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Abstract

, C. Moreno® and J. Molla

®

CrossMark

Ensuring a secure and reliable execution of the International Fusion Materials Irradiation
Facility (IFMIF) and the DEMO-Oriented Neutron Source (DONES) requires their liquid
lithium loops to be purified from hydrogen isotopes which are generated during operation. For
this purpose, an yttrium pebble-bed will serve as a hydrogen hot trap. Former intentions to
predict the retention behavior of an yttrium pebble-bed are based on the consideration of the
trap as a black box with a predetermined trap efficiency. Disregarding the internal physical
mechanisms of the gettering process these models are built on simplified assumptions and
should be extended to allow reliable trap designs for IFMIF/DONES. Therefore, a detailed
numerical model describing the hydrogen transport from flowing liquid lithium into an yttrium
pebble-bed has been developed from scratch within the scope of this work. It enables simulating
the hydrogen retention process into an arbitrarily dimensioned getter bed for the low
concentration regime by solving a system of differential equations with a finite-difference
approach. The model is used to calculate the time evolution of the hydrogen concentrations in a
simplified loop system which is connected in line with an yttrium pebble-bed. Special focus is
placed on the observation of a case relevant for IFMIF/DONES considering a constant
generation of tritium in the loop. Simulation results reveal that the trap efficiency decreases with
time and that lower system temperatures significantly improve the trap efficiency. It is found
that for heavier pebble-beds the tritium inventory build-up in the lithium is slowed down more
efficiently. These findings are of great importance for the design of the hot traps for
IFMIF/DONES. To demonstrate the reliability of the model experimental data of a previous

deuterium retention experiment are successfully reproduced.

Keywords: IFMIF, DONES, tritium modelling, hydrogen hot trap, liquid lithium, yttrium getter

(Some figures may appear in colour only in the online journal)

1. Introduction

Investigating the effects of high-energy neutron irradiation
on fusion relevant materials is essential for the realization of
future fusion power plants. The International Fusion Mater-
ials Irradiation Facility (IFMIF) and its reduced version the
DEMO-Oriented Neutron Source (DONES) are designed for
this purpose [1]. In both devices an accelerated high-energy
deuterium beam collides with a liquid lithium target thus

1741-4326/20/106017+16$33.00

producing neutrons with energies similar to those expected at
the first wall of a nuclear fusion reactor [2]. The liquid lithium
flows through a loop system where due to the occurring nuclear
reactions and residual deuterium deposition hydrogen isotopes
are generated in a continuous manner. This leads to a linearly
rising inventory of dissolved protium, deuterium and tritium
in the loop. Due to corrosion between the lithium and the
structural material of the loop further non-metallic impurities
accumulate in the liquid lithium such as nitrogen, oxygen and

© EURATOM 2020 Printed in the UK
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carbon. All mentioned impurities and especially the invent-
ory build-up of radioactive tritium are a threat for the plants
safety and chemical stability. Hence, it needs to be ensured that
their concentrations are kept below certain concentration lim-
its. For this purpose the liquid lithium loop of IFMIF/DONES
will be connected in parallel to a purification side loop sys-
tem. The purification side loop consists of an impurity monit-
oring loop and an impurity control system which are connected
in parallel to the main loop. To remove the corrosion-related
non-metallic impurities a cold trap forms the first unit of the
impurity control system. Connected in line with the cold trap
an yttrium pebble-bed will serve as a hydrogen isotope hot trap
[3]. Yttrium has a much higher solubility of hydrogen isotopes
than lithium. This causes a transport of hydrogen isotopes into
the pebbles which is driven by the laws of diffusion and the
imbalance of the chemical potentials in the two systems. The
design and operation of the hot trap will be mainly determ-
ined by the IFMIF/DONES safety regulations that require the
tritium inventory in the lithium as well as in the yttrium to
be kept below 0.3g [4]. To ensure the fulfillment of the safety
requirements it is essential to theoretically determine the most
reasonable trap geometry, pebble-bed mass and pebble dia-
meter for a certain system temperature. In former theoretical
studies the retention behavior of an yttrium pebble-bed was
estimated, regarding the trap as a black box with an either
constant or concentration-dependent retention efficiency [5].
However, models based on such simplified considerations do
not allow reproducing or explaining experimental data with
an accuracy that would be sufficient for a reliable trap design.
Therefore, a detailed numerical model describing the hydro-
gen transport from flowing liquid lithium into a bed of spher-
ical yttrium pebbles is essential and has been developed from
scratch within the scope of this work. In the model the govern-
ing physical processes are represented by a system of coupled
algebraic and differential equations. Since an exact analytical
calculation of the temporal evolution of the system is not pos-
sible the differential equation solver and non-causal program-
ming software EcosimPro is used as a numerical simulate tool
[6, 7]. EcosimPro allows object-orientated programming, thus
enabling a facilitated numerical calculation of the time evol-
ution of hydrogen isotope concentrations and particle fluxes
at numerous discrete locations in the described system. How-
ever, the reliability of the theoretical model is highly depend-
ent on the accuracy of several material and flow-specific exper-
imental coefficients. Precisely measured temperature depend-
encies of the Sieverts’ constant and the diffusion coefficient of
hydrogen isotopes in lithium and yttrium as well as the mass
transfer coefficient between a fluid and a solid pebble-bed are
essential for the model to produce trustful results. For its val-
idation, the developed numerical model is used to simulate the
outcome of a deuterium retention experiment performed by Y.
Yamasaki et al [5]. Good accordance between simulation res-
ults and the experimental data will demonstrate the accuracy
of the simulation and thus create confidence to use this numer-
ical model for the design of the hydrogen hot traps of IFMI-
F/DONES. In the following paragraphs the term hydrogen (H)
will be used as a unified expression for all three hydrogen iso-
topes protium ('H), deuterium (*H) and tritium (*H).

2. Numerical model

To simulate the behavior of an arbitrarily dimensioned yttrium
pebble-bed in contact with hydrogen-loaded flowing liquid
lithium a numerical model has been developed and is presen-
ted in the following paragraphs. In our model the hydrogen
hot trap is considered as a cylindrical hollow container with
an entrance and an exit port located at the top and the bot-
tom side of the cylinder. The container is densely filled with
yttrium pebbles of radius rpep, diameter dpep, and a surface of
Speb- The volume of the trap cylinder is fixed through the rela-
tion Virp = Vy /(1 — €) where Vy is the total volume occupied
by the yttrium pebbles and ¢ the void fraction of the pebble-
bed. For the qualification of the performance of the trap two
quantities are defined. That is the trap efficiency

CLi,in - CLi,out

1
Ciijin ’ M

Hirap =
where Cy; i, is the hydrogen concentration in the lithium at the
entrance of the trap and Cy; oy the hydrogen concentration in
the lithium at the exit of the trap. The second defined quantity
is the hydrogen retention rate of the pebble-bed which stands
for the number of absorbed hydrogen isotopes per second. In
the developed numerical model of the hydrogen hot trap the
total hydrogen retention rate of the yttrium pebble-bed 7yrap ()
is calculated as the sum of the retention rates of all yttrium
pebbles. The time evolving retention rate of a single yttrium
pebble ripe, (1) can be calculated by

ilpeb(t) = Jre[(t) 'Speb = Jret(t) : deeba 2

where J(() is the hydrogen retention flux from the lithium
into the yttrium pebble. As we will see later the retention flux
is dependent on the hydrogen concentration in the lithium at
the interface between yttrium and lithium. Since the concen-
tration varies along the longitudinal z-axis of the cylindrical
trap container the total retention rate is being calculated integ-
rating over the retention fluxes of all pebbles. For a trap con-
tainer with length /., that contains a number of #¢p, yttrium
pebbles we calculate

7|'d2 llrap
peb / Jralz1)dz. 3)
0

ltrap

’;ltrap(t) = #peb :

In the lithium (Li) as well as in the yttrium (Y), hydrogen iso-
topes are transported by the diffusion process. According to
Fick’s first law the diffusion flux is proportional to the concen-
tration gradient of hydrogen isotopes in the yttrium pebbles in
radial direction

8CY(r7Z7t)
or '

At the surface of the yttrium pebbles the hydrogen diffusion
flux Jaie,y (7 = Fpev, 2, t) is equal to the hydrogen retention flux

“

Jait,y (r,2,t) = —Dy

Jret(2,1) = Jaie,y (F = Tpeb, 2,1) - 5

The proportionality constant Dy is the diffusion coefficient of
hydrogen isotopes in yttrium. The interstitial atomic diffusion
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Table 1. Temperature dependent diffusion coefficients of hydrogen in yttrium and lithium that are found in the literature. Error margins are
indicated in case they were reported by the respective reference. The considered significant digits of the presented values are assumed from
the respective reference taking into account unit conversions. If error margins are given the considered significant digits are adapted to the
reported error. Diffusion relations printed in bold are those which are chosen to be used for the calculations performed in this work.

Diffusion coefficient [m?s ']

Temperature range References

4_J
—4.2x10°
ReasT

4
p —16.0x 10 mul e
Rgo T

—4.6x10* L )

Dy g =13 X% 10~ 8. exp (

Dy i =300 x 107 - ex

mol - K

ReT

Dy (£20%) = 3.8 x 1077 -exp (

470°C — 850°C [10] (Refers to [11])

687°C — 887°C [12] (Measured)

400°C — 1100°C [13] (Calculated using [14-16])

logDy; sy = —8.562 + 1.7371log T — 11

log Dy i (£18%) = —9.04 + 1.74log T — 120

4
( —10.5+0.8x10* )

Diig=13+0.1x10""-exp AT

—16.2x10* 1
’ gas

367°C —727°C [17] (Measured)

615°C —905°C [13] (Calculated using [18, 19])

615°C —905°C [18] Measured)

500°C — 650°C [20] (Measured)

coefficient of hydrogen isotopes in metals follows an Arrhe-
nius type temperature dependence [8]

Ed ) [mzsfl] ,
RyosT

with Dy being a pre-exponential factor and Ey4 the activation
energy of diffusion. The constant R, labels the ideal gas con-
stant given in [J mol~!'K~!]. For our calculation we focus on a
temperature region between 250°C and 325°C since this is the
proposed operation temperature region of the impurity control
system of the DONES liquid lithium loop [9]. As we will see
later on, higher temperatures lead to a lower trap efficiency.
In several previous experimental campaigns the temperat-
ure dependence of the diffusion coefficient of hydrogen iso-
topes in yttrium could be determined. The measurements were
done applying different methods and covering different tem-
perature intervals. A list of determined diffusion coefficient
relations found in the literature can be seen in table 1. When
plotting the different diffusion coefficients in yttrium against
temperature applying each relation from table 1 it becomes
apparent that they lead to highly different temperature depend-
encies. Especially towards low temperatures, the diffusion val-
ues produced by the three relations differ by several orders
of magnitude. This gives rise to the assumption that at low
temperatures the inaccuracy of all determined relations is rel-
atively high. In the numerical model presented in this article
we choose to implement the diffusion relation determined by
J.B. Talbot et al [10]. The decision is based on the fact that
the temperature interval in which the diffusion values were
determined is closer to the temperature region of interest in
comparison to the measurements performed by P.-W. Fisher
et al [12]. For the determination of the diffusion coefficient
J.B. Talbot et al used the data set of only one experimental
campaign in which the diffusion coefficient was determined
for a high number of temperature values [11]. In contrast, R.E.
Buxbaum et al used the data sets of three different experiments
with a very low number of different temperature steps each
[13]. Due to this fact we evaluated the diffusion relation of

DD0~exp< (6)

D [m?/s]

1071

10712

10—13

-14
10 0.8

1.2 14 1.6 1.8 2.0

1000/T [K™1]

Figure 1. Temperature dependence of the diffusion coefficients for
different hydrogen isotopes in yttrium and lithium determined by
J.B. Talbot et al [10] and H. Moriyama et al [17].

J.B. Talbot et al to be most reliable for our application. The
diffusion coefficients of deuterium and tritium in yttrium can
be estimated through the isotope effect of hydrogen isotope

diffusion in metal [21]
SNLEWR- SN
lH MIH
@)

where My marks the molar mass of the corresponding hydro-
gen isotope. By applying these relations the diffusion coeffi-
cients of protium, deuterium and tritium in yttrium are plotted
in figure 1. It appears that with rising temperature the diffus-
ivity increases.

The time evolving concentration gradient 0,Cy (r, z,1) along
the radial direction of a pebble is determined by Fick’s second

DY,IH DY,IH DY,ZH _ M3H

DY,3H DY,ZH DY,3H



Nucl. Fusion 60 (2020) 106017

S.J. Hendricks et al

law in spherical coordinates, given by

8CY(I’,Z,I) . &g
ot T2 or

|:}’2 8Cy(r7z, l):| _ aJdifyy(l",Z, l)
or or '
®)
Due to the radial symmetry of the yttrium pebbles the concen-
tration gradient at the center of a pebble is always zero. This
forms a Neumann boundary condition

aCY<r = 07Z7t)

g =0. C))

For the description of the boundary condition at the inter-
face between an yttrium pebble and the lithium it is important
to define the thermodynamic regime of the yttrium-lithium-
hydrogen system which we consider for this study. The presen-
ted model is based on the assumption that no yttrium oxides
(Y,03) are present in the system. An yttrium oxide layer
formed around the pebble surfaces would drastically slow
down the retention process [22].

The phase diagram of the yttrium-hydrogen (Y-H) binary
system (see references [23-26]) reveals that within the tem-
perature region of interest (250°C to 325°C) for low concen-
trations of approximately

Cy, < 27at% = 1.9 x 10*molm 3 (10)
the Y-H solution occurs in a single hexagonal-close-packed
a-Y phase in which the hydrogen isotopes are distributed on
tetrahedral interstitial sites without changing the structure of
the metal lattice. For greater concentrations the 3-phase begins
to form. At a concentration of about

Cy, ~ 65at% = 9.3 x 10*molm ™~ (11)
the whole Y-H solid solution has transformed into the face-
centered cubic S-phase in which all tetrahedral sites are filled
with hydrogen atoms. The new phase is known as the dihydride
B-YH; 4, phase in which a further concentration increase leads
to the occupation of octahedral sites [27]. At even higher con-
centrations an yttrium trihydride -YH;3 _ , phase starts to pre-
cipitate. The phase diagram of the lithium-hydrogen (Li-H)
system (see reference [28]) reveals that for the relevant tem-
peratures and for low concentrations of approximately

Cii., < 0.14at% = 100molm > (12)
hydrogen isotopes are dissolved as a solute [29] in the liquid
lithium (known as the «-phase). At higher concentrations
lithium-hydride (LiH) begins to form which precipitates out as
solid compounds (known as the « (lig.)+0 (sol.) phase) [30].

From the DONES safety regulations we know that the tri-
tium inventory in the lithium loop of DONES will be kept
below 0.3g [4]. With a total lithium volume in the loop of
approximately Vipop &~ 10m?, this limit corresponds to a max-
imum tritium concentration of Cy; 3y max ~ 0.01mol m~—3. The
calculated generation rates of 'H, 2H and 3H in the DONES
lithium loop reveal that the generation of 0.3g tritium is
accompanied by an accumulation of 0.2g hydrogen and 6.7g

deuterium in the loop system [31]. Assuming that the hydro-
gen retention efficiency of the DONES hydrogen hot trap will
be similar for all three isotopes we can conservatively estimate
that the maximum hydrogen isotope concentration in the loop
will be of the order of Cy; 1 max ~ 0.5molm—3 which accord-
ing to relation (12) stands for a Li-H system in a-phase. For
this reason and since the purpose of this work is the develop-
ment of a model usable as a simulation tool for the design of
the hydrogen hot trap of DONES, we consider the Li-H system
in our model to be in the state of a low concentration a-phase.

The hydrogen concentration in the yttrium at the pebble sur-
face is defined by a Dirichlet boundary condition. It is specified
through the fact that in an infinitesimal area traversing the Y-
Li interface the hydrogen solution remains always in chemical
equilibrium. This implies an equality of the equilibrium pres-
sures indicated by the pressure-composition-isotherms (PCI)
of the Li-H solution and of the Y-H solution [32—-34]. For the
low concentration region of the a-phase of a metal-hydrogen
system the equilibrium pressures are approximately determ-
ined by the Sieverts’ law [35]

C=K,\/Peq.

Here, K labels the Sieverts’ constant. It quantifies the solubil-
ity of hydrogen isotopes in the corresponding metal. Since in
this model the considered hydrogen concentration in the lith-
ium is very low, the Sieverts’ law should be valid for the Li-H
systems. For now we suppose that the establishing hydrogen
concentration in the yttrium fulfills relation (10) and assume
that the Sieverts’ law is valid as well. In this case, the chemical
equilibrium at the Y-Li interface can be expressed by

13)

CLi
€qLi—H — K

SLi

Cy
int st

Pegy_n =P,

(14

€qy—H

int

Also the Sieverts’ constant follows an Arrhenius type temper-
ature dependence

E
K=K, -exp (R ST) ,
gas

where Kj  is a pre-exponential factor and E, the enthalpy of
formation per dissolved mole of the solution. In several exper-
imental campaigns temperature relations for the Sieverts’ con-
stant of hydrogen isotopes in lithium and yttrium could be
determined. Depending on the applied experimental methods
the different authors report their determined relations in dif-

s)

ferent unit systems. In this work the SI-unit [molm—3 Paf%]
is used for the Sieverts’ constants. The SI-unit of the enthalpy
of formation used in this article is [J mol~' K=!]. For the
transition of the reported literature values into SI-units appro-
priate conversion factors are applied containing the molar
mass of yttrium My = 88.906gmol~!, the molar mass of
lithium My; = 6.94gmol~! and the density of yttrium py =
4472kgm~3. The temperature dependent density of lithium
is given by the relation pp;(T) =562 —0.1-T [kgm—3] [36].
Table 2 presents a list of determined values for K and Ej
that could be found in literature describing the solubility of
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Table 2. Pre-exponential factors K o and activation energies E; of the Sieverts’ constant (15) for hydrogen isotopes in yttrium found in the
literature. Error margins have not been reported in the literature. Therefore, the considered significant digits of the presented values are
assumed from the respective reference taking into account unit conversions. Values printed in bold are those which are chosen to be used for

the calculations performed in this work.

'Hiny ’HinY ‘HinY References
14.7 x 1072 16.4 x 1072 20.9 x 1072 [37] (Measured)
{mol _1] - - 7.1x 1072 [38] (Measured)
Kso| 55 Pa™2 ) .
V| m 384 x 10 - - [37] (Calculated using [33])
30.7 x 1072 - - [38] (Calculated using [33])
97.15 95.02 90.79 [37] (Measured)
E[ W } - - 95.81 [38] (Measured)
$ Lmol K 87.57 - - [37] (Calculated using [33])
89.12 - - [38] (Calculated using [33])

Table 3. Pre-exponential factors K o and activation energies E; of the Sieverts’ constant (15) for hydrogen isotopes in lithium found in the

literature. The temperature dependent density of lithium py;(7) [kg m~?
units. Error margins have not been reported in the literature. Therefore,

] arises from the conversion of the literature values of K o to SI
the considered significant digits of the presented values are assumed

from the respective reference taking into account unit conversions. Values printed in bold are those which are chosen to be used for the

calculations performed in this work.

'Hin Li ’Hin Li

Hin Li References

6.63 x 10~% . ppi(T)
1.7 x 1073 - pi(T) -

1
Kso |:%(§1 Pafi]
6.82 x 10~*. pr;(T)

9.20 X 10~* . ppi(T)

9.34 x 107" - pri(T) -

12.28 x 10~ . pui(T) [39] (Measured)
- [40] (Measured)
[41] (Refers to [34, 42])

51.90 46.93
Es[Gax) 4.4 -
51.40 46.23

[39] (Measured)
B [40] (Measured)
~ [41] (Refers to [34, 42])

hydrogen isotopes in yttrium. In table 3 the same coefficients
are shown which were found in literature for hydrogen iso-
topes dissolved in lithium. When plotted against temperature
it is found that the Sieverts’ constants K, and K, that arise
from the presented coefficients in table 2 and table 3 differ
merely within one order of magnitude at any given temper-
ature. Therefore, we can assume that the determined values
are relatively accurate. For our calculations we make use of
the solubility relations for hydrogen isotopes in yttrium which
were measured by G.M. Begun et al in a high temperature
measurement for all three isotopes [37]. Their experimental
results are conform with a low temperature solubility measure-
ment of the yttrium-tritium system performed by S.D. Clinton
et al [38]. Hence, G.M. Begun et al concluded that his determ-
ined Sieverts’ relations seem to be valid in both temperature
regions, covering the range 250°C - 1000°C. For the solubil-
ity of hydrogen isotopes in liquid lithium this numerical study
makes use of the Sieverts’ constants which were determined
by F.J. Smith et al [39] for all three hydrogen isotopes. The
temperature dependence of the Sieverts’ constant for hydro-
gen isotopes dissolved in liquid lithium and yttrium is plotted
in figure 2. We see that in yttrium as well as in lithium the sol-
ubility of hydrogen isotopes decreases with temperature. In
yttrium the solubility is several orders of magnitudes higher
than in lithium. Their difference even increases towards lower

temperatures. At this point we define a new quantity, the par-
titioning coefficient of the Y-Li system

K,
K

SLi

Kdyfu

(16)

Its value mainly determines how efficient the retention mech-
anism of hydrogen isotopes from lithium into yttrium will be.
Using the chosen Sieverts’ relations given in the SI-unit sys-
tem allows calculating the partitioning coefficients for the cor-
responding isotopes as done for the creation of figure 3. Sub-
stituting equation (16) into relation (14) allows expressing the
boundary condition at the Y-Li interface as follows

CY(rpeb;Z7t) =Kay_y; CI,Li(th>' (17)
Here, Cy1i(z,¢) stands for the hydrogen concentration in the
lithium close to the pebble boundary layers.

Using equation (17) we calculate the hydrogen concentra-
tion in the yttrium that we would find at the pebble interface in
case the estimated maximum hydrogen concentration Ci 1
0.5molm~3 was present in the lithium. Figure 3 reveals that
in the temperature range from 250°C to 325°C the partition-
ing coefficient lies between Ky, ,. ~ 4 x 10’ and Ky, ,. ~ 2 x
10*. Hence, we determine a maximum hydrogen concentration
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Figure 2. Temperature dependencies of the Sieverts’ constants for
hydrogen isotopes dissolved in yttrium and lithium measured by
G.M. Begun et al and F.J. Smith et al [37, 39].

in the yttrium of about Cy g max ~ 1 X 10*molm—3 at 250°C.
As the Y-H phase diagram and relation (10) indicate, this con-
centration corresponds to a Y-H system in the a-Y phase with
no yttrium dihydrides having formed yet. At higher temperat-
ures even lower concentrations would have established in the
yttrium. These findings give confidence to use the Sieverts’s
law for the calculation of the equilibrium pressures of the Y-H
system in equation (14) as it is done in this model.

Studies like [24] or [43] discovered a formation of yttrium
dihydrides after an yttrium specimen was exposed to hydro-
gen loaded liquid lithium. Both experimental works observed
the retention process into the yttrium at far higher concentra-
tions in the lithium than those which are considered in this
study or expected for the lithium loop of IFMIF/DONES. A
formation of the 5-YH,, phase would reduce the reliability
of the model since at concentrations Cy > 1.5 x 10*molm—3
the Sieverts’ law is no longer valid for the description of the
PCIs. It needed to be replaced by a relation describing the
true course of the respective PCIs [37, 44]. In the o + 3 phase
transition region at Cy, < Cy < Cy, the PCIs of the Y-H sys-
tem reach a plateau where for an increasing concentration the
equilibrium pressures remain almost constant [26, 37]. For
the relevant temperature region the plateau or decomposition
pressures of the « + 3 phase transition could be theoretically
estimated extrapolating Van’t Hoff plots of high temperature
measurements towards lower temperatures [26]. The relevant
decomposition pressures of the 3+« phase transition in the
concentration range Cy > Cy, have been measured by L.N.
Yannopoulos et al [33]. Moreover, the effective mobilities of
hydrogen isotopes in yttrium at concentrations correspond-
ing to the a4 8 and the /3 + ~ phase transition are experi-
mentally determined by F.J.A. den Broeder ef al and could be

10°
\‘.\ KdY—Li,‘H
‘\'\_ -0 KdY—Li,ZH
Y
N e Kay_ o
104 \\
\Y
\Y
\
\
\
\
0 NS
35 ].03 \\
X N
A
N\,
\\\
~,
\\\
\\\\
102 Ssa
10}
200 400 600 800 1000
T [°C]

Figure 3. Temperature dependencies of the partitioning coefficients
for the yttrium-lithium-hydrogen system calculated using the chosen
Sieverts’ constant relations presented in figure 2 [37, 39].

used as diffusion coefficients for higher concentration regimes
[45]. Hence, an extension of the model describing the retention
process at concentrations Cy > 1.5 x 10*mol m~3 is in prin-
ciple possible but due to the considered concentration limits in
IFMIF/DONES not required for this study.

In addition to equation (17) a further boundary condition
at the Y-Li interface is given by the equality of particle fluxes
on both sides of the interface. Since the hydrogen isotopes are
dissolved in atomic form in the liquid metal as well as in the
yttrium, neither recombination nor dissociation processes take
place at the interface. Hence, only diffusion fluxes are govern-
ing the transport across the interface. Due to particle conser-
vation the atomic diffusion flux Jyr(z,) on the lithium side of
the interface must be equal to the atomic diffusion flux on the
yttrium side of the interface def,Y(rpeb,Z, t) and we write

Jait,y (Fpebs 2,1) = Jmr (2, 1) . (18)
Both fluxes are oriented contrarily to the positive radial direc-
tion of the pebble system and therefore negative. In the follow-
ing we call Jyr the mass transfer diffusion flux of hydrogen
isotopes in the liquid lithium at the Y-Li boundary layer. The
mass transfer flux is quantified by Fick’s first law, meaning it is
proportional to the concentration gradient of hydrogen in lith-
ium at the Y-Li interface. However, it would require an extens-
ive numerical three dimensional calculation to determine the
exact concentration profile which is present in the lithium flow
through the interstitials of a pebble-bed. It is therefore approx-
imated assuming that the lithium flow is sufficiently turbulent
to cause a mostly homogeneous concentration Cy; in the lith-
ium. Only within a small layer of width dg;. around a pebble
surface the concentration drastically decreases until it reaches
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its lowest value Cyp; at the Y-Li interface. Figure 4 shows a
sketch of the hydrogen concentration distribution in the one
dimensional system of an yttrium pebble surrounded by flow-
ing liquid lithium. Using Fick’s first law and assuming a linear
drop of the hydrogen concentration within the boundary layer
of a pebble allows writing a formula for the mass transfer flux
on the lithium side of the Y-Li interface

Jvr(z,1) = ag - [CrLi(z, 1) — CLi(z,1)], (19)

where af = Sh - Dy /dpey, = Dy /dpy stands for the mass trans-
fer coefficient and Sh for the Sherwood number. The para-
meter Dy; is the diffusion coefficient of hydrogen isotopes
in liquid lithium. Mass transfer between liquids and spheres
in packed beds could be investigated by E.J. Wilson and C.J.
Geankoplis [46]. Their experimental results allow writing the
following two expressions for the mass transfer coefficient
applicable in two different Reynolds number regimes [47]

Dy
ar=1.09- —= .Re'/3Sc'/?,  0.0016 < Re <55 (20)
€- peb

Dy
ar=0.25- — . Re¥®Sc!/?,
€ - dpeb

55 <Re < 1500. (21)

For the Reynolds number Re and the Schmidt number Sc we
make use of the expressions indicated in [46, 47]

_ VsdpebPLi & Se_ M

Re - )
7L pLiDy;

(22)
where the superficial velocity of the packed bed is calculated
as follows [48]

Fii
VLi ,trap Atrap

6ltrapF Li
Vg = =

(23)

The parameter F; is the volumetric flow rate through the trap
and Vi trap = €Virap = €Araplirap the volume occupied by liquid
lithium in the interstitial sites between the pebbles. The tem-
perature dependent quantity 7;; stands for the dynamic vis-
cosity of liquid lithium. For the calculations performed in this
study we make use of the relation [36]

58
logni (£19%) = —3.08 + T 52x 1074 T.

(24
This equation correlates experimental data presented in [36]
with a standard deviation of £19%. Equations (22) and (23)
imply that the Reynolds number increases with an increas-
ing flow rate and a decreasing cross section Ay, of the trap
cylinder. A fully laminar flow in a packed bed can be expec-
ted for Reynolds numbers Re < 10 while an entirely turbulent
flow is obtained for Reynolds numbers greater than approx-
imately Re>2000 [48]. Current studies propose an yttrium
pebble-bed of 1kg < my < 50kg for the hydrogen hot trap
of DONES [31]. With a conservatively estimated void frac-
tion of € =0.5 this would require a trap volume of 0.21 <

|Liquid Lithium| [ Yttrium Bulk Liquid Lithium
) AC ) _
@ T o | o ® @
i @ ] = o (]
=Y @ © ¢ @
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r Tpeb 0 | . dg. 5 ; r

Figure 4. One dimensional system of an yttrium pebble surrounded
by flowing liquid lithium showing the governing flux equations and
a qualitative snap shot of the time evolving hydrogen concentration
distribution in the yttrium bulk and in the liquid lithium.

Viap < 101 which is equivalent to a trap cylinder of length
lyap = 0.5m and diameter 2cm < drp < 16cm. The flow rate
through the impurity control system of DONES will be of
the order of Fi; ~ 0.51 s~!. Hence, for the relevant temper-
atures 250°C < T < 325°C we obtain Reynolds numbers in
the range 20 < Re < 1600 which lie in the partially turbulent
flow regime. For this reason, the applied approximation of a
mostly homogeneous concentration profile in the lithium flow
through the interstitials appears justified within the scope of
this study.

Table 1 presents a list of different relations for the diffusion
coefficient Dy; that were found in the literature. All relations
were determined in measurements covering different temper-
ature ranges. The deviation of the Arrhenius behavior of the
diffusion coefficient of hydrogen in lithium determined by H.
Moriyama et al and R.E. Buxbaum et al arises from the fact
that experimental data was fitted against the Stokes-Einstein
relation of the diffusion coefficient by making use of an exper-
imentally determined temperature dependence of the dynamic
viscosity of liquid lithium [13, 17, 19]. Since this work is
focused on system temperatures below 400°C we choose to
apply the diffusion relation determined by H. Moriyama et al
[17]. Its temperature dependence is plotted in figure 1. The plot
shows that hydrogen diffuses much quicker in lithium than in
yttrium.

As equation (2) reveals, the calculation of the hydrogen iso-
tope retention rate of the yttrium pebbles requires the determ-
ination of the retention flux which is equal to the diffusion
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Lithium Flow Cp;i(t)

Yttrium Pebble

Figure 5. Illustration of the diffusion fluxes from the lithium into an
yttrium pebble in two dimensions. In addition, the sketch highlights
the applied discretization of the radial direction of a pebble.
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Figure 6. Discretization of the longitudinal z-direction of the
cylindrical pebble-bed container.

flux at the surface of the yttrium pebbles. Substituting equa-
tion (18) and boundary condition (17) into equation (19) leads

to the relation

CY(rpeb7Z7 t)

(25)
KdY—Li

Jdif,Y(rpebazvt) =of- —CLi(z,1)

The time evolution of the hydrogen concentration Cy;(z,¢) in
the liquid lithium that changes along the longitudinal axis of
the trap container far away from the Y-Li boundary layer is
described using the total time derivative

dCLi(Z, t) . 6CLi(z,t) n 8CL1(Z,Z‘) 0z

dr ot 0z Ot

. #peb . Speb Fri- llrap . 8CL1(Z, t)
Vi Vii 0z

. (26)

- Jait,y (Tpeb, 2, 1) —

The equations (4), (8), (9), (25) and (26) form a system of
coupled differential and algebraic equations. Solving this sys-
tem would provide the time evolution of Cy(r,z,7), Cri(z,?)
and Cp 1i(z,1), as well as of the diffusion flux at the interface
and in the pebbles Jyir,y (1,2, 7). This would enable calculating
the trap efficiency (1) and the total hydrogen isotope retention
rate (2) of the pebble-bed.

To solve the presented system of coupled differential equa-
tions we choose a numerical finite difference approach. There-
fore, the radial direction of each pebble is discretizised into
Q discretization nodes j=1,...,0 with r{ = 0m, rg = rpep,
riy1 =rj+Arand Q = rpey/Ar+ 1 (see figure 5). The con-
centrations are determined at the position of the Q discret-

ization nodes j = 1,...,Q while the fluxes are calculated for
the QO — 1 interspaces between the nodes assigned to the
radial positions rj—3,...,7j—g. Due to boundary condition (9)

we write Jair,y(rj=1,2k, %) = 0. The numerical model of the
pebble-bed is built on the assumption that in radial direc-
tion of the cylindrical trap container the calculated quantities
are constant and only vary in the longitudinal z-direction. For
the finite difference approach the trap container is segmented
using the discretization nodes zx = z; ... zy (see figure 6). The
time is discretizised according to ;11 = t; + At. These defin-
itions allow writing the system of algebraic and differential
equations in their finite difference form [49]:

1. Fick’s first law (4) describing the diffusion flux in radial
direction of a pebble at rj—», ..., rj—p:

Jait,y (Fj1, 2, 1) = —% Cy (11,20, t) — Cy (1,28, 11)]
27
2. Boundary condition (9) providing the concentration for the
node j = 1 at the center of a pebble. Its numerical finite dif-
ference representation can be found in the reference [49]:

Cy(ri,zitiv1) = Cy(ri,zi, 1)+
At- 6Dy

AR

[CY(VLZk;t[)_CY(rl,Zk,l[)] (28)

3. Fick’s second law (8) describing the time evolution of the
concentration profile in radial direction of a pebble for the
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nodesj=2toj=0—2:
Dy At
j—1A?
e Cy(rjgnzti) =2 — 1) - Cy(rj, zx.1i) +
+(j—2)- Cy(rj—1,zx, )]

Cy(rj,zx,tiy1) = CY("jaZkvti) +

(29)

4. Fick’s second law (8) expressed by the continuity equation
used to describe the time evolution of the concentration in
a pebble at the radial position rg_;:

Cy(ro—1,zi,tiv1) = Cy(ro—1,21,t:) —
At
A Vait,y (o, 2, i) — Jait,y (ro—1, 2k, 1:)]
5. Boundary condition (25) providing the link between the
hydrogen concentration in the yttrium and the concentra-
tion in the liquid lithium at the Y-Li interface:

(30)

Jaie,y (o, 2k, 1)

Cy(rg,zk,ti) = Kay_y; - |:CLi(Zk7ti) + P
£

€1V}

6. Total time derivative (26) of the hydrogen concentration in

the lithium describing its variation in time and space along
the z-axis of the trap:

Fpeb * Speb

Cri(zk, tig1) = Cui(zx, 1) + At - {pepe~
Vii

Fii-N

VLi

Jait,y (Fo—1, 2k, i) — -[Cri(zi, ti) — Cui (Zk—lati)]}

(32)

For k=1 in the last equation (32) the term Cr;(zx—1,%)
should be replaced by the term C in(%;).

Determining the unknown variables of the system of equa-
tions in each discretization node requires an equal amount of
equations and unknowns. To fulfill this, the initial values of
the hydrogen concentrations C;(zx, 1) and Cy (j,zk, 1) in the
lithium and in the yttrium need to be known. The input con-
centration in the lithium at the entrance of the trap Cy, i, =
Cri(z1,1;) can be seen as the input parameter of the trap sys-
tem and hence needs to be given for each instance in time. As
an output parameter of the trap system we obtain the concen-
tration CLi,out =Cy (ZN,li).

For the treatment of the system of equations (27)—(32) the
non-causal programming software EcosimPro is used in this
work which is capable of solving large systems of coupled dif-
ferential and algebraic equations [6, 7].

3. Simulation results and discussion

In this section first simulation results are presented which
demonstrate the response of the Y-trap model when connecting
it to a simplified liquid lithium loop system. We consider a case
in which the trap exit is connected with the trap entrance by a
pipe of length ;.. The time and space variation of the hydro-
gen isotope concentration in the liquid lithium which is flow-
ing through the connecting pipe is described using the total

time derivative (26). Therefore, the pipe length is subdivided
into U discretization nodes z, = zy,...,Zzy allowing a finite dif-
ference expression of equation (26), written as

CLi pipe (2g> ti+-1) = Ci pipe (24, 1i) — At-
Fi,;-U
Vi

[Ci pipe (25 ti) — Ci,pipe (2g—1,)] - (33)
The fact that no retention flux is present in the tube explains
why the first term of equation (32) does not appear in this
expression. For a complete numerical description of the new
system, consisting of the trap and the pipe, equation (33) needs
to be added to the system of equations (27)—(32). The trap
and the pipe are linked through the conditions Ciiin(t;) =
Clipipe (zu,1i) and Crj ou(t;) = Cipipe(21,1). Adding these
equations to the system finally leads to an equal amount of
equations and unknowns making its solution unique. Only the
free parameters of the system as well as the initial hydro-
gen concentration in every discretization point of the different
media need to be chosen in advance. In the following, a case
study is carried out considering two different scenarios.

3.1. Case A: Finite initial H-isotope concentration

First, we simulate a loop system containing Vi; =1 m’ of
liquid lithium heated to 7' =300°C. The loop is connected
in line with a cylindrical trap container of width dy,, =5 cm
which is densely filled with my = 1kg of dpep, = 1 mm yttrium
pebbles. The void fraction is assumed to be € = 0.5 resulting in
a trap length of /i, = 23 cm. The volumetric flow rate of the
lithium is chosen to be F; = 11 s~!. The initial hydrogen con-
centration in the liquid lithium shall be Cp;(zy) = Imolm™—3
for each isotope 'H, H and *H while the yttrium pebbles have
no initial hydrogen inventory. The chosen numbers of the spa-
cial discretization nodes are N=5, U=15 and Q= 101. The
simulation is performed for 4320 time steps of At = 10s thus
calculating the system behavior for the first 12 h. Using equa-
tion (16) and the chosen relations for the Sieverts’ constants
determined in yttrium and lithium we find the following parti-
tioning coefficients for the different isotopes [37, 39]

Ko, 1, =58x10% (34)
Ko, sy =85% 107, (35)
Ko, ., =88 x10% (36)

In figure 7 the simulated time evolution of the tritium concen-
tration in an yttrium pebble of the first trap segment z;— is
plotted for different moments in time. We see how the particles
diffuse towards the center of the pebbles, while particles keep
entering into the pebble surfaces. After 12 h the concentra-
tion gradients vanish which causes the retention flux to dis-
appear. In figure 8 the average protium, deuterium and tri-
tium concentration in the liquid lithium is plotted against time.
We see that the concentrations decrease instantaneously until
they finally reach an equilibrium concentration. In chemical
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Figure 7. Simulated time evolution of the tritium concentration
profile in a pebble of the first segment of the discretisized trap in
case of a finite initial tritium concentration in the lithium.

1.0q
‘ —-= Average Ci; 14 in the loop
“‘ ..... Average C|; 2y in the loop
!‘ Average Cyj 3y in the loop
1
0.8 |
Sk
£ A
= 0\
o E
g£0.61 %\
— N,
5 N
E . e ——— e
0.4, e
qJ ..................
O T s
c
o
(8]
0.2
0.0
0 2 4 6 8 10 12

time [hours]

Figure 8. Simulated time evolution of the average hydrogen isotope
concentration in 1m?® of liquid lithium at 300°C flowing through a
pebble-bed containing 1 kg of 1 mm yttrium pebbles in case of a
finite initial trititum concentration in the lithium.

equilibrium the concentration gradients in the lithium and the
yttrium have decreased to zero. The equilibrium concentration
establishes when the chemical potential of the hydrogen iso-
topes in the lithium is equal to that in the yttrium, meaning
that Cy = Kg,_,, - C1; is valid in the whole system. It can be
analytically calculated combining this equilibrium condition

with the particle conservation relation np;i(fy) = npieq + Ny eq
which relates the amount of hydrogen atoms in the lithium at
t = Os with the distribution of hydrogen atoms in the lithium
and the yttrium at equilibrium. We find

Cri(t) - Vi

e 37)
Li oY dy_1;

CLi,eq =

Using this equation we calculate the equilibrium concentra-
tion for each isotope and we find Cyjiy,eq = 0.43molm~3,
CLi2H,eq = 0.34molm ™, Cy; 3 ¢ = 0.33molm ™. As we can
see in figure 8 the numerically calculated equilibrium con-
centrations conform with the concentrations calculated using
equation (37).

3.2. Case B: Zero initial concentration & tritium generation

In the following simulation we consider a constant generation
of tritium atoms in the liquid lithium flow with a generation
rate of 7igen 3y = 1 X 10~®mols—! while the initial concentra-
tion of hydrogen isotopes is zero in the lithium as well as in the
yttrium. All other parameters are the same as in the previous
case. The generation of tritium in the lithium is considered to
happen in the first segment ¢ = 1 of the tube that connects the
input and output of the hydrogen trap. It is introduced in the
model by modifying equation (33) adding a generation term
only for g=1

CLi,pipe(Zl 7ti+]) - CLi,pipe(Zl 3 ti) + At : {
VLi

Fii-U
VLi

“Ngen3H —

: [CLi,pipe(Zlvti) - CLi,pipe,in(ti)]} .
(38)

In figure 9 the simulated tritium concentration profile inside of
a lmm wide yttrium pebble is plotted for different instances in
time assuming a pebble-bed of mass my = 1 kg. Since at the
Y-Li interface the chemical equilibrium condition (14) is ful-
filled at any time and since we consider a constant tritium gen-
eration in the lithium, the tritium concentration at the yttrium
surface starts to rise with time. Simultaneously, the tritium
moves towards the center of the pebble. We observe that after
about seven hours the concentration gradients along the radius
seem to not change anymore which results in a constant reten-
tion flux. This explains why the concentration in the yttrium
rises homogeneously along the radius and almost proportion-
ally with time.

In case no hydrogen trap is connected to the loop the aver-
age trittum concentration in the lithium would rise linearly
with time as we can see in figure 10 where the average tri-
tium concentration is simulated for the first 24 hours. The other
three curves in figure 10 show the tritium concentration in
the lithium averaged over the length of the loop if an yttrium
pebble-bed is connected to the flow considering a total yttrium
mass of either my = 1 kg, my = 2 kg or my = 3 kg. In general
we observe that more yttrium pebbles lead to a stronger reten-
tion of tritium from the lithium into the pebbles. However,
after about seven hours for all three pebble-bed masses the
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Figure 9. Simulated time evolution of the radial tritium
concentration profile in Imm wide yttrium pebbles that form part of
an yttrium pebble-bed of my = 1 kg. For this simulation a constant
generation of tritium atoms is considered in the liquid lithium.

concentration in the lithium seems to rise linearly and does not
approach a steady state in which the generation rate would be
equal to the retention rate. It is to mention that in a steady state
scenario in which the concentration in the lithium does not rise
anymore the pebbles would tend to establish a homogeneous
concentration profile causing the retention flux to decrease.
This would then move the system out of the steady state caus-
ing the concentration in the lithium to rise again. Therefore, it
is impossible to reach steady state even for the biggest imagin-
able pebble-bed. Using more yttrium pebbles only slows down
the concentration increase in the liquid lithium. As figure 9
exhibits the retention flux into the pebbles becomes constant
after time. As soon as this equilibrium state has been reached
for the pebbles in each trap segment we observe that the differ-
ence between input and output concentration Cy; jn — Cvi,out Of
the trap becomes constant as well. In figure 11 the simulated
trap efficiency is plotted according to relation (1) consider-
ing different masses of the yttrium pebble-bed. We find that
as expected for bigger yttrium masses the efficiency is big-
ger and drops slower than for smaller masses. In figure 12 the
average tritium concentration in the lithium is plotted against
time considering different lithium temperatures (7' = 250°C,
T =300°C and T =350°C) and a pebble-bed of my = lkg.
Although the diffusion coefficient of hydrogen isotopes in lith-
ium and yttrium is smaller for lower temperatures the par-
titioning coefficient of the yttrium-lithium-hydrogen system
drastically increases moving from 7 =350°C to T =250°C
(see figure 3). This explains why in figure 12 tritium is retained
more efficiently at lower lithium temperatures.

However, the trap efficiency does not only depend on the
yttrium mass and the temperature. The retention flux at the
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Figure 10. Simulated time evolution of the average tritium
concentration in 1 m? of liquid lithium considering a constant
tritium generation in the loop and different masses of the yttrium
pebble-bed.
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Figure 11. Simulated time evolution of the trap efficiency
considering a constant tritium generation in the loop and different
pebble-bed masses.

pebble interface exhibits a linear relation with the mass trans-
fer coefficient o in equation (25). Beside its dependence on
the temperature, the mass transfer coefficient is dependent on
the pebble diameter, the trap length and the volumetric flow
rate. We find that for higher flow rates as well as for smaller
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Figure 12. Simulated time evolution of the average tritium
concentration in 1 m® of liquid lithium considering a constant
tritium generation in the loop and different system temperatures.

yttrium pebbles and narrower trap cylinders, the mass trans-
fer coefficient increases which leads to a higher retention flux.
It is to mention that varying these parameters within the same
order of magnitude has almost no effect on the retention rate of
the trap when considering bigger time scales. Their variation
shows its greatest impact on the time after which the trap starts
to exhibit its full potential where the retention flux is highest.
This state is reached when the concentration gradients along
the pebble radii are steepest and reach a constant state in every
segment k of the trap. Therefore, the first tritium atoms need
to have reached the pebble centre. The required time for this
to occur is logically higher for larger pebbles. As visible in
figure 9, for pebbles with dye, = 1 mm the state of constant
concentration gradients in the pebble is reached after about
seven hours. Figure 10 shows how this time coincides with the
moment the lithium concentration starts to increase linearly
and slower than before. In figure 13 the average concentration
in the liquid lithium is shown for a pebble-bed of dyep, = 1 mm,
dper =5 mm and dper, = 10mm maintaining all other para-
meters equal as in the first simulation. For Smm pebbles the
concentration curve exhibits a constant slope after about one
week and in case of 10 mm pebbles after about four weeks.
The final slope of the concentration increase tends to be the
same for different pebble diameters and only depends on the
total yttrium mass. A pebble-bed containing smaller yttrium
pebbles leads to a final concentration in the lithium which is
below the final concentration that establishes in case of big-
ger pebbles. Hence, a hydrogen trap is most efficient when the
lithium is as cold as possible but above its melting point, the
mass of the pebble-bed is as high as possible and the pebble
diameter is as small as technologically reasonable.
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Figure 13. Simulated time evolution of the average tritium
concentration in 1m> of liquid lithium considering a constant tritium
generation in the loop with a pebble-bed of my = 1 kg for different
yttrium pebble diameters.

3.3. Validation of the numerical model

In order to validate the presented numerical model of a getter
pebble-bed the measurement results of a deuterium retention
experiment performed in the past by Y. Yamasaki et al are sim-
ulated [5]. Their experimental system consists of a storage tank
where 600 g of molten lithium is charged with deuterium up
to a concentration of Cy;2y(fp) = 160wppm ~ 40 molm .
Subsequently, it is pumped into a small loop system where its
temperature is kept at 7= 300°C. In the circuit the liquid lith-
ium is driven by an electromagnetic pump (EMP), thus flow-
ing through a miniature yttrium pebble-bed of length 300 mm
which is connected in line with the loop. For the experiment
the lithium volumetric flow rate is adjusted to 25mls~'. The
trap is filled with 10g of 2-3 mm wide yttrium chips. While
the lithium is circulating through the trap the yttrium pebbles
absorb the deuterium dissolved in the lithium. During this pro-
cess lithium samples are extracted at various instances in time
and stored in a sample container. After each sample recov-
ery the lithium probe is transferred to an experimental appar-
atus where the remaining deuterium concentration is measured
using the chemical dissolution method [5, 50, 51]. In figure 14
the ratio between the measured concentrations and the initial
concentration is plotted against the amount of lithium which
has passed through the pebble-bed in the moment when the
samples where recovered [5].

The tritium transport into the pebble-bed of this experi-
mental system is numerically simulated using the previously
presented model. In its simplified form, the configuration of Y.
Yamasaki’s experiment is equivalent to the trap-pipe-system
which has been numerically treated in subsection 3.1. Only



Nucl. Fusion 60 (2020) 106017

S.J. Hendricks et al

100
1071
S
s
j
@)
~~
£107?
&
._‘_‘
O
10-3 — Simulation (Kg = 8.5 x 103, my; = 6009, dpepb = 1mm)
Simulation (Kg = 8.5 x 103, my; = 400g, dpep = 1mm)
—-= Simulation (Kq =35 x 103, my; = 6009, dper = 1.8mm)
@ Experimental data by Y. Yamasaki et al.
104 103 1072 107! 10°

Li amount passed through Y bed [m?3]

Figure 14. Experimental values of the time evolving concentration
ratio Cy; 2y4(f)/Cri2n (o) in a deuterium retention experiment
performed by Y. Yamasaki et al [5]. For validation purposes of the
numerical model the experimental results are simulated and
compared varying the lithium mass in the loop, the pebble diameter
and the partitioning coefficient [5] 2017, adapted by permission of
the publisher (Taylor & Francis Ltd, http://www.tandfonline.com).

the system parameters are adjusted to those of the experi-
mental system. As pebble diameter we choose 1 mm since
for a fix pebble-bed mass they exhibit the same total sur-
face as 2 mm wide yttrium chips with a thickness of 0.5
mm. For the simulation we consider a 5 mm wide and 28cm
long trap container. The assumed void fraction of the pebble-
bed is € = 0.6. In addition to the experimental data points the
numerically simulated deuterium concentration ratio is plot-
ted in figure 14 using a continuous line. The first simulation
is performed assuming that all 600 g of the molten lithium
have entered the lithium loop. We see that the simulated con-
centration curve almost matches the first experimental data
point. Although the simulated curve stays slightly above the
measured data it proceeds very close to the second and third
data point. As soon as about 100 1 have passed the pebble-
bed the simulated curve slowly flattens down approaching
chemical equilibrium while the experimental values tend to
drop even stronger than ever before reaching concentration
ratios of Cy; 2/Criz2n(fo) = (10£9) x 10~3. However, cal-
culating the equilibrium concentration in the lithium using
equation (37) reveals a minimum possible concentration ratio
of Cy;2peq/Crizn(to) = 5.9 x 102 which is conform with
the behavior of the simulated concentration ratio. Hence, not
the model itself but another factor seems to be responsible for
the inconsistency between experiment and simulation.

For the verification of the numerical model it needs to be
taken into account that important information about the exact
set-up of the experiment, its dimensions and its execution was
not available and could therefore not be considered in the

model with sufficient detail. Without the missing information
an exact numerical reproduction of the experimental results
is not possible. For example, the amount of lithium that was
eventually in contact with the pebble-bed is unknown since
only the total mass of molten lithium in the lithium storage
tank has been reported in the reference article. The loop is
filled by pressurizing the space above the lithium surface in
the storage tank with argon gas. As a result the lithium rises up
through a thin pipe filling the loop system with liquid lithium
while the lithium surface sinks down. The pipe inlet is located
at the bottom of the storage tank. As soon as the sinking lith-
ium surface reaches the pipe inlet the filling process stops. This
implies that some of the lithium will remain in the storage tank.
Therefore, it is a very probable scenario that eventually less
than 600 g of liquid lithium have entered the loop. In order to
observe the influence of this scenario on the simulation results,
the simulation is repeated assuming that only 400 g of lithium
have entered the loop. We see that the simulated curve now
matches the first three experimentally determined values (see
dashed line in figure 14). However, the curve proceeds above
the last two data points while approaching chemical equilib-
rium. During the hydrogen retention process it is reasonable to
assume that a not negligible amount of deuterium has diffused
into the loop walls. This could explain why the last measured
deuterium concentration value is smaller than the simulated
concentrations at equilibrium.

The value of the equilibrium concentration is mainly
determined by the partitioning coefficient Kinu’ZH. For the

previous simulations the value Kg  , =38.5x% 103 has been
used after being calculated as the ratio of the Sieverts’ con-
stants of deuterium in yttrium and lithium at 7= 300°C repor-
ted by G.M. Begun et al and FJ. Smith er al [37, 39]. To
study the sensitivity of the simulation outcome to the value
of the partitioning coefficient which was used for the numer-
ical model we study a case assuming the partitioning coef-
ficient was underestimated and Ko, 0y = 35 x 10% instead.
Moreover, we assume that all 600g of the molten lithium have
entered the loop and choose a pebble diameter of 1.8 mm. Such
pebbles exhibit the same total surface as 3mm wide yttrium
chips with a thickness of 1 mm. The dash-dotted line in figure
14 shows the resulting curve of the simulated concentration
decrease in the liquid lithium. We see that the overall match
between experimental data and simulation results significantly
improves. This gives rise to the assumption that not precisely
measured Sieverts’ constants could have resulted in an incor-
rectly calculated partitioning coefficient. This could explain
the mismatch between simulation and experimental results.
Another reason for the faster decreasing experimentally
determined concentrations in comparison with the simulation
results might originate from a formation of yttrium dihydrides
on the surface of the yttrium chips. This is a probable scen-
ario, since the initial hydrogen concentration in the lithium
is relatively high. Applying the Sieverts’ law for the Li-H
system at 7 =300°C with Cy; 2y(fo) ~ 40 molm ™ yields an
equilibrium pressure of about Peq &2 x 107> Pa . As indic-
ated by relation (14) at the interface of the Y-Li and the Li-
H system the equilibrium pressures are equal. For the Y-H
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system at 300°C K. Hiyane et al estimated a decomposition
pressure of the o+ 3 phase transition to be of the order of
P =1 x 10~% Pa[50]. For the 3 4  phase transition L.N. Yan-
nopoulos et al measured a decomposition pressure of about
P =6 x 10° Pa[26, 33]. Since the calculated equilibrium pres-
sure of the Y-Li-H system lies between the two decomposition
pressures the yttrium chips in the experiment probably trans-
formed to the dihydride 5-YH,, phase after being put in con-
tact with the lithium. Since the developed model is based on
the assumption that all observed metal-hydrogen systems are
present in a-Y phase where the Sieverts’ law can be applied it
should be expected that simulating the presence of such high
concentrations in the lithium is accompanied by a reduction
of the reliability of the model. The finding that Y. Yamasaki
et al observed a more efficient deuterium retention than pre-
dicted with our model can be considered as an indicator for
the predication that a formation of yttrium dihydrides results
in an acceleration of the gettering process of hydrogen iso-
topes from lithium into the yttrium. This could be explained
by the fact that in the o+ 3 phase transitions the Sieverts’
law is no longer valid and the PCIs of the Y-Li system reach a
plateau. Hence, a slight concentration increase in the lithium
would cause an abrupt and strong rise of the concentration at
the surface of the yttrium bulk [45]. This leads to a sudden rise
of the concentration gradients in the yttrium and thus to big-
ger retention fluxes. Therefore, at concentrations greater than
those considered in the lithium loops of IFMIF/DONES the
model probably starts underestimating the efficiency of the
trap. However, even for higher concentrations the numerical
model would still remain a tool capable of simulating the min-
imum expected retention rate of any given yttrium pebble-bed.
For this reason, the model enables a reliable and safe design
of a hydrogen hot trap for IFMIF/DONES.

In general, it is difficult to validate the accuracy of the
numerical model as long as the correctness of the single exper-
imental parameters and especially the partitioning coefficient
are not confirmed with sufficient certainty. Nevertheless, the
model allows producing simulation results which are satisfy-
ingly close to the experimental data. If the model had been
used to reproduce results of a retention experiment that works
with hydrogen concentrations in the range of those which
are considered for IFMIF/DONES, the simulation and experi-
mental data would have probably matched even more.

4. Conclusion

In the presented work a numerical model has been developed
from scratch capable of describing the hydrogen transport
from flowing liquid metal into a getter pebble-bed. Especially
the hydrogen retention from flowing liquid lithium by yttrium
pebbles has been considered. The model focuses on solving
the transport equations of the system taking into account the
boundary conditions at the interfaces of the different media.
The considered boundary conditions are based on the assump-
tion that the Li-H system as well as the Y-H system are present
in their a-phases. The model depends on the correctness of

several experimental parameters that were determined in the
past by different experimental campaigns.

In a case study first simulation results are analyzed. There-
fore, a system is considered in which the inlet and the outlet
of the trap is connected by a simple pipe. First, a scenario is
simulated in which the lithium contained in the trap and the
pipe has a finite initial hydrogen isotope concentration while
the initial concentration in the yttrium is zero. The shape of
the concentration decrease in the lithium behaves as expected
reaching chemical equilibrium after a steep initial concentra-
tion drop. We find that the trap is most efficient for tritium,
then deuterium and then protium. Furthermore, a case is con-
sidered in which the initial concentrations are zero and tri-
tium is generated in a constant manner. It is discovered that
for higher yttrium masses the concentration increase in the
loop is slowed down more efficiently but never reaches a sta-
tionary state in which the absorption flux would be equal to
the generation rate. Although after time the retention rate of
the trap reaches a constant value the trap efficiency decreases
very quickly. Moreover, lower lithium temperatures signific-
antly improve the trap efficiently in the temperature region of
interest. A variation of all other free system parameters have a
minor impact on the trap behavior.

In order to validate the reliability of the trap model experi-
mental data of a measurement performed by Y. Yamasaki et al
is reproduced in a numerical simulation. In their experiment
deuterium loaded liquid lithium is flowing through a miniature
yttrium pebble-bed. As a result the deuterium concentration in
the lithium decreases which was measured at various points
in time. For the numerical reproduction of the experimental
results the boundary variables and the initial conditions of the
experimental set-up are considered as input parameters of the
simulation. We find that the simulated concentration evolves
very similar to the experimental values. However, the simu-
lated concentration drop is slightly flatter leading to a grow-
ing difference between experimental and simulation results.
This small systematic difference can probably be attributed to
the fact that important information about the exact conditions
and geometry of the experiment was not available. Simulating
the same experiment considering a higher partitioning coef-
ficient significantly improved the match between simulation
and experimental results. This finding supports the assumption
that the Sieverts’ constants for hydrogen in yttrium and lithium
used in the model were measured with insufficient accuracy.
Moreover, due to a relatively high concentration of hydrogen
isotopes in the lithium a formation of yttrium dihydrides is
probable and would have made the model less reliable for the
numerical reproduction of the experimental data. Therefore,
a better correspondence between simulated and experimental
results can not be expected.

For a more accurate and meaningful validation of the model
another hydrogen retention experiment should be construc-
ted and executed on site containing a lithium loop connected
to an yttrium pebble-bed. Thus, all necessary input paramet-
ers would be directly available with sufficient detail and the
presence of lower hydrogen concentrations could be experi-
mentally observed. For the future, an extension of the numer-
ical model is foreseen which aims to accurately simulate the
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retention behavior of an yttrium pebble-bed at higher concen-
tration regimes taking into account the formation of yttrium
di- and trihydrides. As a final remark, we can say that the
developed numerical model forms a trustful tool to simulate
the hydrogen retention process from flowing liquid lithium
into an yttrium pebble-bed.
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