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Abstract

Tritium self-sufficiency within a nuclear fusion reactor is necessary to demonstrate nuclear fusion as a viable source of
energy. Tritium can be produced within liquid eutectic PbLi but then has to be extracted to be refuelled to the plasma.
The Vacuum Sieve Tray (VST) method is based on the extraction of tritium from millimetre-scaled oscillating PbLi
droplets falling inside a vacuum chamber. A simulation tool was developed describing the fluid dynamics occurring
along the PbLi flow and was used to study the influence of the different geometrical and operational parameters on
the VST performance. The simulation predicts that extraction efficiencies over 90 % can be easily reached according to
theory and previous experimental results. The size of the VST extraction unit for a fusion reactor is estimated based
on the findings from our single-nozzle model and assuming no T reabsorption. It is found to be in the feasible range.
Nevertheless, two approaches are discussed which may further reduce this size by up to 90 %. The simulation tool proved
to be an easy and powerful way to analyse and optimise VST set-ups at any scale.
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1. Introduction

In the perspective of D-T fusion, tritium self-sufficiency
is a strong and challenging requirement for the design of
a fusion reactor. A concept addressing this issue is the
use of liquid eutectic lead-lithium (later in this text sim-
ply referred to as PbLi) in tritium breeding blankets sur-
rounding the fusion plasma [1]. The neutrons produced
in the fusion reactions can then interact with lithium to
form tritium and helium. Lead, being a good neutron mul-
tiplier [2], corrects for the amount of neutrons being lost
without interaction. The produced T has to be efficiently
extracted from the liquid PbLi in order to fuel it into the
plasma.

Previously proposed methods to do this e.g. Gas Liq-
uid Contactors [3], Permeator Against Vacuum [4], Re-
generable Getters [5] are still being evaluated but do not
yet match the DEMO requirements. An old method, the
Vacuum Sieve Tray (VST), is regaining interest because
of newly discovered highlights [6]. This method is based
on the passive extraction of T from millimetre-scale PbLi
droplets falling in a vacuum tank. It was wrongly re-
jected before because the T transport within the droplet
was thought to be diffusion-governed and therefore too
slow [7]. Recent VST experiments with deuterium at the
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Kyoto University [6, 8, 9, 10] however showed that the
droplets oscillate after detaching from the injected PbLi
jet. The authors suggested that these oscillations result in
internal fluid element circulation and promote the trans-
port of T, which is then no longer diffusion governed, to-
wards the surface. This phenomenon can explain the sig-
nificant boost measured in extraction rate and makes the
VST method very promising.

We developed a simulation tool describing the fluid dy-
namics occurring along the PbLi flow in a virtual experi-
ment. This model helps to get a better insight in the char-
acteristics inherent to the VST method, allows designing a
unique and efficient experimental VST device and can be
used to upscale the method to relevant breeding blanket
characteristics .

2. Simulated VST set-up

The simulation is based on the set-up used at the Kyoto
University and is shown in Figure 1. In this configuration,
the upper tank is used to dissolve deuterium in the liquid
PbLi (mimicking the conditions of T bred within PbLi by
an external neutron source). This upper tank is connected
to a lower tank maintained under dynamic vacuum. The
connection ends in a sub-millimetre nozzle at the top of
the lower tank and can be opened or closed using a valve
V. After the PbLi is saturated with deuterium, the actual
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Figure 1: Schematic view of the simulated set-up. Here
D=diameter, h=height, L=length, V=valve, Q2=hydrogen iso-
tope gas while the indices U, L, t, n and d are used to denote
properties of respectively the upper tank, the lower tank, the
connection tube, the nozzle and the PbLi droplets. Also the
two points used in the Bernoulli equation (Eq.3) are indicated.

extraction experiment is started by opening valve V re-
sulting in a fine jet of liquid PbLi being injected in the
lower tank. The unstable PbLi jet almost instantaneously
breaks up in separate oscillating millimetre-sized droplets
from which deuterium is extracted and collected by the
vacuum pumps. The main aim of the developed simula-
tion tool is to calculate the extraction efficiency of deu-
terium/tritium from PbLi for given operational conditions
and dimensions of the device (i.e. tanks, connection tube,
nozzle) and to examine how this quantity varies along the
experiment.

3. Mathematical model

The tritium extraction efficiency is defined as the ra-
tio of the amount of tritium extracted to the amount of
tritium initially dissolved in the PbLi. This extraction
efficiency has been studied for deuterium in the Kyoto
University and Eq.(1) was proposed to describe this pro-
cess [6, 11]:

η(t) = 1− 6

π2

∞∑
n=1

1

n2
exp

(
−D · n2 · π2 · tf(t)(

Dd

2

)2
)

(1)

In this equation η(t) is the time-dependent extraction ef-
ficiency, tf is the falling time of the droplet varying along

the experiment, Dd is the droplet diameter and D is a coef-
ficient describing the transport of deuterium from within
the droplet towards its surface. If this transport would
be diffusion-governed, as initially thought, this coefficient
would be the diffusion coefficient. However the deuterium
transport was found to be considerably enhanced by the
oscillation of the droplets, therefore a quasi dispersion co-
efficient D was defined and fitted to the experimentally
measured amounts of extracted deuterium. This led to a
value of D = 3.4× 10−7 m2/s [6] which is about 300 times
bigger than the diffusion coefficient reported by Reiter et
al. [12]. It must be noted that this value can only be safely
used within the range of the geometrical and operational
parameters in which it was obtained (e.g. nozzle diameters
between 0.4 and 1 mm). From the Plateau-Rayleigh insta-
bility analysis for a fluid jet, it can be derived that the
droplet diameter Dd is directly proportional to the noz-
zle diameter and is described by Dd = 1.89Dn. This was
also experimentally validated for nozzle diameters ranging
between 0.4 and 1 mm [9].

The falling time of the droplet tf depends on two quan-
tities: (i) the velocity vn at which the PbLi exits the nozzle
at the top of the upper tank and (ii) the falling height of
the droplet hf . Both of these quantities vary with time
for the described set-up (but not when implemented in a
fusion reactor). Indeed, during the experiment PbLi accu-
mulates in the lower tank and therefore the height of the
PbLi level in the lower tank hPbLiL increases. As a result
the falling height hf reduces. The time dependence of the
falling time tf can then be described by Eq.(2):

tf(t) =
−vn(t) +

√
v2

n(t) + 2 g (hL − hPbLiL(t))

g
(2)

In this equation g is the gravitational acceleration and hL

is the total height of the lower tank.
In order to calculate the nozzle exit velocity vn, the

extended Bernoulli equation, which is based on the con-
servation of energy within the system, is used . All terms
in this equation are commonly expressed in terms of heads
(units m). The total energy is compared at two points: (1)
at the surface of the PbLi in contact with the tritium gas
and (2) at the outlet of the nozzle (as depicted on Fig-
ure 1). The extended Bernoulli equation (Eq.3) states:

v2
1

2g
+
p1

ρg
+ h1 =

v2
2

2g
+
p2

ρg
+ h2 + hL1→2 (3)

In this equation the first term accounts for the kinetic en-
ergy with vi the mean velocity of the fluid at point i. The
second term results from the potential energy due to the
ambient pressure pi with ρ the density of the PbLi. The
third term corresponds to the potential energy due to the
hydrostatic pressure with hi the height of the fluid at point
i. The term hL1→2

accounts for all friction losses. Two
assumptions were made here: (i) the temperature of the
PbLi is the same at the two considered points so that no
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heat losses are considered, (ii) all possible convection ef-
fects are neglected and (iii) the PbLi is considered to be an
incompressible fluid so that the density remains constant.

Some simplifications can be made at this point. As
the lower tank is maintained under vacuum, the ambient
pressure at the second point is negligible compared to the
one at the first point, therefore p2 = 0 is assumed. Addi-
tionally, the origin of the height-scale can be chosen in the
second point so that h2 = 0. Finally, as the diameter of
the upper tank is of the order of tens of centimetres while
the nozzle diameters are of the order of (sub-)millimetre
and because of mass conservation (for an incompressible
flow this means v1A1 = v2A2 with A the surface cross
section), the velocity at the first point will be negligibly
small compared with the ones occurring at the outlet of
the nozzle and v1 = 0 can be assumed. The discussion
above allows to rewrite Eq.(3) as follows:

pT2

ρg
+ hPbLi =

v2
n

2g
+ hL1→2

(4)

where hPbLi is the height of the PbLi surface with respect
to the outlet of the nozzle and pT2

the pressure of the
tritium gas in the upper tank.

Five contributions to the total head loss due to friction
and geometry changes were identified:

− the contraction at the connection tube inlet hL(UT→t)
,

− the viscous losses in the connection tube hL(t)
,

− the head loss in the valve hL(V)
,

− the contraction at the nozzle inlet hL(t→n)
,

− the viscous losses in the nozzle hL(n)
.

The total head loss between points 1 and 2 is then the sum
of all these contributions:

hL1→2
= hL(UT→t)

+ hL(t)
+ hL(V)

+ hL(t→n)
+ hL(n)

(5)

Each contribution was calculated from the theory of
fluid dynamics and can be expressed as a function of the
total volumetric flow rate Q, which is constant throughout
the piping system - tube, valve and nozzle - as a result of
the incompressibility of liquid PbLi (Q = vnAn = vtAt):

hL(UT→t)
= 0.5

Q2

2gA2
t

(6)

hL(t)
= ft(Q)

Lt

Dt

Q2

2gA2
t

(7)

hL(V)
= KL(V)

Q2

2gA2
t

(8)

hL(t→n)
= 0.5

(
1−

(
Dn

Dt

)2
)2

Q2

2gA2
n

(9)

hL(n)
= fn(Q)

Ln

Dn

Q2

2gA2
n

(10)

In the equations above, the indices t and n refer to
the tube and nozzle. The velocities are denoted by vx

(x = t, n), the cross section areas by Ax, the diameters by
Dx, the lengths by Lx and the volume flow rate by Q.
KL(V) is the loss coefficient of the valve which depends on
the type of valve. The fx is the Darcy friction factor which
has a different mathematical description for laminar and
turbulent flow regimes. For laminar flows in circular pipes
(Re < 2300), it is given by:

fx =
64

Rex
(11)

For turbulent flows in circular pipes (Re > 4000), it is
described by the Colebrook-White equation [13]:

1√
fx

= −2.0 · log10

(
1

3.7

ex

Dx
+

2.51

Rex

√
fx

)
(12)

Here ex is the absolute roughness of the pipe (tube/nozzle)
and Rex is the Reynolds number given by:

Rex =
vxDx

ν
=
ρvxDx

µ
(13)

with ν the kinematic viscosity and µ the dynamic viscosity.

In the first simulations, it was assumed to have turbu-
lent flows in both the tube and in the nozzle. This was
checked and the flow in the nozzle was found to be al-
ways turbulent. The flow regime in the tube could vary
from laminar to turbulent. It will however be shown in
section 5 of this article that the flow regime in the tube
is insignificant for our flow calculations. Eq.(12) is a non-
linear equation which has to be solved by iteration. To
save computing time, an alternative explicit approxima-
tion, the Serghides equation, was used which offers high
precision (< 0.003 %) in the ranges 4000<Re< 1010 and
10−7< relative roughness< 1 [14, 15]. This equation re-
duces the computing time by a factor 10 and is given by:

fx =

(
Ax −

(Bx −Ax)
2

Cx − 2Bx +Ax

)−2

(14)

with

Ax = −2 log10

(
1

3.7

ex

Dx
+

12

Rex

)
(14a)

Bx = −2 log10

(
1

3.7

ex

Dx
+

2.51A

Rex

)
(14b)

Cx = −2 log10

(
1

3.7

ex

Dx
+

2.51Bx

Rex

)
(14c)

The expressions for the different pressure losses can be
introduced in Eq.(4) which can be rewritten as:

pT2

ρg
+ hPbLi −

Q2

2gA2
n

− 0.5Q2

2gA2
t

− ft(Q)
Lt

Dt

Q2

2gA2
t

−
KL(V)

Q2

2gA2
t

− 0.5

(
1−

(
Dn

Dt

)2
)2

Q2

2gA2
n

− fn(Q)
Ln

Dn

Q2

2gA2
n

= 0

(15)
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This is a non-linear equation which is solved by itera-
tion. The result is a value for Q which allows calculating
the velocity of the PbLi at the exit of the nozzle:

vn =
Q

An
=

4Q

πD2
n

(16)

This result is used to calculate the droplet falling time
tf(t) and the extraction efficiency η(t) using respectively
Eq.(2) and Eq.(1).

4. Simulation code

The input data of the simulation can be separated in
two distinct groups (as listed in Table 1). The first group
of input parameters describes the geometry of the device
i.e the dimensions, shape and absolute roughness of both
tanks, the tube and the nozzle. The second group de-
scribes the chosen operative conditions i.e. the equilibrium
pressure of the tritium gas in the upper tank after the dis-
solution process, the temperature T of the system (the
liquid PbLi and tritium gas are assumed to be in thermal
equilibrium) and the initial amount of PbLi in the upper
tank. These conditions are then used to calculate the rel-
evant physical properties of the PbLi and the tritium gas:

ρPbLi = 10520.42− (1.19064T ) (17)

µPbLi = 0.187× 10−3 exp

(
1400

T

)
(18)

pPbLi
vap = 1.5× 1010 exp

(
−22900

T

)
(19)

KS = 2.32× 10−8 exp

(
−1350

RT

)
(20)

Here ρPbLi is the density of PbLi [16], µPbLi the dynamic
viscosity of PbLi [16], pPbLi

vap the vapour pressure of PbLi [17]
and KS the Sieverts constant of T2 in PbLi according to
Reiter et al. [12]. The density and dynamic viscosity are
required to describe the fluid dynamics of PbLi within the
system. The vapour pressure has no effect on the follow
up of the experiment but was nevertheless calculated as it
sets a lower limit to the allowed vacuum pressure in the
lower tank to avoid the boiling of PbLi. The Sieverts con-
stant indicates the amount of tritium gas dissolved in the
PbLi for a given equilibrium pressure:

xT = KS

√
peq

T2
(21)

Here, xT is the atomic fraction of tritium dissolved in
PbLi, KS is the Sieverts constant expressed in atomic
fraction·Pa−0.5 and peq

T2
is the equilibrium pressure of T2.

It should be remarked that huge discrepancies exist on the
reported values for the Sieverts constant (about two or-
ders of magnitude [12, 18, 19, 20, 21]). When working on
safety issues and inventory calculation of T in the system a

high Sieverts constant should be used, while for detectabil-
ity issues of extracted tritium a small Sieverts constant
should be used. When studying the extraction efficiency,
any value can be used because it does not influence the
relative amount of tritium being extracted.

The size of the time step was automatically adapted
to the initial mass flow rate to have a similar amount of
time steps in all simulations. The simulation finally pro-
vides a complete follow up of the experiment i.e. the time
evolution of the nozzle exit velocity vn(t), the mass flow
rate QM(t), the height of the PbLi surface in the upper
tank hPbLiU(t) and in the lower tank hPbLiL(t), the ex-
traction efficiency η(t), etc. Additionally it returns out-
put values specific for one entire experiment such as the
experiment’s total duration texp and the global extraction
efficiency Effg. The duration follows directly from the
simulation. The global efficiency is calculated using the
following equation:

Effg =

end∫
start

η(t)QV (t) dt

end∫
start

QV (t) dt

≈

end∑
i=1

(ηi + ηi+1) ∆Vi→i+1

2VPbLi

(22)
In this equation, Effg is the global efficiency of the ex-
periment, η(t) is the extraction efficiency at time t, QV (t)
is the volume flow rate at time t, VPbLi is the total volume
of the PbLi used in the experiment, ηi is the efficiency at
time ti and ∆Vi→i+1 is the volume of PbLi flowing through
the nozzle between time ti and time ti+1. In this equation
every efficiency value is thus weighted by the PbLi volume
it accounts for.

5. Results for a case study

In this case study, a realistic input parameter set was
used to investigate the typical characteristics of a VST ex-
periment. The input is shown in Table 1. Here, the same
valves as in the experiments with deuterium are consid-
ered i.e. Swagelok bellow-sealed valves of type V51, which
have a flow coefficient Cv of 0.36 gpm/

√
psi [22]. This flow

coefficient can be converted in the loss coefficient KL(V)

using [23]:

KL(V)
=

891d4

C2
v

(23)

where the inner diameter of the tube d is expressed in
inches. The tube in this case study has an inner diameter
of 4.6 mm (0.1811 inch). This results in a loss coefficient
of about 7.4.

To deepen the understanding of the different head loss
contributions, they were plotted together with the other
terms from Eq.(15) for a simulation with a 0.6 mm nozzle
diameter (Figure 2). In this plot vdiff represents the ki-
netic energy term, pdiff is the ambient pressure term, hdiff

is the hydrostatic pressure term and the remaining curves
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Geometry

Name Symbol Value Unit

Nozzle length Ln 2 mm
Nozzle diameter Dn 0.4 - 1 mm
Nozzle absolute roughness en 1 µm
Tube length Lt 27.5 cm
Tube inner diameter Dt 4.6 mm
Tube absolute roughness et 1 µm
Valve loss coefficient KL(V)

7.4 -

Volume upper tank VU 4 l
Height/diameter upper tank Rh/D 0.3 -
Height lower tank hL 1 m
Diameter lower tank DL 0.3 m

Conditions

PbLi amount mPbLi 10 kg
Equilibrium T2 pressure peq 40000 Pa
PbLi temperature T 400 ◦C

Table 1: Input parameters used in the case study.

represent the five contributions to the total head loss be-
tween the two considered points (see Figure 1). Eq. (15)
can be rewritten as:

pdiff+hdiff−vdiff−hL(UT→t)
−hL(t)

−hL(V)
−hL(t→n)

−hL(n)
= 0

(24)
The largest terms in Eq.(24) proved to be the terms

resulting from the velocity, height and pressure difference
between the 2 considered points. However also relative
large contributions result from the head loss in the tube-
to-nozzle transition and the frictional losses in the nozzle.
The head loss in the valve, the tube and at the transition
from the upper tank to tube are negligible compared to
the other terms. This was found to be always the case
even for a laminar flow regime in the tube (using Eq.(11)
instead of Eq.(14) for the Darcy friction factor) and these
terms can thus be omitted in Eq.(15). Therefore the flow
regime occurring in the tube is not of importance.
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Figure 2: The importance of the terms in the extended
Bernoulli equation (input parameters: see Table 1 and Dn =
0.6 mm).

Figure 3 shows the total PbLi mass flow rate for dif-
ferent nozzle diameters as a function of time. As expected
the mass flow is lower for smaller nozzle diameters. This is
because of (i) the smaller cross section area through which

the fluid can flow (QM = vnAnρPbLi) and (ii) a smaller
nozzle induces higher head losses in the nozzle (Eq.10)
and at the tube-to-nozzle transition (Eq.9) which results
in a decreased nozzle exit velocity. As the PbLi leaves
the upper tank during the experiment, more volume be-
comes available for the tritium gas and therefore its pres-
sure drops. Additionally, the hydrostatic pressure of the
PbLi at the exit of the nozzle decreases because of the
dropping PbLi level. The two forces driving the PbLi flow
are thus both decreasing during the experiment which ex-
plains the falling mass flow rates in Figure 3. The final
fast drop occurs when the PbLi level reaches the connec-
tion tube with a considerably smaller diameter than the
upper tank. The PbLi level then quickly drops and there-
fore also the hydrostatic pressure at the nozzle exit.

When all PbLi has left the upper tank, the simulation
stops. It can immediately be seen that a complete exper-
iment with a nozzle of 1 mm is considerably shorter than
one with a nozzle of 0.4 mm (8 min vs. 50 min for the given
set of input parameters). The integrals of all four curves
are the same and equal to the initial amount of PbLi in
the upper tank (here 10 kg).
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Figure 3: The time evolution of the PbLi mass flow rate for
different nozzle diameters (input parameters: see Table 1).

Figure 4 shows the time dependence of the extraction
efficiency for the same conditions. It can be seen that the
extraction efficiency is higher for smaller nozzle diameters.
This is mainly because smaller droplets results in higher
extraction efficiencies according to Eq.(1) (Dd = 1.89Dn).
Additionally, the lower exit velocities for small nozzle di-
ameters (initially 2.89 m/s for the 0.4 mm nozzle compared
to 3.03 m/s for the 1 mm nozzle) result in a longer falling
time (0.245 s versus 0.238 s) and therefore a higher extrac-
tion efficiency (see Eq.1). Two different effects influence
the time variation of extraction efficiency: (i) the decreas-
ing nozzle exit velocity which tends to increase the effi-
ciency (ii) the decreasing falling height due to the accumu-
lation of PbLi in the lower tank which tends to decrease
the extraction efficiency. From the increasing tendency of
the curves in Figure 4 we conclude that the first effect is
dominant for the used input parameters. It is noted that
the calculated extraction efficiency is quite high for all noz-
zle diameters considered (initially 0.998, 0.951, 0.850 and
0.747 for nozzle diameters of 0.4 mm, 0.6 mm, 0.8 mm and
1 mm respectively).
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different nozzle diameters (input parameters: see Table 1).

It is clear that a high efficiency can always be achieved
at the cost of a long experiment’s duration or equivalently
a small mean mass flow rate. Therefore, the efficiency and
mass flow must be considered together. It was investigated
how the use of different nozzle diameters simultaneously
influences the mean mass flow and the global extraction
efficiency. The result is shown in Figure 5.
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Figure 5: The global extraction efficiency and Pbli mean mass
flow rate for different nozzle diameters (input parameters: see
Table 1).

The trade-off between mass flow and efficiency is in-
deed found. The combination of both a high efficiency
and large mass flow is desired as in a later stage the tech-
nique will have to be upscaled to match the high mass
flows occurring in breeding blankets (current estimations
are 560 kg/s in the HCLL and WCLL breeding blanket
concepts and 46000 kg/s in DCLL [24, 25]). For nozzle dia-
meters between 0.5 mm and 1 mm the efficiency decreases
almost linearly with increasing mass flow rate. For nozzle
diameters smaller than 0.5 mm, the efficiency grows very
close to 1 while the mean mass flow still decreases consid-
erably (for the conditions depicted in Table 1). Therefore
the use of extremely small nozzle diameters proves to be
disadvantageous when a high efficiency and large mass flow
is desired simultaneously.

6. Upscaling VST to a Tritium Extraction System

To process the large PbLi mass flow rates occurring in
actual breeding blankets, multiple nozzles will have to be

Figure 6: The proposed hexagonal nozzle configuration con-
sisting out of one central nozzle and n hexagons surrounding it.
The pitch p is the distance between two neighbouring nozzles
and is also chosen to be the distance between the outermost
nozzles and the wall of the tank. The resulting diameter D of
the vacuum tank is also denoted.

Dn hVT N n DVT VVT η
(mm) (m) (×104) (m) (m3) -

HCLL/WCLL (560 kg/s)

0.4 1.0 16.7 4.74 17.6 0.998
1.0 1.0 2.55 1.86 2.72 0.754
1.0 10 2.55 1.86 27.2 0.992

DCLL (46 000 kg/s)

0.4 1.0 1370 42.8 1439 0.998
1.0 1.0 210 16.7 220 0.754
1.0 10 210 16.7 2200 0.992

Table 2: Estimate of the number of nozzles Nn, the required
diameter of the vacuum tank DVT, the volume of the vac-
uum tank VVT and the extraction efficiency η for different
nozzle diameters Dn and vacuum tank heights hVT for both
HCLL/WCLL en DCLL breeding blankets

implemented. This is because a significant increase in noz-
zle diameter to increase the mass flow rate would plunge
the extraction efficiency. Different nozzle configurations
are possible and in the elaboration below a hexagonal one
is considered (Figure 6), as it can be easily fitted on top of
a cylindrical tank and it is easy to upscale using only one
parameter i.e. the pitch p (the distance between neigh-
bouring nozzles). This approach has also been used before
e.g. by Longhurst and Dolan [26]. The pitch is chosen
to be 1 cm which is assumed to be a conservative value to
avoid coalescence and to limit the effects of reabsorption of
extracted T by neighbouring droplets [27]. The mean mass
flow rates per nozzle used in this section were all deduced
from the single-nozzle simulation code. In the following
first size estimate, the same conditions were assumed as
in the case study discussed above (except for the lower
tank’s dimensions). For this simple model, the number of
nozzles required to match the mass flow rates occurring
in (i) HCLL/WCLL and (ii) DCLL breeding blankets was
calculated. This number of nozzles could then be directly
translated in a diameter for the cylindrically shaped vac-
uum tank considering the hexagonal nozzle configuration
in Figure 6. The result is shown in Table 2.

6



PLASMA

PBLI PUMP

VST

VACUUM

PUMP

T

2

VACUUM

TANK

P
B

L
I
 
R

E
S

E
R

V
O

I
R

P
R

O
D

U
C

E
D

 
B

Y
 
A

N
 
A

U
T

O
D

E
S

K
 
E

D
U

C
A

T
I
O

N
A

L
 
P

R
O

D
U

C
T

PRODUCED BY AN AUTODESK EDUCATIONAL PRODUCT

P
R

O
D

U
C

E
D

 
B

Y
 
A

N
 
A

U
T

O
D

E
S

K
 
E

D
U

C
A

T
I
O

N
A

L
 
P

R
O

D
U

C
T

PRODUCED BY AN AUTODESK EDUCATIONAL PRODUCT

Figure 7: The considered VST implementation in the second
method to reduce the vacuum tank size. The height of the
vacuum vessel containing the plasma is comparable to the one
designed for ITER [28].

It can be seen that the predicted diameters are espe-
cially realistic for the HCLL and WCLL concepts. But
also for the high PbLi mass flow rates in a DCLL blanket,
the estimated size is feasible. By increasing the height
of the vacuum tank up to a realistic value of 10 m, high
efficiencies can be reached even for nozzles with a diam-
eter of 1 mm. This makes the VST method a viable and
promising tritium extraction system candidate.

The achieved efficiency of 0.992 for this configuration is
far above the minimal required efficiency of 0.8 in DEMO.
Therefore, although already feasible in size, the extraction
system can be made even more compact whilst keeping
the efficiency higher than 0.8 by increasing the mass flow
rate per nozzle. This can be achieved in 2 ways: (i) by
increasing the diameter of the nozzles or (ii) by increasing
the hydrostatic pressure at the nozzle’s outlet making use
of a PbLi reservoir on top of the nozzle tray (Figure 7).

In the first method the same reasoning is used as be-
fore. The additional assumption here is that all extraction
phenomena can be upscaled to nozzle diameters higher
than 1 mm. The droplet formation and behaviour be-
yond a 1.0 mm nozzle diameter have to be experimentally
checked. As a first approach, the equation Dd = 1.89Dn

was simply extrapolated in the simulation. Following this
reasoning, the largest nozzle diameter resulting in an ex-
traction efficiency higher than 0.8 for a vacuum tank height
of 10 m is found to be 1.9 mm (efficiency = 0.82). This con-
figuration ultimately results in vacuum tank diameters of
DHCLL/WCLL = 1.0 m and DDCLL = 8.98 m.

A second alternative method consists in adding a PbLi
reservoir on top of the VST. The simulation code was ap-
propriately adapted to model the VST implementation im-
aged in Figure 7. Here it is assumed that the pumping
power is not higher than what is required to pump the
liquid PbLi through the blanket to the top of the device.
The VST extraction system then operates purely passively
under the influence of gravity (the hydrostatic pressure is
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Figure 8: The extraction efficiency and the volume of the
vacuum tank as a function of the height of the vacuum tank
resulting from the configuration imaged in Figure 7 for the
HCLL, WCLL and DCLL blanket concepts.

the only driving force). The total height of the tritium
extraction system was set to 10 m, which is considered to
be a conservative value, even regarding the dimensions of
ITER [28]. It can be subdivided over two different contri-
butions: (i) the height of PbLi reservoir hPbLi above the
nozzle array which will define the hydrostatic pressure at
the nozzle outlets and (ii) the height of the vacuum tank
hVT. The simulations were performed varying the ratio of
these contributions and the result is shown in Figure 8.

When the height of the PbLi reservoir is increased (and
thus the height of the vacuum tank is decreased), the hy-
drostatic pressure at the nozzle outlets will increase and
therefore the mass flow rate per nozzle. This will how-
ever also reduce the efficiency. The higher mass flow rate
per nozzle reduces the amount of nozzles necessary to pro-
cess a given total mass flow rate which results in a smaller
required diameter of the vacuum tank. In this approach
it is assumed that the mathematical model used so far
to calculate the droplet’s diameter, velocity and oscilla-
tion behaviour (and thus the extraction efficiency) is still
valid, despite the higher mass flow rates resulting from the
increased hydrostatic pressure. If an efficiency of 0.8 is de-
manded, this procedure can be used to reduce the VST di-
ameter from 1.86 m to 1.08 m for HCLL/WCLL and from
16.7 m to 9.63 m for DCLL. This is only slightly higher
than what was achieved by increasing the nozzle diameter
to 1.9 mm. However, as the height of the vacuum tank
is also diminished here, the vacuum tank volume is re-
duced considerably more (2.78 m3 instead of 7.85 m3 for
HCLL/WCLL and 221 m3 instead of 633 m3 for DCLL).
This vacuum tank volume reduction of 90 % compared to
the first size estimate will have a large impact on the re-
quired power of the vacuum pumps and therefore on the
cost.

It is concluded that adding a PbLi reservoir is more de-
sirable than increasing the nozzle diameters as the former
results in considerably smaller vacuum tank volumes and
more assumptions are associated with the latter. In or-
der to validate these assumptions, dedicated experiments
studying T reabsorption in neighbouring droplets and large
nozzle diameter effects should be performed.
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7. Conclusion

The simulation, describing the fluid dynamics occur-
ring along the PbLi flow in a VST experiment, allows to
gain a better insight in how the geometry of the VST set-
up and the experimental conditions can influence the re-
sults. These insights can be used to optimise the experi-
mental device before it is being build to effectively proof
the working principle of VST for the extraction of tritium
from liquid PbLi. It was found that high extraction ef-
ficiencies can be expected when using the VST method
which would be a breakthrough in the field of Tritium
Extraction Systems in breeding blankets. A compromise
will have to be made between the mean mass flow rate
and the desired extraction efficiency as the TES will have
to process the large PbLi mass flows occurring in actual
breeding blankets. The size of the VST extraction units
for both HCLL/WCLL and DCLL breeding blankets for
DEMO was estimated based on the results from the single-
nozzle model and assuming no T reabsorption. Both were
found to be in a realistic and feasible range. Making addi-
tional assumptions, two approaches were proposed which
may further reduce the size of the VST extraction unit.
The most promising one makes use of a PbLi reservoir
above the nozzle array which allows to considerably in-
crease the mass flow rate per nozzle. Assuming that the
oscillating behaviour of the droplets in not influenced by
this increased mass flow, one can achieve a significant re-
duction of the size of the required vacuum tank (90 % vol-
ume reduction compared to the first estimate).

To demonstrate the relevance of the VST method to
extract tritium from liquid PbLi and to validate the sim-
ulation tool, an experimental set-up is currently being de-
signed and should be operated with T at the Tritium Lab-
oratory of Karlsruhe (TLK). Additionally, a multi-nozzle
experiment and a large nozzle diameter experiment are
required to improve the reliability of the VST extraction
unit size estimates.
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