen isotope generation rate is defined by ṅgen =∑
h ṅgen,h. Due to the preliminary purification procedure which

was discussed in the last section, the 1H concentration at the
start of the DONES experimental phase is expected to satisfy
the condition cLi < climit

Li = 10wppm. To provide conservative
simulations, this work assumes an initial protium concentra-
tion of c1H,Li = 10wppm= 5.1molm−3 in the Li.

The generation rates yield that without the use of an H-trap,
the 3H inventory limit in Li (mlimit

3H,Li = 3× 10−4 kg) would be
exceeded after the time:

t=
mlimit

3H,Li

ṅgen,3H ·M3H
= 28days . (70)

Without a trap, the total concentration in the Li would grow
over time as indicated by the olive dashed line in figure 21.
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3.2.1. Case A: non-replaced H-trap. To demonstrate the
effect of hydride formation on the behavior of a Y getter trap
exposed to a liquid Li flow with continuous hydrogen iso-
tope generation, a scenario is considered in which a single
H-trap is used throughout the entire lifetime of DONES.
Figure 21 showcases the simulated development of the aver-
age total hydrogen isotope concentration in the DONES Li
loop over an operating time of 6 years at a fix temperature
of T= 350◦C considering different pebble-bed masses of the
H-trap. The zoom shown in figure 21 discloses that the ini-
tial 1H concentration of cinitLi,1H = 5.1molm−3 drops sharply
at the beginning before reaching an initial thermodynamic
equilibrium some hours later. The establishing initial equilib-
rium concentration can be calculated using the equations (61)
and (64) or c−Li,I < ceqLi < c+Li,I, depending on whether the puri-
fication process belongs to the defined first, second or third
scenario, respectively (see section 3.1). Whether ceqLi < c−Li,I
or ceqLi > c+Li,I also determines the hydride phase in which the
yttrium pebbles occur at initial equilibrium. In the example
shown in figure 21, all three equilibrium concentrations sat-
isfy ceqLi < c−Li,I (350

◦C), which means that the yttrium pebbles
must occur in the α-Y phase. Indeed, when examining the pro-
cess over the scale of a year a concentration increase in the Li
is observed which arises from the proceeding isotope genera-
tion in the target. The zoom demonstrates how the increase in
concentration proceeds slowly compared to the time required
to reach initial equilibrium, and therefore has a negligible
effect on the value of the equilibrium concentration. This is
because compared to the scale of a year, the time required for
the hydrogen isotopes to diffuse from a pebble surface to the
center is negligibly short. Therefore, it can be assumed that
despite the continuous isotope generation, the Li-Y-H system
remains at thermodynamic equilibrium and the concentration
in the pebbles is approximately homogeneous. This means
that the boundary condition visualized in figure 8 applies to
both the Li system and the Y system as a whole, not just to
their interfaces. Consequently, according to the equations (21)
and (51), the isotope specific concentrations satisfy the condi-
tion nh,Y/VY = KLi−Y

D,0 nh,Li/VLi as long as the Y pebbles occur
in the α-Y phase. It is obvious that the rates at which the gen-
erated isotopes are distributed between the Li and Y systems
respect the relation:

ṅgen,h = ṅh,Y + ṅh,Li . (71)

Therefore, the rates at which the molar numbers of the dis-
solved isotopes in the two metals increase while the pebbles
occur in the α-Y phase are:

ṅαh,Y =
mYK

Li−Y
D,0

VLiρY +mYK
Li−Y
D,0

· ṅgen,h (72)

ṅαh,Li =
VLiρY

VLiρY +mYK
Li−Y
D,0

· ṅgen,h . (73)

Figure 22 displays the simulated time evolution of the approx-
imately isotropic total hydrogen isotope concentration that

Figure 22. Simulated total hydrogen isotope concentration within
the Y pebbles during DONES experimental phase if a single H-trap
is used without replacement, assuming different pebble-bed masses
and T= 350◦C. The graph includes a simulation performed with
the old model, which does not incorporate hydride formation.

occurs in the Y pebbles for the same temperature and pebble-
bed masses as those plotted in figure 21. In accordance with
the equations (72) and (73), both figures show that the concen-
tration increase rates ċh,Y = ṅh,Y · ρY/mY and ċh,Li = ṅh,Li/VLi

decrease with increasing pebble-bed mass. However, they also
reveal that while the pebbles occur in the α-Y phase, only an
infinitely heavy H-trap would lead to ċh,Li = 0.

Hydride formation is triggered once the concentration in the
loop reaches the temperature-dependent critical concentration
c−Li,I which coincides with the attainment of the concentration
cα-end
Y in the Y pebbles. As figure 8 shows, during phase trans-

ition the concentration in Li remains nearly constant, increas-
ing only from c−Li,I to c

+
Li,I. Therefore, as long as hydride form-

ation progresses the concentration in the Li occurs in a quasi-
stationary state. By far most part of the generated isotopes is
absorbed by the Y pebbles where they are directly converted to
YH2. Saturation occurs once the nearly homogeneous concen-
tration in the pebbles reaches cδ-startY . Consequently, the mole
numbers of added hydrogen isotopes to the Y and the Li during
hydride formation are given by:

nHF
Li =

(
c+Li,I − c−Li,I

)
VLi = c−Li,I ·

(√
fαδY − 1

)
≈ 0 (74)

nHF
Y =

(
cδ-startY − cα-end

Y

) mY

ρY
. (75)

The transformation in expression (74) is performed by mak-
ing use of the equations (35), (36), (47) and (49). From the
equations (74) and (75) it becomes apparent that nHF

Y ≫ nHF
Li ≈

0. The time τHF from the beginning of hydride formation to
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reaching saturation is obtained by considering that τHFṅgen =
nHF
Li + nHF

Y , such that:

τHF =
1
ṅgen

[(
cδ-startY − cα-end

Y

) mY

ρY
+ c−Li,I ·

(√
fαδY − 1

)]
.

(76)
Equation (76) and the figures 21 and 22 demonstrate that τHF

increases linearly with the pebble-bedmass. The rates at which
the mole numbers of hydrogen isotopes in the Li and Y grow
during hydride formation are given by:

ṅHF
Li =

nHF
Li

τHF
= ṅgen −

nHF
Y

τHF
≈ 0 (77)

ṅHF
Y =

nHF
Y

τHF
= ṅgen −

nHF
Li

τHF
≈ ṅgen . (78)

Assuming that during DONES operation the pebbles are
approximately in equilibrium with the Li system, such that
cY,I ≈ cY, the derivative of equation (20) with respect to time
provides a general expression for the growth rate of isotopes
of type h in Y:

ṅh,Y =
nh,Li
nLi

· ṅY +
∂

∂t

(
nh,Li
nLi

)
· nY . (79)

By considering that during hydride formation ṅHF
Y ≈ ṅgen and

ṅHF
Y ≈ 0, inserting relation (79) into equation (71) yields the

following expression for the growth rates of the mole numbers
of the isotopes h in Li during hydride formation:

ṅHF
h,Li ≈

cLiṅgen,h− ch,Liṅgen
cLi + cY

mY
ρYVLi

. (80)

It can be seen that if ch,Li/cLi > ṅgen,h/ṅgen , then ṅHF
h,Li < 0, and

if ch,Li/cLi < ṅgen,h/ṅgen, then ṅHF
h,Li > 0.

Once the pebbles have completely converted to pure δ-
YH2±x, the pebble-bed is exhausted because the concentra-
tion in the pebbles cannot get any higher. As a consequence,
the total retention rate ṅsatY = 0, which implies that after satur-
ation occurs ṅsatLi = ṅgen. Substituting the conditions of a satur-
ated trap ṅsatY = 0 and nsatY = cδ-startVY into the equations (72)
and (79) provides the growth rates of the mole numbers of iso-
tope species h in the Li after the pebble-bed is exhausted:

ṅsath,Li = ṅh,gen −
mYcδ-startY

ρY
· ∂
∂t

(
ch,Li
cLi

)
. (81)

Hence, if after trap exhaustion the generation of isotopes in
the loop keeps changing the ratio ch,Li/cLi over time there is
an ongoing isotope exchange between the Y and the Li.

Both figures 21 and 22 contain a simulation executed with
the old model developed in [12]. Since it does not incorporate
the physics of hydride formation it predicts the curves to con-
tinue as if the Y–H system forever remained in the α-Y phase.
Moreover, the old model does not consider the existence of
a maximum saturation concentration of the Y pebbles in Li.
Therefore, according to the old model, the pebble-bed can take

Figure 23. Simulated average total hydrogen isotope concentration
in Li during DONES experimental phase at different temperatures
assuming a single H-trap with a pebble-bed mass of mY = 15kg is
used throughout the lifetime of DONES.

up an infinite amount of hydrogen isotopes. However, the pos-
sibility of the trap being exhausted above the saturation con-
centration is a critical safety consideration and must be taken
into account in the design of the H-trap for DONES. This is
another reason why the inclusion of hydride formation in the
model is so important.

Figure 23 presents the simulated evolution of the average
total hydrogen isotope concentration in the loop at different
temperatures, considering a trap with a fix pebble-bed mass
of mY = 15kg. It is found that at T= 200◦C and T= 250◦C,
the initial concentration drop proceeds according to the third
scenario defined in section 3.1, meaning that hydride form-
ation starts right at the beginning. The figure shows that the
height of the steady state plateau increases with temperature.
This is in accordance with the temperature dependencies of
the critical concentrations c−Li,I and c

+
Li,I depicted by figure 9.

Moreover, it is observed that the time period hydride form-
ation lasts decreases with increasing temperature. According
to equation (76) and figure 6, this is due to the fact that the
width of the concentration range assigned to the α→ δ phase
transition regime of the Y–H system narrows with increasing
temperature.

Figure 24 displays the simulated evolution of the tritium
content dissolved in Li which results from a trap with a mass
of mY = 15kg. Instead of abruptly entering into a flat sta-
tionary state, during hydride formation, the tritium inventory
increase slows down rather smoothly until saturation occurs.
This behavior is explained by equation (80) considering that
due to the large amount of protium in the system c3H,Li/cLi <
ṅgen,3H/ṅgen. It is found that at T= 200◦C the establishing sta-
tionary concentration is low enough to keep the 3H inventory

20



Nucl. Fusion 63 (2023) 056012 S.J. Hendricks et al

Figure 24. Simulated mass of tritium contained in the Li during
DONES experimental phase at different temperatures assuming a
single H-trap with a pebble-bed mass of mY = 15kg is used
throughout the lifetime of DONES.

below the DONES safety limit mlimit
3H,Li = 3× 10−4 kg for more

than 5 years.

3.2.2. Case B: replaced H-traps. Indeed, since the amount
of generated tritium in the loop follows the relation ṅgen,3H · t=
n3H,Li + n3H,Y, using a single trap for the entire DONES life-
time to satisfy m3H,Li < mlimit

3H,Li = 3× 10−4 kg would at some
point violate the second imposed tritium safety requirement
m3H,Y < mlimit

3H,Y = 3× 10−4 kg. Nevertheless, the calculations
in the previous section show that hydride formation in a suffi-
ciently large trap prevents the concentration in Li from increas-
ing above a certain temperature-dependent value for several
years. This effect can be regarded a natural safety control sys-
tem that is triggered in the event of an accidental, uncontrolled
increase in concentration occurring in the DONES Li loop.

One proposed method to meet both limits at all times is to
frequently replace the installed H-trap before the tritium con-
tents in both the Li and in the Y exceed the limits [6].

To determine an appropriate operating temperature, pebble-
bed mass and trap replacement period τtrap it is considered that
a non-exhausted H-trap operates in a state in which it is least
efficient, i.e. when the Y pebbles occur in theα-Y phase where
no hydride formation occurs.

As the DONES experimental phase starts, the tritium con-
tents in both metals begin to grow. It is imagined that once
an arbitrary tritium content mmax

3H,Li in the Li is reached, the
trap is replaced by an empty trap. As a result, the tritium con-
tent in the Li decreases within a short period of time before
it reaches an equilibrium, similar to the initial concentration
decrease shown in figure 21. By hypothetically assuming that
the concentration decrease occurs instantaneously, the value

of the equilibrium tritium content in the Li can be calculated
with equation (64):

meq
3H,Li =

mmax
3H,LiVLiρY

VLiρY +mYK
Li−Y
D,0

. (82)

While the tritium content in the Li plunges, the mass of
absorbed tritium m3H,Y in the new Y pebble-bed quickly rises
until the concentration profiles in the pebbles are flat. Due to
the reasons discussed in the previous section it can be assumed
that, in spite of the proceeding hydrogen isotope generation,
from this moment onwards the pebbles approximately remain
in thermodynamic equilibrium with the Li system. Therefore,
boundary condition (21) is approximately satisfied and yields:

m3H,Y =
mYK

Li−Y
D,0

ρYVLi
·m3H,Li . (83)

Moreover, the assumed thermodynamic equilibrium implies
that the progressive production of hydrogen isotopes in
the loop causes the tritium content in the two metals to
increase approximately linearly, with slopes given by the
equations (72) and (73). Therefore, the time evolution of
the slowly increasing tritium content in the Li after the trap
exchange is approximately described by:

m3H,Li = ṅα3H,LiM3H · t+meq
3H,Li . (84)

Inserting the equations (73) and (82) into equation (84) and
replacing m3H,Li with the maximum tritium content mmax

3H,Li that
occurred in the Li just before the trap was replaced gives
the time τtrap it will take for the tritium content in Li to rise
back to the same maximum value mmax

3H,Li as prior to the trap
replacement:

τtrap =
mmax

3H,LimYK
Li−Y
D,0

ρYM3HVLiṅgen,3H
. (85)

Transforming equation (85) yields the maximum inventory of
tritium in the Limmax

3H,Li that establishes at a given value of τtrap:

mmax
3H,Li =

VLiρYM3H

mYK
Li−Y
D,0

· ṅgen,3H · τtrap . (86)

Substituting equation (86) into equation (83) provides the
value of the maximum tritium content which occurs in the Y
bed after the time τtrap has elapsed:

mmax
3H,Y =M3Hṅgen,3H · τtrap . (87)

Therefore, if the trap is replaced with a period τtrap the tri-
tium contents in the Li and the Y bed are maintained below
their maximum values given by the equations (86) and (87),
respectively.

From equation (87) it follows that in order to satisfy the
safety condition m3H,Y < mlimit

3H,Y = 3× 10−4 kg the trap needs
to be replaced every:

τtrap < τmax
trap ≡

mlimit
3H,Y

ṅgen,3HM3H
= 28days . (88)
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If τtrap = τmax
trap , the adjusting maximum tritium content in the

Li given by equation (86) is:

mmax
3H,Li =

VLiρYmlimit
3H,Y

mYK
Li−Y
D,0

. (89)

The requirement for the pebble-bed mass to meet the other
limitm3H,Li < mlimit

3H,Li = 3× 10−4 kg is determined by inserting

mlimit
3H,Li into equation (86):

mY > mmin
Y (τtrap) =

VLiρYM3H

mlimit
3H,LiK

Li−Y
D,0

· ṅgen,3H · τtrap . (90)

The minimum required pebble-bed mass is highest in case the
maximum permissible replacement period of τmax

trap is chosen.
In this case, the requirement for the Y mass mY is obtained by
inserting equation (88) into equation (90):

mY > mmin
Y

(
τmax
trap

)
=
VLi · ρY

KLi−Y
D,0

. (91)

The relative error of mmin
Y is given by:

∆±mmin
Y ≡

∆±KLi−Y
D,0

KLi−Y
D,0

·mmin
Y . (92)

Figure 25 presents a plot of the temperature-dependent min-
imum pebble-bed mass and its error range required to meet
the imposed tritium limits of the DONES experimental phase
considering that the trap is replaced every τmax

trap = 28days. The
design parameters should be chosen such that they are located
in the green shaded area, outside of the plotted error range.
Traps with a mass and operating temperature in the red area
would cause the tritium content in the Li to level out above the
limit value mlimit

3H,Li.
In contrast to the above thought experiment, in a real

DONES operating scenario, it is not waited until the tritium
contents in the Y and Li reach their maximum permissible val-
ues before the trap is exchanged. Instead, the trap replacement
procedure is started from the beginning with a fix replacement
period τtrap. As a result, the tritium contents in both Li and
Y converge toward their maximum values determined by the
equations (86) and (87) over the course of several replacement
iterations.

From the equations (91) and (92) it follows that if τtrap =
τmax
trap , the minimum required Y mass at T= 350◦C is mY =
(16.4± 1.7)kg (see figure 25). The simulated temporal evol-
utions of the tritium contents in Y and in Li, that result from
such a pebble-bed mass and operating temperature, are show-
cased in the figures 26 and 27 for different exchange periods,
respectively. It can be seen that the shorter the trap exchange
period, the faster the tritium contents in the two metals con-
verge toward their maximum values. Figure 26 confirms the
prediction from equation (91), that for an exchange period
of τmax

trap = 28days the maximum tritium content in the pebble
bed matches mlimit

3H,Y. Moreover, figure 27 verifies that if at
T= 350◦C the Y mass is mY = (16.4± 1.7)kg and τtrap =
τmax
trap the maximum adjusting concentration in the Li is indeed

Figure 25. Minimum required pebble-bed mass required to meet
the tritium limits in Y and Li during DONES experimental phase if
the trap it is replaced every τmax

trap = 28days.

converging against the value mlimit
3H,Li. If the exchange period is

longer, the tritium contents in the bed and the Li level out at
higher values m3H,Y > mlimit

3H,Y and m3H,Li > mlimit
3H,Li. This must

be prevented at all costs. A shorter replacement period allows
keeping the tritium contents in both metals at values below the
limit contents without changing the pebble-bed mass or tem-
perature. The figures also demonstrate that if the pebble-bed
mass has the value given by equation (91) and τtrap = τmax

trap ,
the maximum tritium contents in the Li and the Y are equal.

Figure 28 presents the simulated time evolution of the tri-
tium content in Li at a fix temperature T= 350◦C and replace-
ment period τtrap = τmax

trap , varying only the pebble-bed mass.
The plot validates equation (89) according to which the adjust-
ing maximum tritium content in Li increases with decreas-
ing pebble-bed mass. When choosing τtrap = τmax

trap , the max-
imum tritium content in Y is m3H,Y = mlimit

3H,Y, regardless of the
observed temperature and Y mass (see equation (87)).

The variation of the adjusting maximum tritium content in
Li that occurs when changing the temperature at a fix pebble-
bed mass of mY = 7.5kg and fix trap replacement period
τtrap = τmax

trap is depicted in figure 29. In this case, the value of
m3H,Li is determined by equation (89). It is found that m3H,Li

increases with temperature. The reason for this is that KLi−Y
D,0

decreases with increasing temperature (see equation (52)).
The temporal evolutions of the protium, deuterium, tri-

tium and total hydrogen isotope concentrations that occur
when a trap with mY = 16.4kg operating at T= 350◦C is
replaced with an exchange period of τtrap = τmax

trap is shown in
figure 30. The plots reveals, that during several trap replace-
ments the protium concentration which starts at a value of
cinitLi,1H = 5.1molm−3 is gradually reduced before it keeps
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Figure 26. Simulated temporal evolution of the tritium content in
the Y pebble-bed during DONES experimental phase for different
trap exchange periods considering a Y mass of mY = 16.4kg and a
temperature of T= 350◦C.

Figure 27. Simulated temporal evolution of the tritium content in
the Li during DONES experimental phase for different trap
exchange periods considering a Y mass of mY = 16.4kg and a
temperature of T= 350◦C.

oscillating at a constant level. In contrast, the deuterium
and tritium concentrations approach their equilibrium values
from below. Regardless of whether the initial concentration
is zero or higher, the maximum concentration values below
which the individual concentrations will oscillate after several

Figure 28. Simulated temporal evolution of the tritium content in
the Li during DONES experimental phase for different pebble-bed
masses considering a temperature of T= 350◦C and a trap
replacement period of τtrap = 28days.

Figure 29. Simulated temporal evolution of the tritium content in
the Li during DONES experimental phase for different temperatures
considering a pebble-bed mass of mY = 7.5kg and a trap
replacement period of τtrap = τmax

trap .

replacement iterations are determined by equation (86), in
which the tritium generation rate and the molar mass must be
replaced by the corresponding values of the observed isotope.
It is evident that the values to which the concentrations of the
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Figure 30. Simulated time evolutions of the protium, deuterium,
tritium and total hydrogen isotope concentrations in the Li during
DONES experimental phase if the Y pebble-bed mass is
mY = 16.4kg, the temperature is T= 350◦C and assuming the
H-trap is exchanged with the period τtrap = τmax

trap . Such configuration
would allow meeting the DONES safety limits.

different isotopes converge increase with increasing temperat-
ure and decreasing mass of the pebble-bed. Figure 30 shows
that if the tritium limits for both the Li and the Y are satis-
fied, the total hydrogen isotope concentration in Li levels out
considerably below a value where hydride formation would be
triggered. However, at lower temperatures hydride formation
might occur during the first trap replacement iterations when
the total hydrogen isotope concentration is still relatively high.
According to the findings of the last section, hydride formation
would keep the concentration in Li stationary until the trap is
exchanged.

The simulated effects a changing pebble diameter, Li flow
rate through the pebble-bed or aspect ratio of the trap container
have on the concentration dynamics can be seen in figure 31.
It shows the evolution of the total hydrogen isotope concen-
tration which is plotted in figure 30, magnified to day 336.
First, it is found that a variation of the secondary paramet-
ers only affects the time to reach the intermediate equilibrium
each time the trap is exchanged. It has no influence on themax-
imum establishing concentration in the Li. For the reasons dis-
cussed in section 3.1 the time that elapses before the intermedi-
ate equilibrium is established increases with increasing pebble
diameter and decreasing flow rate. In contrast to figure 20,
since no hydride formation takes place a reduced aspect ratio is
found to slightly delay the concentration drop. Due to a smal-
ler diffusion coefficient a lower temperature would delay the
time to reach the intermediate equilibrium (see figure 19).

Whether the exhausted traps should be replaced by com-
pletely new Y pebble-beds or whether a thermal degassing

Figure 31. Simulated total hydrogen isotope concentration in the Li
at the moment of a trap replacement during DONES experimental
phase if the Y pebble-bed mass is mY = 16.4kg, the temperature is
T= 350◦C and assuming the H-trap is exchanged with the period
τtrap = τmax

trap . The simulation is performed for different pebble
diameters, Li flow rates through the pebble-bed and aspect ratios of
the trap container.

process under vacuum conditions could regenerate the used
pebble-beds for reinsertion remains to be investigated.

3.3. Experimental validation of the model

Finally, the presented numerical model is tested against exper-
imental results obtained by Yamasaki et al [17]. In their exper-
iments, mLi = 0.6kg of liquid Li at T= 300◦C is loaded with
an initial deuterium concentration of cinit2H,Li = 160wppm=

40.1molm−3 before it is set in motion through an experi-
mental liquid Li circuit connected in linewith aY bed. The trap
container used for the experiments has a length of ltrap = 0.3m
and containsmY = 1× 10−2 kg of 2–3mmwide yttrium chips.
The Li flow rate through the trap is reported to be Ftrap =
2.5× 10−5m3 s−1. As soon as the deuterium loaded Li passes
the pebble-bed, its deuterium content is continuously reduced.
Yamasaki et almeasured the decrease in deuterium concentra-
tion that occurred after five time periods of different lengths
using the chemical dissolution method [17]. Figure 32 shows
the ratios between the measured concentration c2H,Li of the
extracted Li samples and the initial deuterium concentration
in the Li cinit2H,Li as a function of the Li volume that has passed
through the trap [17].

The described experiment is numerically reproduced using
the presented EcosimPro© model illustrated in figure 1. There-
fore, it is assumed that Fmain = Ftrap = 2.5× 10−5m3 s−1.
Moreover, the simulation considers a pebble radius of rpeb =
5× 10−4m. The void fraction and diameter of the pebble-bed
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Figure 32. Ratios between the deuterium concentration of extracted
Li samples that were exposed to a Y bed and the initial deuterium
concentration in the Li prior to the contact with the Y, measured in
deuterium retention experiments performed by Yamasaki et al [17].
The graph contains simulations that reproduce the experimental
values with the old and the new model.

is set to ϵ= 0.6 and dtrap = 5× 10−3m which implies that the
simulated trap has a length of ltrap ≈ 2.8× 10−1m. The dis-
cretization densities of the trap and pipe segments are set to
the same values like in the simulations discussed in the previ-
ous sections.

The simulation results obtained with the numerical repro-
duction of Yamasaki’s experimental data is plotted with a solid
blue line in figure 32. It can be seen that the simulation agrees
very well with the first four data points. The last data point is
located considerably below the simulated curve.

When analyzing the observed purification process, it can be
certainly excluded that the pebbles in Yamasaki’s experiment
have completely transformed to pure δ-YH2±x. There is just
not enough deuterium in the system to load a Y mass of mY =
1× 10−2 kg with a homogeneous saturation concentration of
cδ-startY . Therefore, the establishing equilibrium concentration
in Yamasaki’s experiment must have satisfied the condition
ceqLi < c+Li,I (300

◦C) (see figure 9). The two critical concentra-
tions c−Li,I (300

◦C) and c+Li,I (300
◦C) are plotted together with

their overlapped error range (blue shaded area) in figure 32.
It is found that the simulated concentration levels out in the
concentration range c−Li,I < ceqLi < c+Li,I. Hence, according to
the simulation, at thermodynamic equilibrium, the Y chips in
Yamasaki’s experiment occur in the α→ δ transition regime.
Given that ceqLi < c+Li,I (300

◦C), an overestimation of the crit-
ical concentrations c−Li,I and c+Li,I implies an overestimation
of the simulated equilibrium concentration. In fact, the error
range of the critical concentrations can be considered as the
error range of the simulated equilibrium concentration. As

the equations (37), (48) and (50) indicate, this error range is
mainly determined by the errors of the Sieverts’ constants of
the Li–H and Y–H systems. Figure 32 shows that the error
bar of the last experimental data point enters deep into the
error range of the simulated equilibrium concentration (see
figure 31). Therefore, it is reasonable to say that the simula-
tion results and the experimental data match within their error
ranges. The experimental data suggests that the model rather
underestimates the H gettering capacity of Y in liquid Li. For
this reason, designing the H-trap of DONES based on simu-
lations performed with the presented model would probably
lead to a slightly oversized trap. Nevertheless, from a safety
point of view, this is beneficial.

Figure 32 includes a former numerical reproduction of
Yamasaki’s experimental data which was presented in [12]
(see dashed orange line). It was performed using the old model
of H retention from flowing liquid lithium by an yttrium
pebble-bed. A comparison of the curves produced by the old
and the new model shows that the inclusion of the hydride
formation process in the model has significantly improved the
agreement of the simulation results with the experimental data.

4. Conclusion

An appropriate design of the hydrogen hot trap for the DONES
Li loop depends on the development of an accurate numer-
ical simulation tool that can predict the hydrogen absorption
behavior of a Y pebble-bed exposed to hydrogen-loaded flow-
ing liquid Li. This was accomplished by a previous work that
focused merely on the low concentration range. However, in
certain operating phases of DONES the hydrogen concentra-
tion in the Li is relatively high and likely leads to a formation
of YH2 in the pebble-bed.

To account for these phenomena, in this work a new numer-
ical model of hydrogen transport in aY getter trap connected to
the liquid Li loop of DONES has been developed which incor-
porates the thermodynamic processes of hydride formation.
Therefore, a generalized concentration boundary condition for
the Li-Y interfacewas derived by approximating the courses of
complete pressure-composition-isotherms of the Y–H and Li–
H systems in the relevant temperature range of DONES. This
allowed determining the solubility of hydrogen in Y as a func-
tion of the concentration in the surrounding liquid Li. It was
found to highly increase when YH2 forms. By estimating the
profile of the chemical potential of hydrogen isotopes inside of
the Y pebbles during thermodynamic non-equilibrium a rela-
tion for the concentration dependency of the diffusion coeffi-
cient in different yttrium hydride phases could be obtained.

By simulating the time-evolving hydrogen isotope concen-
trations in the Li and the Y bed during different DONES oper-
ating phases, the effects of YH2 formation on the trap per-
formance were analyzed in detail. It was found that when
choosing an appropriate pebble-bed mass and operating tem-
perature, hydride formation is triggered and may be exploited
purposefully to increase the hydrogen gettering capacity of
the trap. This is shown to be particularly important for the
initial purification run of the DONES Li loop prior to the
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experimental phase, when the hydrogen concentration in the
Li is highest. The simulations have shown that if during the
DONES experimental phase the ongoing generation of hydro-
gen isotopes causes the concentration in the Li to exceed a
certain value, the formation of YH2 is triggered, maintaining
the concentration in the Li at a constant level. In addition, a
mode of operation relevant to the DONES experimental phase
has been presented that involves replacing the H-trap after at
least every 28 days so that the tritium contents in the Li and the
Y remain below safety limits. Furthermore, this work estab-
lished the required conditions for the mass of the Y pebble-bed
and the operating temperature of the installed H-trap which
allow meeting the safety limits for the hydrogen isotope con-
centrations in DONES. Algebraic formulas have been derived
that enable calculating the minimum required trap mass at any
given temperature for both the initial purification phase and
the experimental phase of DONES, taking into account error
ranges.

Finally, the developed model was tested against experi-
mental results. Simulation and measurement data were found
to be in good accordance within each other’s error limits.
Indeed, compared to the old model, the agreement between
simulation and experimental data could be considerably
improved.
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