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Abstract: A detailed study of lithium-related topics in the IFMIF-DONES facility is currently being
promoted and supported within the EUROfusion action, paying attention to different pivotal aspects
including lithium flow stability and the monitoring and extraction of impurities. The resistivity
meter is a device able to monitor online non-metallic impurities (mainly nitrogen) in flowing lithium.
It relies on the variation of the electric resistivity produced by dissolved anions: the higher the
concentration of impurities in lithium, the higher the resistivity measured. The current configuration
of the resistivity meter has shown different measuring issues during its operation. All these issues
reduce the accuracy of the measurements performed with this instrument and introduce relevant
noise affecting the resistance value. This paper proposes different upgrades, supported by CFD
simulations, to optimize lithium flow conditions and to reduce measurement problems. Owing to
these upgrades, a new design of the resistivity meter has been achieved, which is simpler and easier
to manufacture.

Keywords: DEMO-EU fusion reactor; IFMIF-DONES facility; lithium technology; CFD; thermo-
fluid dynamics

1. Introduction

Knowledge regarding the purity of liquid lithium flowing inside metal pipes, such as
those typically constituting the loops used in fusion applications, is of primary importance,
since it is well known [1–6] that the presence of impurities, particularly non-metallic
elements, greatly enhances the corrosion action exerted by lithium itself on wet pipe
surfaces. Therefore, it is necessary to keep as low as possible the concentration of non-
metallic elements in lithium such as carbon, oxygen, hydrogen and, particularly, nitrogen,
which is the most corrosion-affecting element among them. For this purpose, a device or a
technique able to quantify their concentrations is necessary.

In the IFMIF (International Fusion Materials Irradiation Facility) project, the maximum
allowed concentration value for each of the aforementioned elements had been set to
10 wppm [7]. The same value was also chosen for the IFMIF-DONES (Demo-Oriented
NEutron Source) plant [8], even if the possibility to allow a higher nitrogen limit is under
evaluation, for instance 30 wppm or more, depending on the results of the corrosion
validation activities [9], which are still ongoing.

Unfortunately, the quantification of the non-metals concentration in lithium is not
possible for almost all of them. Only for nitrogen has a specific procedure been imple-
mented, but it is in any case an offline procedure, the sample entailing a small amount (a
few grams) of lithium from the loop and the performance of a batch chemical analysis on it.
This requires many hours and the availability of a chemistry-trained operator [10].

An online (real-time) individual analysis of nitrogen as well as of the other non-
metallic elements is not available. Nonetheless, an overall evaluation of the amount of
total impurities can be given by the Resistivity Meter (RM). The RM measures the electrical
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resistance of lithium and relates it to the purity of the alkaline metal, since the higher the
concentration of total impurities, the higher the electrical resistance.

The first part of this paper describes the measurement principle of the RM and the
issues presently encountered with the instrument. The second part deals with the design
and the constructive details of a new, improved RM, possibly giving a more stable, precise
and sensitive measurement output; this new RM, once constructed, will be then tested,
installed and employed in the IFMIF-DONES Impurity Control System (ICS) loop.

2. The Current Resistivity Meter

The Resistivity Meter is a device able to online monitor the electric resistance of
flowing lithium. It was developed at the University of Nottingham in collaboration with
ENEA Brasimone and relies on the variation of the metal resistivity produced by the
dissolved anions: the higher the concentration of impurities in lithium, the higher the
resistivity (α) [11–15]. Clearly, each kind of impurity affects the resistivity value to a
different extent. However, taking into account their relative effects and their solubility in
lithium, it is possible to almost entirely ascribe the variation of α to hydrogen and nitrogen,
the latter being the most corrosion-affecting non-metal impurity.

The current RM, shown in Figure 1, has been installed and operated inside the Lifus
6 plant at the ENEA Brasimone Centre since 2014 [16,17]; its particular location (the
purification loop upstream of the Cold Trap), permits one to analyse the less purified
lithium flowing throughout the plant so as to avoid underestimation of the total impurities’
concentration value.
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• The source lithium pipe, from which a small fraction is picked for monitoring; 
• The electromagnetic pump (EMP), which drives lithium through the capillary tube; 

Figure 1. Picture of the current resistivity meter.

Lifus 6 RM is made of AISI 316L and is an all TIG welded assembly. The main
components are:

• The source lithium pipe, from which a small fraction is picked for monitoring;
• The electromagnetic pump (EMP), which drives lithium through the capillary tube;
• The capillary tube (ϕo= 4.8 mm, ϕi= 3.0 mm), where the measurement current is

applied and has the shape of a loop continuously fed with flowing liquid lithium.
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The electrical resistance is measured between two metal plates (40 mm × 40 mm,
2 mm thickness, 150 mm one from the other), which intersect the measurement capillary
and where silver electrical leads are connected both to bring the electrical current and
to acquire the voltage drop (BINT 20024 Precision Nano-ohmmeter is employed for this
purpose). From Figure 1, it is also possible to see that all the apparatus is housed inside a
steel parallelepiped box, and that along the lateral inner walls of this box are mounted four
heating elements (two on each side), which permit one to control the desired temperature
inside. The box, open in the figure, is closed during normal operation in order to minimize
the heat losses to the external environment.

During plant operation, the current configuration of the resistivity meter has evidenced
two relevant issues [18]:

• The heaters installed inside the box to avoid thermal losses from the capillary are
not able to guarantee isothermal conditions around the capillary. The four heating
elements heat the air inside the box and not directly the capillary tube. Additionally,
due to the vertical orientation of the box, warm air inside the box moves upward
originating a convective heat flux and a stratification in the Li flow direction. Since
resistivity is highly sensitive to temperature, this thermal instability introduces an
important and troublesome contribution to the acquired signal;

• The electromagnetic pump devoted to lithium circulation in the capillary gives rise
to parasitic currents, which when added to the measurement current produce a
significant noise on the acquired electrical signal. Despite its negative effect, the EMP
must in any case be always kept on, otherwise the lithium would be static inside
the RM capillary, and the RM output would not be a real-time measurement of the
impurity concentration in the flowing lithium.

All of these issues reduce the accuracy of the measurements performed with this
instrument and introduce a relevant noise affecting the resistance value.

3. Upgrade Strategy

The component upgrades have followed three parallel lines:

1. The feasibility study of a Venturi suction instead of the electromagnetic pump looking
for the elimination of background noise during the measurement;

2. The numerical study of the thermal losses in the air box looking for an optimization
of the heating element’s location and power rate;

3. The reduction in air thermal stratification in the box.

For the replacement of the electromagnetic pump, an appropriate analytical design
of the Venturi suction was performed by keeping the 1 s travel time of lithium inside the
capillary (i.e., mass flow in the capillary) and minimizing the irreversible pressure drop
through the Venturi. Owing to this effort, the general dimensions of the pipes were fixed
(Figure 2). The Venturi geometry foresees an inlet pipe of
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The inlet sudden flow area restriction was chosen instead of a smooth one for reducing

both the Venturi length and lithium pressure drop in the component. The adoption of a
slow convergent one would have required the adoption of a smaller pipe diameter in the
suction region to grant the nominal flow rate in the capillary; on the other hand, the smaller
pipe would have increased the pressure drop in the divergent downstream region.

The other two phases (assessment of the thermal losses and reduction of the thermal
stratification in the box) require a CFD numerical approach; then, a CFD model of the
upgraded component was developed.
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4. CFD Analysis: Models and Methods

A CFD computational model of the upgraded resistivity meter was built to perform
CFD simulations. The general-purpose code ANSYS CFX (V.19.2, Canonsburg, PA, USA)
was used for all the numerical simulations presented in this paper [19].

The code employs a coupled technique, which simultaneously solves all the transport
equations in the whole domain through a false time-step algorithm. The linearized system
of equations is preconditioned in order to reduce all the eigenvalues to the same order of
magnitude. The multi-grid approach reduces the low frequency error, converting it to a high
frequency error at the finest grid level; this results in a great acceleration of convergence.
Although with this method a single iteration is slower than a single iteration in the classical
decoupled (segregated) SIMPLE approach, the number of iterations necessary for a full
convergence to a steady state is generally of the order of 102, against typical values of 103

for decoupled algorithms.
The discretization scheme of the convective terms used for energy and momentum

equation variables was the high-resolution scheme (second order-like scheme) [20].
The SST (Shear Stress Transport) k-ω model by Menter [21] is extensively used in

this paper. It is formulated to solve the viscous sub-layer explicitly and requires several
computational grid points inside this latter. The model applies the k-ω model close to the
wall, and the k-ε model (in a k-ω formulation) in the core region, with a blending function
in between. It was originally designed to provide accurate predictions of flow separation
under adverse pressure gradients, but it was applied to a large variety of turbulent flows
and is now the default and most-used model in CFX-19 and other CFD codes.

The CFD model developed (Figure 3) includes the Venturi suction described in the
previous paragraph, the U tube capillary (the pipe inner/outer diameter of 3/4.8 mm and
the curvature radius of 32 mm were kept from the previous configuration) with the two
steel measuring plates (again at a distance of 150 mm from each other) and the air in the
box surrounding both the capillary and the main pipe. The RM box is a parallelepiped
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flat oriented 30 cm long and 10 cm × 6 cm rectangular rounded base. The whole model
includes three main domains: the lithium flowing in the RM, the piping steel inside the
box and the air inside the RM box. The conjugate heat transfer between lithium, steel and
air is set owing to the General Grid Interface (GGI) algorithm that links nodes on different
domains (solid and fluid) facing each other. No heat source was included in the RM air box
looking for an estimation of the thermal losses.
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domain in blue. The measuring length between the two slabs (kept from the former configuration)
is highlighted.

Liquid lithium properties were implemented as temperature dependent in ANSYS
CFX code according to [22] while air and piping steel were set as constant property materials
in the code.

The RM box has a horizontal orientation for limiting the thermal stratification of the
air inside it.

On the external surfaces of the air domain, a constant heat transfer coefficient boundary
condition of 1.5 W/m2/K was set (considering 30 mm thermal insulator and stagnant
outside air) and an outside temperature of 15 ◦C. Buoyancy forces were set in the air
domain (Boussinesq approximation) for heat exchange between the hot pipes and the cold
external walls.

Being interested in average thermal-hydraulic results (pressure drop, heat transfer
rate, temperature gradients) and not in point values, full convergence of the simulation is
declared when all the Root Mean Square (RMS) residuals reach 1E-5 (according to the CFX
User Manual [19] for simulations focused on reliable average quantities but not on detailed
point values) and the monitoring points on: lithium pressure drop, thermal loss from air
and local velocity values attain a stable value.

Regarding the boundary conditions adopted in the model, it has to be highlighted
that the new RM is supposed to be installed inside the future IFMIF-DONES lithium
loop. Therefore, its operative parameter will be different from those adopted in Lifus 6
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experiments. Unfortunately, a stable definition of the new loop parameters has not been
performed yet; thus, two limit cases have been considered here.

The first case assumes the original values set for the IFMIF-DONES plant. These imply
a lithium inlet temperature equal to 273 ◦C (i.e., the same temperature of the plant hot leg,
the cold leg being set at 250 ◦C) and a flow rate of 0.065 L/s (i.e., 10% of the total lithium
flow rate trough the ICS, with the residual 90% going through the traps system).

The second case reflects instead the change in the IFMIF-DONES main lithium loop
operating parameters, which was proposed to minimize the possible 7Be accumulation
inside the loop. The new values for the temperature and the flow rate of lithium entering
the RM circuit are, respectively, 330 ◦C and 0.108 L/s (1/9 of the lithium flow rate through
the trap system).

Prior to any CFD case simulation, an appropriate mesh sensitivity analysis was
performed. Three different meshes were generated adopting the same mesh strategy but
different element sizes. Mesh A has a coarse grid resolution, both in the lithium and in the
air domain; it has about 398,000 elements and 294,000 nodes. Mesh B is an average mesh
with 1.4 million elements and 866598 nodes. Mesh C has a fine mesh, both in the air and
lithium domain; it has 2.65 million elements and 1.87 million nodes.

The first case boundary conditions are imposed on the three meshes for the mesh
sensitivity analysis (0.182 m/s inlet lithium velocity, 273 ◦C inlet lithium temperature, 0 bar
relative pressure on the lithium outlet surface).

Different data were compared: the pressure drop across the whole model (∆p), the
heat losses through the RM box (Q), the average lithium velocity inside the capillary (u),
the average lithium outlet temperature from the capillary (Tout). The general comparison
between the meshes is reported in Table 1. As illustrated in the table comparison, the outlet
temperature from the capillary is not affected by the mesh. Heat losses and lithium velocity
in the capillary are marginally affected with about 1% difference between coarse mesh A
and average mesh B. The most interesting comparison seems to be the total pressure drop
across the CFD model that tends to converge between average mesh B and fine mesh C
with a percentage difference of 1.6. s

Table 1. Comparison of the main mesh data and results between the three grids (A, B and C) developed and run; results are
also reported as percentage difference.

Mesh Number of
Elements

Number
of Nodes ∆p [Pa] ∆p [%] Q [W] Q [%] u [m/s] u [%] Tout [◦C] Tout [%]

A 398 k 294 k 274.3 - 17.8 - 0.36 - 271.2
B 1.4 M 866.6 k 308 12 18 1.1 0.356 1.2 271.1 0.03
C 2.65 M 1.87 M 313.3 1.6 18.05 0.3 0.354 0.8 271.09 0.003

Due to the very good convergence of the heat losses, average capillary velocity,
outlet temperature and the negligible pressure drop difference (barely measurable or not
measurable with the instruments) between mesh B and mesh C, mesh B was selected for
all the simulations presented in this paper.

As an insight into the selected mesh B (Figure 4), the grid is fully structured in the
lithium domain (red) and in the capillary pipe, while it is unstructured in the solid domain
(grey) that includes the pipes and the measuring plates on the capillary.

For the air domain in the box, the mesh is unstructured with node inflation on the
surface boundaries. Other interesting mesh details are reported in Table 2. Mesh parame-
ters such as skewness, orthogonal quality and aspect ratio are declared excellent for the
structured domain lithium and good for the tetrahedral/unstructured domains air and
steel [19].
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Table 2. Orthogonal quality, skewness and aspect ratio of the mesh developed in the three domains.

Domain Number of
Elements

Number of
Nodes

Average
Orthogonal

Quality

Average
Skewness

Average
Aspect Ratio

Lithium 694 k 503 k 0.9 0.18 2.48
Steel 98.6 M 92 k 0.85 0.25 1.78
Air 642 k 271 k 0.5 0.45 2.1

5. Results and Discussion
5.1. First Case: Boundary Conditions and Results

The boundary conditions imposed are:

• Inlet lithium temperature: 273 ◦C.
• Inlet lithium flow rate: 0.065 L/s, corresponding to an average inlet velocity of 0.182 m/s.
• Relative pressure at the outlet: 0 bar.

The first parameter to assess in the post-processing phase is the pressure drop of the
upgraded component. As we can see in Figure 5, the overall pressure drop is about 308 Pa
(3 mbar), but it is not possible to calculate from the contour plot the different contributions
due to the variation of the kinetic/hydrostatic energy component in the pipes. Considering
both the pressure and the kinetic energy variation in the lithium between two generic
sections i and j, it is possible to obtain the pressure drop ∆p with the following expression
(Bernoulli equation):

∆p = pi + ρ
v2

i
2

− pj − ρ
v2

j

2
(1)

where pi (pj) is the pressure on the generic section i (j), ρ is the lithium density and vi (vj) is
the lithium velocity. It was found that:

• 111.2 Pa (36% of the total pressure drop) is lost in the sudden flow area reduction;
• 54.6 Pa (18% of the total pressure drop) is lost in the
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• The capillary tube (φo= 4.8 mm, φi= 3.0 mm), where the measurement current is ap-
plied and has the shape of a loop continuously fed with flowing liquid lithium. 
The electrical resistance is measured between two metal plates (40 mm × 40 mm, 2 

mm thickness, 150 mm one from the other), which intersect the measurement capillary 
and where silver electrical leads are connected both to bring the electrical current and to 
acquire the voltage drop (BINT 20024 Precision Nano-ohmmeter is employed for this pur-
pose). From Figure 1, it is also possible to see that all the apparatus is housed inside a steel 
parallelepiped box, and that along the lateral inner walls of this box are mounted four 
heating elements (two on each side), which permit one to control the desired temperature 
inside. The box, open in the figure, is closed during normal operation in order to minimize 
the heat losses to the external environment. 

During plant operation, the current configuration of the resistivity meter has evi-
denced two relevant issues [18]: 
• The heaters installed inside the box to avoid thermal losses from the capillary are not 

able to guarantee isothermal conditions around the capillary. The four heating ele-
ments heat the air inside the box and not directly the capillary tube. Additionally, 
due to the vertical orientation of the box, warm air inside the box moves upward 
originating a convective heat flux and a stratification in the Li flow direction. Since 
resistivity is highly sensitive to temperature, this thermal instability introduces an 
important and troublesome contribution to the acquired signal; 

• The electromagnetic pump devoted to lithium circulation in the capillary gives rise 
to parasitic currents, which when added to the measurement current produce a sig-
nificant noise on the acquired electrical signal. Despite its negative effect, the EMP 
must in any case be always kept on, otherwise the lithium would be static inside the 
RM capillary, and the RM output would not be a real-time measurement of the im-
purity concentration in the flowing lithium. 
All of these issues reduce the accuracy of the measurements performed with this in-

strument and introduce a relevant noise affecting the resistance value. 

3. Upgrade Strategy 
The component upgrades have followed three parallel lines: 

1. The feasibility study of a Venturi suction instead of the electromagnetic pump looking 
for the elimination of background noise during the measurement; 

2. The numerical study of the thermal losses in the air box looking for an optimization 
of the heating element’s location and power rate; 

3. The reduction in air thermal stratification in the box. 
For the replacement of the electromagnetic pump, an appropriate analytical design 

of the Venturi suction was performed by keeping the 1 s travel time of lithium inside the 
capillary (i.e., mass flow in the capillary) and minimizing the irreversible pressure drop 
through the Venturi. Owing to this effort, the general dimensions of the pipes were fixed 
(Figure 2). The Venturi geometry foresees an inlet pipe of  

¾ ̎  
sch 40 followed by a sudden restriction to a 
 ¼ ̎  
sch 40 and a 10° angle divergent to the ¾ ̎ sch 40 outlet pipe.  

pipe;
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• 142.1 Pa (46% of the total pressure drop) is lost in the 10◦ enlargement and in the outlet
section.
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Concerning the velocity field inside the lithium fluid, it must be highlighted that:

• The maximum lithium velocity is 1.3 m/s, and it is reached in the
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• The capillary tube (φo= 4.8 mm, φi= 3.0 mm), where the measurement current is ap-
plied and has the shape of a loop continuously fed with flowing liquid lithium. 
The electrical resistance is measured between two metal plates (40 mm × 40 mm, 2 
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parallelepiped box, and that along the lateral inner walls of this box are mounted four 
heating elements (two on each side), which permit one to control the desired temperature 
inside. The box, open in the figure, is closed during normal operation in order to minimize 
the heat losses to the external environment. 

During plant operation, the current configuration of the resistivity meter has evi-
denced two relevant issues [18]: 
• The heaters installed inside the box to avoid thermal losses from the capillary are not 

able to guarantee isothermal conditions around the capillary. The four heating ele-
ments heat the air inside the box and not directly the capillary tube. Additionally, 
due to the vertical orientation of the box, warm air inside the box moves upward 
originating a convective heat flux and a stratification in the Li flow direction. Since 
resistivity is highly sensitive to temperature, this thermal instability introduces an 
important and troublesome contribution to the acquired signal; 

• The electromagnetic pump devoted to lithium circulation in the capillary gives rise 
to parasitic currents, which when added to the measurement current produce a sig-
nificant noise on the acquired electrical signal. Despite its negative effect, the EMP 
must in any case be always kept on, otherwise the lithium would be static inside the 
RM capillary, and the RM output would not be a real-time measurement of the im-
purity concentration in the flowing lithium. 
All of these issues reduce the accuracy of the measurements performed with this in-

strument and introduce a relevant noise affecting the resistance value. 

3. Upgrade Strategy 
The component upgrades have followed three parallel lines: 

1. The feasibility study of a Venturi suction instead of the electromagnetic pump looking 
for the elimination of background noise during the measurement; 

2. The numerical study of the thermal losses in the air box looking for an optimization 
of the heating element’s location and power rate; 

3. The reduction in air thermal stratification in the box. 
For the replacement of the electromagnetic pump, an appropriate analytical design 

of the Venturi suction was performed by keeping the 1 s travel time of lithium inside the 
capillary (i.e., mass flow in the capillary) and minimizing the irreversible pressure drop 
through the Venturi. Owing to this effort, the general dimensions of the pipes were fixed 
(Figure 2). The Venturi geometry foresees an inlet pipe of  

¾ ̎  
sch 40 followed by a sudden restriction to a 
 ¼ ̎  
sch 40 and a 10° angle divergent to the ¾ ̎ sch 40 outlet pipe.  

pipe (Figure 6).
• The average lithium velocity inside the capillary pipe is around 0.35 m/s, meaning

that lithium takes about 1 s to fully travel it (in this way, the 1 Hz sampling frequency
of the measurement device is kept).

• There is a long vortex near the outlet section due to the entrain of lithium from the
capillary.

It must be highlight that the pressure drop inside the model is mainly concentrated
in the 10◦ enlargement section due to the lithium entrainment from the capillary and the
recirculation vortex produced (Figure 6). The only possible way to reduce this effect would
be to increase the
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pipe length downstream of the capillary to reach a fully developed
flow (at least tripling the current length), but this solution would increase both the pressure
drop inside the
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pipe and the resistivity meter length, obtaining a negligible effect on the
total pressure drop.

Regarding lithium velocity, the maximum lithium velocity inside the model (1.3 m/s)
is not a concern for the IFMIF-DONES loop, where the average lithium velocity in the main
loop is 5–6 m/s.

Regarding the temperature field (Figure 7), the lithium flowing inside the main pipe
(Venturi suction) is kept at the inlet temperature, while the lithium flowing in the capillary
loses about 2 ◦C because of the thermal losses in the box.
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Figure 7. Temperature contour of lithium flow inside the resistivity meter. 

The higher lithium cooling inside the capillary has two root causes: one is the reduced 
dimensions of the capillary pipe that give rise to a remarkable volume to surface ratio for 
the lithium flowing inside, the other is due to the two measuring plates along the capillary 
that act as thermal bridge enhancing the heat exchange like a finning surface (Figure 8). 

  

Figure 7. Temperature contour of lithium flow inside the resistivity meter.

The higher lithium cooling inside the capillary has two root causes: one is the reduced
dimensions of the capillary pipe that give rise to a remarkable volume to surface ratio for
the lithium flowing inside, the other is due to the two measuring plates along the capillary
that act as thermal bridge enhancing the heat exchange like a finning surface (Figure 8).



Energies 2021, 14, 2543 10 of 15

Energies 2021, 14, 2543 11 of 18 
 

 

 

 
Figure 8. Temperature contour on the steel surface of the capillary. 

Regarding the temperature field in the air domain, the temperature contour of Figure 
9 highlights a high temperature gradient from 82 °C on the lower surface to about 170 °C 
on the upper one; this remarkable temperature gradient is a perfect example of how nat-
ural circulation works. In the upper air region, the buoyancy forces produce air convective 
vortices over the capillary (granting a temperature mixing), while the lower air volume 
under the capillary is stagnant because the cold box surface is under the hot capillary and 
natural circulation cannot take place. 

  

Figure 8. Temperature contour on the steel surface of the capillary.

Regarding the temperature field in the air domain, the temperature contour of Figure 9
highlights a high temperature gradient from 82 ◦C on the lower surface to about 170 ◦C on
the upper one; this remarkable temperature gradient is a perfect example of how natural
circulation works. In the upper air region, the buoyancy forces produce air convective vortices
over the capillary (granting a temperature mixing), while the lower air volume under the
capillary is stagnant because the cold box surface is under the hot capillary and natural
circulation cannot take place.
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Figure 9. Temperature contour in the air domain (resistivity meter box).

Owing to its horizontal orientation, the capillary pipe is surrounded by a constant
temperature of about 175 ◦C that avoids an uneven heat exchange along the capillary (one
of the issues of the previous configuration characterized by a vertical capillary).

The heat losses, mainly concentrated in the upper surface of the box, are estimated as
18 W.
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The small heat losses do not require any heating element inside the box; however, a
heating cable or infrared device should be installed in the box for the pre-heating (start-up)
phase of the facility to avoid lithium freezing inside the capillary.

5.2. Second Case: Boundary Conditions and Results

The boundary conditions imposed in this case are the following:

• Inlet lithium temperature: 330 ◦C.
• Inlet lithium flow rate: 0.108 L/s, corresponding to an average inlet velocity of

0.303 m/s.
• Relative pressure at the outlet surface: 0 bar.

The total pressure drop of the resistivity meter is about 777 Pa. Applying Equation (1)
as in the previous case, it was found that (Figure 10):

Energies 2021, 14, 2543 13 of 18 
 

 

 
Figure 10. Pressure contour in the lithium domain (new IFMIF-DONES settings). 

If we compare first case and second case pressure drop results, it is possible to pre-
liminarily assess the hydraulic behavior of the component. A velocity/mass flow increase 
(from 0.182 m/s to 0.303 m/s) through the resistivity meter leads to a redistribution of the 
percentage pressure drop contributions inside the component. The sudden flow area re-
duction percentage increases (+3%) against the 10° enlargement one, perhaps because it is 
more sensitive to mass flow variation, while the distributed pressure loss in the ¼ ̎ pipe 
keeps the same percentage contribution. 

Moving to the velocity field inside the lithium fluid (Figure 11), the folowing must 
be highlighted: 
• The maximum lithium velocity inside the model is 2.1 m/s, and it is reached in the ¼ ̎ 

pipe; 
• The average lithium velocity inside the capillary pipe is around 0.64 m/s (twice the 

value of the previous settings), determining half the residence time inside the capil-
lary (0.5 s) if compared to the first case velocity; 

• As in the previous case, there is a long vortex near the outlet section due to the entrain 
of lithium from the capillary. 

Figure 10. Pressure contour in the lithium domain (new IFMIF-DONES settings).

301.3 Pa (39% of the total pressure drop) is lost in the sudden flow area reduction;

• 139.4 Pa (18% of the total pressure drop) is lost in the
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pipe;
• 334.8 Pa (43% of the total pressure drop) is lost in the 10◦ enlargement and in the outlet

section.

If we compare first case and second case pressure drop results, it is possible to pre-
liminarily assess the hydraulic behavior of the component. A velocity/mass flow increase
(from 0.182 m/s to 0.303 m/s) through the resistivity meter leads to a redistribution of
the percentage pressure drop contributions inside the component. The sudden flow area
reduction percentage increases (+3%) against the 10◦ enlargement one, perhaps because it
is more sensitive to mass flow variation, while the distributed pressure loss in the
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keeps the same percentage contribution.

Moving to the velocity field inside the lithium fluid (Figure 11), the folowing must be
highlighted:

• The maximum lithium velocity inside the model is 2.1 m/s, and it is reached in the
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• The average lithium velocity inside the capillary pipe is around 0.64 m/s (twice the
value of the previous settings), determining half the residence time inside the capillary
(0.5 s) if compared to the first case velocity;

• As in the previous case, there is a long vortex near the outlet section due to the entrain
of lithium from the capillary.
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pipe is not a concern
for erosion and corrosion issues for the IFMIF-DONES due to the low lithium velocity
inside the capillary (0.64 m/s). This second case set-up shows a favorable effect on the
measuring device granting a better lithium sampling; in fact, by keeping the 1 Hz sampling
frequency of the current RM configuration, it is possible to always measure a different
lithium sample in a normal operation phase.

Regarding the temperature field (Figure 12), lithium flowing inside the main pipe
(Venturi suction) keeps its inlet temperature, while lithium flowing in the capillary experi-
ences about 1.5 ◦C decrease because of the thermal losses in the box, 25% less if compared
with previous results but with a higher velocity (mass flow) through the capillary. As for
the previous case, in Figure 12 one can clearly observe, from the contour bands across them,
the thermal effect of the steel plates on the flowing lithium enhancing thermal losses to the
surrounding air.

As for the temperature field in the air domain, the temperature contour of Figure 13
highlights a high temperature gradient (104 ◦C, +18% increase), ranging from 96 ◦C on
the lower surface to about 200 ◦C on the upper one. This higher gradient is mainly due
to the higher lithium circulation temperature (imposed as a boundary condition) inside
the instrument that generates a better natural circulation of heat transfer with the upper
“cold” surface of the box; this phenomenon increases the upper air temperature, while it
has only minor effect on the lower air temperature because no circulation takes place here.
In conclusion, the thermal gradient increase inside the box is not symmetric but unbalanced
towards the hot region.
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The heat losses mainly concentrated in the upper surface of the box (due to the natural
circulation of air in the upper air region) are estimated as 19.4 W (7% more than the previous
test case); this is due to the combination of three opposed effects (compared to the first case):
the higher velocity inside the capillary, the lower density due to the higher inlet/circulation
temperature, the lower temperature difference across the capillary.

6. Conclusions

The purity of liquid lithium flowing inside a loop pipe is of primary importance,
especially in fusion applications such as the IFMIF-DONES plant, due to corrosion issues
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on contact surfaces. An appropriate device called the “Resistivity Meter” was developed
by the University of Nottingham and procured by ENEA to monitor lithium impurities
in Lifus 6 loop. Unfortunately, the device has shown some measuring issues during its
operation that reduce its accuracy and introduce relevant background noise.

An upgrade strategy is proposed in this paper to overcome the aforementioned
problems, and a CFD assessment of the fluid-dynamic behavior of the new layout was
developed. Without fixed parameters for the boundary condition of the device, two limit
cases have been considered: a low mass flow and low temperature case (first case) and a
high mass flow and high temperature case (second case).

The CFD simulations of both the situations have demonstrated that it is possible to
move lithium through the capillary measurement without using a dedicated electromag-
netic pump upstream of the capillary. This will permit one to suppress the noxious noise
introduced by the pump on the resistivity meter signal, which was largely evidenced with
the old configuration. The resulting lithium speed inside the capillary is, in both cases,
largely enough to completely replace all the lithium inside the capillary during the time
span between two successive signal acquisitions (set as 1 s).

The comparison of the two simulation results was also adopted as sensitivity analysis
to better understand the component behavior with different lithium mass flow and inlet
temperature. Regarding mass flow, the comparison highlighted that the sudden flow
restriction placed at the inlet is more sensitive to the mass flow variation if compared to the
10◦ enlargement placed at the outlet. As for temperature sensitivity, the comparison points
out that an inlet temperature increase leads to a higher non-symmetric thermal gradient
(+18%) inside the air box.

The simulations have additionally shown that during the operations there is no need
to employ an external heating element to keep the proper lithium temperature inside the
capillary.

Since the residence time of lithium will be very short (about 1 s or 0.5 s, depending on
its flow rate), its thermal losses will be limited to about 2 or 1.5 ◦C and will be constant
over time, provided a good thermal shielding of the RM box may be assured.

Nonetheless, an external heater will be necessary and employed in the following
situations:

• During the resistance measurement of the steel capillary alone, i.e., when the capillary
has not been filled by lithium yet. In this situation, in fact, due to the absence of lithium,
it is necessary to employ an additional heating in order to measure the resistance
variation of the steel at the relevant temperature;

• During the first filling with lithium to avoid its freezing inside the pipe;
• Similarly, after stopping lithium circulation inside the capillary, the lithium will

probably remain trapped inside the capillary (due to its narrow section, a complete
draining cannot be assured), and then it cools down at room temperature to a solid
state. When the RM restarts, the external heaters will be necessary in order to melt
this trapped lithium and avoid the incoming liquid fluid finding a solid clog blocking
its circulation.

Author Contributions: Conceptualization, P.F.; software, R.M. and I.D.P.; data curation, R.M. and P.F.;
writing—original draft preparation, R.M. and P.F.; writing—review and editing, R.M.; visualization,
P.F.; supervision, D.B. and F.S.N., project administration, D.B.; funding acquisition, D.B. and F.S.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This work has been carried out within the framework of the EUROfusion Consortium and
has received funding from the Euratom research and training programme 2014–2018 and 2019–2020
under grant agreement No 633053. The views and opinions expressed herein do not necessarily
reflect those of the European Commission.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Energies 2021, 14, 2543 15 of 15

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank all the ENEA’s technicians involved in the implemen-
tation and operation of the Lifus 6 experimental facility.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Natesan, K. Influence of non-metallic elements on the compatibility of structural materials with liquid alkali metals. J. Nucl.

Mater. 1983, 115, 251–262. [CrossRef]
2. Chopra, O.K.; Smith, D.L. Influence of Temperature and lithium purity on corrosion of ferrous alloys in a flowing lithium

environment. J. Nucl. Mater. 1986, 141–143, 584–591. [CrossRef]
3. Klueh, R.L. Oxygen Effects on the Corrosion of Niobium and Tantalum by Liquid Lithium. Metall. Trans. 1974, 5, 875–879.

[CrossRef]
4. Xu, Q.; Kondo, M.; Nagasaka, T.; Muroga, T.; Yeliseyeva, O. Effect of chemical potential of carbon of JLF-1 steel in a static lithium.

J. Nucl. Mater. 2009, 394, 20–25. [CrossRef]
5. Tsisar, V.; Kondo, M.; Xu, Q.; Muroga, T.; Nagasaka, T.; Yeliseyeva, O. Effect of nitrogen on the corrosion behavior of RAFM JLF-1

steel in lithium. J. Nucl. Mater. 2011, 417, 1205–1209. [CrossRef]
6. Knaster, J.; Favuzza, P. Assessment of corrosion phenomena in liquid lithium at T < 873 K. A Li(d,n) neutron source as case study.

Fusion Eng. Des. 2017, 118, 135–141. [CrossRef]
7. Knaster, J.; Ibarra, A.; Abal, J.; Abou-Sena, A.; Arbeiter, F.; Arranz, F.; Arroyo, J.M.; Bargallo, E.; Beauvais, P.-Y.; Bernardi, D.; et al.

The accomplishment of the Engineering Design Activities of IFMIF/EVEDA: The European–Japanese project towards a Li(d,xn)
fusion relevant neutron source. Nucl. Fusion 2015, 55, 086003. [CrossRef]

8. Ibarra, A.; Arbeiter, F.; Bernardi, D.; Cappelli, M.; García, A.; Heidinger, R.; Krolas, W.; Fischer, U.; Martin-Fuertes, F.; Micciché, G.
The IFMIF-DONES project: Preliminary engineering design. Nucl. Fusion 2018, 58, 105002. [CrossRef]

9. Arbeiter, F.; Baluc, N.; Favuzza, P.; Groschel, F.; Heidinger, R.; Ibarra, A.; Knaster, J.; Kanemura, T.; Kondo, H.; Massaut, V.; et al.
The accomplishments of lithium target and test facility validation activities in the IFMIF/EVEDA phase. Nucl. Fusion 2018, 58,
015001. [CrossRef]

10. Favuzza, P.; Antonelli, A.; Furukawa, T.; Groeschel, F.; Hedinger, R.; Higashi, T.; Hirakawa, Y.; Iijima, M.; Ito, Y.; Kanemura,
T.; et al. Round Robin test for the determination of nitrogen concentration in solid lithium. Fusion Eng. Des. 2016, 107, 13–24.
[CrossRef]

11. Baley, A.S.; Gregory, D.H.; Hubberstey, P. Development of a Monitoring System; Technical Note No. 4; School of Chemistry,
University of Nottingham: Notthingham, UK, 2004.

12. Creffrey, G.K.; Down, M.G.; Pulham, R.J. Electrical Resistivity of Liquid and Solid Lithium. J. Chem. Soc. Dalton Trans. 1974, 21,
2325–2329.

13. Hubberstey, P. Dissolved nitrogen in liquid-lithium a problem in fusion reactor chemistry. In Proceedings of the International
Conference on Liquid Metal Engineering and Technology, Oxford, UK, 9–13 April 1984; pp. 85–91.

14. Barker, M.G.; Hubberstey, P.; Dadd, A.T.; Frankham, S.A. The interaction of chromium with nitrogen dissolved in liquid lithium.
J. Nucl. Mater. 1983, 114, 143–149. [CrossRef]

15. Hubberstey, P.; Roberts, P.G. Corrosion chemistry of vanadium in liquid lithium containing dissolved nitrogen. J. Nucl. Mater.
1988, 1555157, 694–697. [CrossRef]

16. Favuzza, P.; Aiello, A.; Tincani, A.; Muzzarelli, M. Engineering Design Report of Lifus 6 Purification System; EC H2020 EUROfusion
Project; IFMIF/EVEDA, WPENS Deliverable LF 4.4.1; European Commission: Brussels, Belgium, 2014.

17. Favuzza, P.; Mannori, S. Acceptance Test Report of the Lifus 6 Purification System; EC H2020 EUROfusion Project; IFMIF/EVEDA,
Deliverable LF 4.4.3; European Commission: Brussels, Belgium, 2015.

18. Favuzza, P. Final Validation Report of the Lifus 6 Purification System; EC H2020 EUROfusion Project; IFMIF/EVEDA Deliverable LF
4.5.2; European Commission: Brussels, Belgium, 2016.

19. Ansys Inc. ANSYS User Manual Version. 19.2; Ansys Inc.: Canonsburg, PA, USA, 2019.
20. Ansys Inc. Ansys CFX Reference Guide; Release 19.2; USA, Ansys Inc.: Canonsburg, PA, USA, 2019.
21. Menter, F.R. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 1994, 32, 1598–1605. [CrossRef]
22. Ohse, R.W. Handbook of Thermodynamic and Transport Properties of Alkali Metals; International Union of Pure and Applied Chemistry

Chemical Data, Series No. 30; Blackwell Scientific Publishing Ltd.: Oxford, UK, 1985; p. 987.

http://doi.org/10.1016/0022-3115(83)90316-1
http://doi.org/10.1016/0022-3115(86)90058-9
http://doi.org/10.1007/BF02643141
http://doi.org/10.1016/j.jnucmat.2009.08.005
http://doi.org/10.1016/j.jnucmat.2010.12.280
http://doi.org/10.1016/j.fusengdes.2017.03.063
http://doi.org/10.1088/0029-5515/55/8/086003
http://doi.org/10.1088/1741-4326/aad91f
http://doi.org/10.1088/1741-4326/aa8ba5
http://doi.org/10.1016/j.fusengdes.2016.03.026
http://doi.org/10.1016/0022-3115(83)90251-9
http://doi.org/10.1016/0022-3115(88)90397-2
http://doi.org/10.2514/3.12149

	Introduction 
	The Current Resistivity Meter 
	Upgrade Strategy 
	CFD Analysis: Models and Methods 
	Results and Discussion 
	First Case: Boundary Conditions and Results 
	Second Case: Boundary Conditions and Results 

	Conclusions 
	References

