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Abstract

In the framework of next fusion machines, the tritium cycle is of particular
interest since its central role in fusion reaction as a fuel element. The high
permeability of Tritium, as well as its decay time, requires an “in situ” pro-
duction. The Tritum Extraction and Removal System is the system aimed to
manage the tritium cycle inside the reactor and the Permeator Against Vac-
uum (PAV) is one of the technologies proposed for the TERS of the Water-
Cooled Lithium Lead Breeding Blanket. The aim of this work is to develop
a lumped model for the tritium extraction based on the PAV. This work
is carried on in collaboration with the research centre of ENEA-Brasimone
(Camugnano, BO) where a PAV mock-up has been installed and is under test
in the TRIEX-II facility. The lumped multi-physics 1D model is developed
in Modelica grouping unit elements called “Radiatubes”, based on separate
models of the different physical aspects characterizing the tubes in the PAV.
The driving phenomena of the PAV technology is the tritium permeation and
diffusion, due to the pressure difference between the tritium in the PbLi flow-
ing into the bank of tubes and the vacuum inside the PAV. The permeation
model is described considering a diffusion limited permeation regime and its
governing equations, moreover, a sensitivity analysis on the solubility con-
stant is done to deal with some uncertainties found in literature. A detailed
3D thermal-hydraulic model using the commercial software STAR-CCM+ al-
lowed the computation of the hydraulic characteristic of the U-tubes, used as
input to the Radiatubes. Beside the advection, the lumped model accounts
also for the radiative effects present in the detailed 3D thermal model, in the
form of view factors between the Radiatubes and the envelope. Eventually,
a suitable coupling of the different Radiatubes to inlet and outlet manifolds
leads to the assembly of the whole PAV lumped model. A first benchmark of
the lumped model is performed reproducing the global behaviour of the 3D
thermal-hydraulic model, and cross-checking the permeation results against
the ones obtained using a consolidated MATLAB model.
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Chapter 1

Introduction

1.1 Fusion

Nuclear fusion energy will be the turning point of the future energy scenario.
In the medium term, energy production will have to rely on renewable ener-
gies and nuclear fission, the only technologies capable of guaranteeing clean
energy production and a reduction in dependence on fossil fuels. Nuclear
fusion is based on the reaction of hydrogen isotopes: Deuterium and Tri-
tium, this reaction is the easiest and most efficient to carry out, as can be
appreciate in Fig.1.2.

D + T → α(3.5 MeV ) + n(14.1 MeV ) (1.1)

Figure 1.1: Sketch of D-T nuclear fusion reaction, [2]. 2H and 3H are the
isotopes of hydrogen, Deuterium and Tritium respectively. The two isotopes
undergo nuclear reaction according (1.1) giving rise to a neutron and an α
particle (4He).

9
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To obtain this reaction, temperatures of 100 million degrees and a mag-
netic confinement of the plasma are required. Plasma is a state of matter in
which the atoms are completely ionized and therefore subject to an electro-
magnetic field.

The availability of nuclear fusion fuel is almost unlimited. Deuterium is
found in small percentages in the water molecule (30 g/m3)[4] from which
it can be easily extracted. Tritium, on the other hand, is breed by reacting
with Lithium according to (1.2) and (1.3)

Li7 + n→ He4 + T + n− 2.5 MeV (1.2)

Li6 + n→ He4 + T + n+ 4.86 MeV (1.3)

Natural Li is made of 92.5 % by Li7 and 7.5 % by Li6 and abounds in the
earth’s crust (20÷ 30 mg/kg)[4] of earth crust, in addition it is not localized
just in few areas, like oil.

Figure 1.2: Cross section of different nuclear fusion reaction [3].
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1.2 T cycle

In nuclear fusion reaction, Tritium is the only radioactive element: it is a β−

emitter characterized by an half-life of 12.32 years [1]. Its low half life to-
gether with its extremely high permeability make Tritium very difficult, and
hazardous, to store and transport when needed. For these reasons Tritium is
breed in loco in the Breeding Blanket (BB) of the reactor to ensure the right
fuel supply to the fusion reaction. Tritium produced in the blanket is then
transport through the Tritium Extraction System where it is separated from
the operating fluid, PbLi in case of the foreseen DEMO reactor. Tritium
supply into the plasma must be equal to Tritium burnout, for that reason
the Tritium Breeding Ratio (TBR), defined as (1.4) [5]

TBR =
T produced in blanket

T burnt in plasma
(1.4)

should be equal to one, meaning equilibrium in production and destruction of
Tritium. Nevertheless, in order to account of TES efficiencies, in particular
extraction efficiency and Tritium leakage through the system, TBR must be
higher then one. To achieve this result a proper design of the BB and TES is
necessary otherwise the fusion reaction will stop due to lack of fuel. A good
TES design is needed also for safety reasons, indeed, higher efficiency will
minimize Tritium permeation and release to the environment.

The three main technologies under investigation for the TES are: Vacuum
Sieve Tray (VST), the Gas Liquid Contactor (GLC) and the Permeator
Against Vacuum (PAV).

The VST simply consists in letting droplets fall from an upper tank to a
lower tank under vacuum through nozzles. The efficiency of the extraction
is governed by the falling time and so the velocity of the droplets [6].

The GLC uses mechanisms of diffusion interchange between gas and liquid
phases to extract tritium from the breeder: to do this, PbLi and the process
gas are mixed together and their contact surface is maximized, in order to
obtain a higher value of particle flux from one boundary layer to the other
[7].

Both the VST and the GLC are characterized by a low extraction effi-
ciency, for this reason the PAV is considered as an alternative choice. Nev-
ertheless the technology readiness level TRL of the PAV technology is lower
compared to the VST and the GLC ones.

The Permeator Against Vacuum relies on partial pressure gradient of
Tritium, it is studied as one of the proposed technologies for the TES of the
Water-Cooled Lithium Lead (WCLL) Breeding Blanket .
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1.3 Aim of the work

The design of a real-size PAV, like for DEMO reactor, should rely on thermal
hydraulic models along with permeation models. Concerning the permeation
of Tritium, it can be easily scaled up to real-size designs, like it has been done
in this work, by adopting analytical models. About the thermal hydraulic
aspect, computing the whole domain would be extremely costly and time
consuming, a different approach is necessary.

This work addresses the problem of develop a lumped model of the PAV
mock-up technology, with Modelica language, tu be used for the design of
real-size PAVs.

The work-flow can be divided in three parts:

� Tritium permeation analysis through niobium membrane and PAV de-
sign for future DEMO reactor and a single PAV design for future DEMO
reactor capable to withstand outboard and inboard constraints.

� Detailed thermo-hydraulic 3D model of the PAV mock up, that will be
tested at ENEA-Brasimone, by means of CFD software STAR-CCM+.
The model accounts for thermal radiation which is the only heat trans-
fer mechanism between the tubes and the envelope.

� Characterization and validation of the lumped model against the per-
meation model and CFD results of the previous sections. The lumped
model is based on the development of a single tube, named RadiaTube,
able to account thermal radiation between different tubes and the en-
velope of the PAV. Multiple RadiaTubes are then assembled to model
the PAV mock-up.

The lumped model should be capable of calculating the permeation of
Tritium and the radiative heat exchange reproducing at the same time the
hydraulic characteristic of the PAV.



Chapter 2

Permeation model for PAV

In this section the permeation model is presented along with the benchmark
against two different publications. Once the model is confirmed to be reliable
it used to size the PAV for the future WCLL DEMO reactor. The results of
the former design, especially Trtium extraction efficiency, are used as starting
point for the permeation lumped model characterization.

Tritium permeation in the PAV technology is driven by the different tri-
tium partial across the solid high-permeability membrane. Outside the tubes,
and inside the envelope, vacuum is maintained to guarantee maximum partial
pressure gradient, see Fig. 2.1.

Figure 2.1: Schematic of Permeator Against Vacuum taken from [15].
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2.1 The permeation model

Permeation of Tritium occurs in radial direction and it can be described with
three transport process:

� Radial transport in liquid.

� Surface transport phenomena on the solid membrane.

� Bulk transport phenomena on the solid membrane.

Radial transport in the fluid is dictated by

JT = KT · (Cbulk − Cwall,liquid) (2.1)

where KT is the mass transport coefficient and C is the Tritium concen-
tration at the bulk and at the wall (liquid side).

The mass transfer coefficient KT have the same units of a velocity, in
fact it indicates how fast Tritium travels from the bulk to the wall. This
coefficient is evaluated with the empirical correlation of the Sherwood number
Sh provided by Harriott et al. in [8], reported here for simplicity

Sh = 0.0096 ·Re0.913 · Sc0.346 (2.2)

Sh is the ratio of convective mass transfer rate over diffusion mass transfer
rate (analogy with the Nu number with heat transport). Thus, Sh is given
by

Sh =
di ·KT

DPbLi

(2.3)

where di is the internal diameter, KT the mass transport coefficient and
DPbLi the diffusivity constant of the liquid metal. Recalling that, Sc is the
Schmidt number

Sc =
µPbLi

ρPbLi ·DPbLi

(2.4)

with µPbLi, ρPbLi and DPbLi the liquid metal viscosity, density and diffu-
sivity respectively. BY inverse formula the KT can be calculated as

KT =
DPbLi

di
· 0.0096 ·

(
ρPbLi · v · di

µPbLi

)0.913

·
(

µPbLi

ρPbLi ·DPbLi

)0.346

(2.5)
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The driving phenomena to transport of (2.1), is the difference in Tritium
concentration at the bulk Cbulk and at the wall Cwall,liquid. These concentra-
tions are related to the partial pressure by Sieverts’ law

CT = KS

√
PT (2.6)

where KS is the solubility constant. The subscript liquid refers to the
concentration on the liquid side of the liquid-solid interface, which is assumed
in equilibrium with the solid-side of the interface according to

CT,liquid

CT,wall

=
KS,solid

KS,liquid

(2.7)

In the bulk of the solid membrane the transport mechanism is diffusion,
governed by the Fick’s law equation (2.8)

J = −Dsolid
∂C

∂r
(2.8)

Two permeation regimes can be identified based on the limiting trans-
port mechanism across the solid membrane. The choice is made among a
Surface Limited Regime (SLR) or Diffusion Limited Regime (DLR). In the
first regime the surface phenomena are slower and then limits the permeation
through the membrane, diffusion is much faster and can be neglected. On the
other hand, in DLR, Tritium diffusion in the bulk of the membrane is much
slower, thus, surface phenomena can be omitted being way faster compared
to diffusion.

The permeation number W , defined in (2.9), allows to correctly select
between those regimes.

W =
Kr ·KS

D
· t · √pT,b (2.9)

where the constants refer to the Nb solid membrane, selected because an
high-permeability material, t is the thickness of it and p, is the Tritium
partial pressure in the bulk of the fluid.

The dimensionless number W can be seen as the ratio of surface phe-
nomena over diffusive ones. When the system is characterized by an high
diffusivity, the limiting permeation phenomena are found on the surfaces, in
fact, W tends to be lower. On the other hand, when diffusivity is low, or the
membrane thickness is large, diffusion becomes the limiting phenomena and
W tends to higher values. More details on the regime found in [11] and [15],
a sketch of the permeation regime is reported in Fig.2.2.

It results that, when W > 1, the system is better described by the
diffusion-limited regime, while for W < 1 the surface limited regime better
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describes the permeation of Tritium across the membrane. The evaluated
number of W follows in Table 2.1 for different operating temperatures.

Tritium distribution in radial direction and the mass balance performed
on an infinitesimal liquid volume are reported in Fig.2.3.

(a) Diffusion Limited Regime (b) Surface Limited Regime

Figure 2.2: Different Permeation regimes. J is the permeated flux across the
solid membrane. P is the partial pressure of the gas and C the concentration
of the specie [12].

Table 2.1: Permeation number at different temperatures.

Temperature W

330 °C 2.26
400 °C 1.18
500 °C 0.51
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(a) Tritium radial distribution

(b) Tritium mass balance on infinitesimal liquid volume

Figure 2.3: Sketch of tritium transport-permeation phenomena, from [11].
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Table 2.2: List of symbols of the permeation model.

Symbol Parameter

C Concentration
JT Tritium permeated flux
v Velocity
d Diameter
KT Tritium mass constant coefficient
D Diffusivity constant
Krec Recombination constant
KS Solubility (Sieverts) constant

The Tritium concentration, and consequently the permeated flux, along
the pipe can be retrieved from the following set of equation:

� Mass balance in fluid volume

∂Cbulk(z)

∂z
= − 4

v · d
· JT (z) (2.10)

� Tritium transport in radial direction in the fluid

JT = KT · (Cbulk − Cwall,liquid) (2.11)

� Diffusion of tritium in the bulk of the membrane (DLR)

Jdiffusion =
2

d · ln
(
do
d

) ·Dsolid · Cwall,solid (2.12)

� Recombination/dissociation of tritium on the liquid-solid interface (SLR),
more details found in [13] and [14]

Jsurface = Krec,solid · C2
wall,solid (2.13)

� Thermodynamic equilibrium at the liquid-solid interface

Cwall,solid = Cwall,liquid ·
KS,solid

KS,liquid

(2.14)

The meanings of the adopted symbols are listed in Table 2.2.
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In this work only results adopting DLR have been considered due the lack
of literature on the SLR for systems with liquid-solid interface. Thus, the
permeated flux in case of DLR is given in (2.15)

JT,DLR = KR · Cbulk

1 +
1

1 +
Dsolid·KS,solid

KT ·KS;liquid
· 2

d·ln( do
d )

 (2.15)

And the Tritium concentration along axial direction is given by applying a
Forward Euler Approximation method on (2.10), resulting in (2.16)

CT,b(zn+1) = CT,b(zn)− 2 ·∆z
ri · v

· JT (ri, zn) (2.16)

2.2 Benchmark

In order to validate the permeation model in the diffusion limited regime the
results presented in the work of Garcinuño et al. [16] were considered. In
the geometrical set-up in [16], PbLi flows in squared channels characterized
by a height h, and Tritium permeates across them, see Fig.2.4.

In the model developed here, PbLi flows in circular pipes, thus, tritium
permeates in the radial direction. Eventually a comparison with results was
performed evaluating the efficiency as function of h [16] and d (this work).
The results are reported in Fig.2.5, showing a good agreement in shape but a
slightly overestimation in the results of this work probably due the different
geometries.

Figure 2.4: Left) Overall PAV design showing the length (L), width (a) and
total height (H). Right) Detailed view of PbLi flowing channels (not real
dimensions), from [16].
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(a)

(b)

Figure 2.5: Efficiency computed using the DLR model as function of a) height
of channels in [16] and b) diameter of tubes in this model.
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(a)

(b)

Figure 2.6: Required length to reach efficiency of 90% at different values of
internal diameter. (a) Results of Bonifetto et al. [17] and (b) the results of
the model of this work.
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A second benchmark has been performed against the results presented by
Bonifetto et al. [17] which work with a cylindrical geometry. The same mass
flow rate and number of pipes has been adopted. The results are reported
in Fig.2.6, considering that the dashed line in Fig.2.6a is located at 40 m a
rough comparison can be made stating that the results are quite similar.

2.3 Sizing of PAV unit for DEMO reactor

Once the model is properly benchmarked against other works, a set of result is
retrieved. In particular, the design of a modular PAV unit (PAVU), to be used
in to be used in parallel configurations, which could serve both the Inboard
(IB) and the Outboard (OB) BB loops. The number of lines in parallel for
such modular PAVU for the OB and IB loops have been computed, exploring
two possible alternatives for the pipe diameter within the PAVU. Different
inlet temperature value for the PbLi have been parametrically explored, to
check the robustness of the design.

Table 2.3: Design constraints for PAV unit.

Parameter Value Units

Maximum overall height of PAV 10 [m]
Maximum allowable Pressure drops 2 [bar]

Efficiency 80%
Reynolds number in the pipes 104 < Re < 105 [−]

Table 2.4: Design operating conditions taken from [30].

Parameter Value Units

Total ṁPbLi Outboard 1127 [kg/s]
Total ṁPbLi Inboard 499 [kg/s]
PbLi Temperature 330− 400− 500 [°C]

Tritium partial pressure ( inlet of PAV) 200 [Pa]
Membrane thickness 4× 104 [m]

Internal diameter 9.2− 13× 10−3 [m]

The flowchart in Fig.2.7 represents the work flow of the design process.
In Fig.2.8 the results concerning operating temperature at 330 °C, ac-

counting for all constraints in Table 2.3 are presented. The same plot have
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Figure 2.7: Flow chart of the design process of PAV unit. To be noted that
Table 1 and Table 2, mentioned in the flow chart, refers to Table 2.4 and
Table 2.3 respectively.
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been carried out at different operating temperatures (400 and 500 °C). The
yellow area in the plot identifies the number of parallel pipes (PP) that sat-
isfies either OB or IB constraints only, while, the green regions identifies a
common range of PP. In Fig.2.9.

The extraction efficiency η as function of tubes length is calculated as:

η = 1− Cout

Cin
(2.17)

where Cin and Cout, refer to the inlet and outlet tritium concentration in
the tubes. Among the proposed solubility constants for H/D/T, see Fig. 2.5,
the ones suggested by Aiello provide the most pessimistic results. In Fig.2.10
the extraction efficiency computed with Aiello is plotted as function of tube
length, at different operating temperature. The target efficiency is reached
even in the worst case scenario (lower temperature with Aiello’s constant)
only in the design adopting tubes with internal diameter equal to 9.2 mm
while for the 13 mm design it is reached at higher temperatures. Complete
analysis found in [31].

Table 2.5: Solubility constant of hydrogen isotopes in PbLi according differ-
ent authors.

Isotope Formula Units Ref

H 2.44× 10−8 exp(−1350/R/T ) [atomic fr · Pa−0.5] Reiter [9]
T 2.32× 10−8 exp(−1350/R/T ) [atomic fr · Pa−0.5] Reiter [9]
H 0.237 exp(−12844/R/T ) [mol · Pa−0.5 ·m−3] Aiello [10]
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Figure 2.8: Results obtained with the DLR at a PbLi inlet temperature of
330 °C. Velocity, in blue, and pressure drop, in red, as function of the number
of tubes with tube diameter of 9.2 mm (a) and 13 mm (b), respectively.
Horizontal dashed lines represent design constraints. The # PP shaded in
yellow refers to only one of IB or OB, while that in green refers to a range
common to both.
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(a)

(b)

Figure 2.9: Ranges of tubes at different number of PAVU per OB and IB
loop with 9.2 mm design (a) and with 13 mm design (b). Red color refers
to normal condition (no PAVU unavailability), blue color refers to one un-
availability for each loop. In green the common range of # PP at different
temperatures.



CHAPTER 2. PERMEATION MODEL FOR PAV 27

(a)

(b)

Figure 2.10: Efficiency along the tubes computed with Aiello’s solubility
constant for H, at 9.2 mm (a) and at 13 mm(b). Solid and dashed line
refers to maximum and minimum allowable number of tubes identified in the
previous part of the analysis.



Chapter 3

CFD model for PAV mock-up

This section presents the calculations regarding the hydraulic and thermal
analyses performed on the 3D PAV mock-up. The simulations have been
carried out using the commercial software STAR-CCM+ [20], solving the
problem of 3D conjugate heat transfer in the entire mock-up with a segregated
solver. More details can be found in [23].

3.1 Geometry

Geometrically, the PAV mock-up is structured as a tube-and-shell heat ex-
changer, as shown in Fig.3.1. It is composed by a cylindrical vessel with
16 niobium U-tubes, the membranes for hydrogen permeation, welded on a
F22 plate. This material has been chosen for his corrosion resistance in LiPb
environments. A medium vacuum is pumped in the vessel while the LiPb
flows in the niobium pipes. The LiPb is distributed into the niobium pipes
by a collector which constitutes the lower part of the PAV. The collector is
divided in three parts; each part is connected with one pipe in P22, which
connects the mock-up with the LiPb loop of the facility. The three pipes are:

� the inlet pipe;

� the discharged pipe;

� the outlet pipe.

The inlet pipe is connected with the part of the collector that allows
the LiPb distribution in the first 8 niobium tubes. This part is indicated
in red in Fig.3.1b. The discharge pipe is connected with the part of the
collector (called mixing collector) where the LiPb coming out from the first
8 niobium tubes mixes. From this section of the collector, indicated in yellow

28
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Table 3.1: PAV mock-up main dimensions.

Dimensions [mm]

Height of the vessel 1106.00
External diameter of the vessel 323.85
Thickness of the vessel 6.35

Length of the pipes
1805.25 (S)
1899.5 (M)
1993.74 (L)

External diameter of the Nb pipes 10.00
Internal diameter of the Nb pipes 9.20
Pitch of the Nb pipes 30.00
Height of the LiPb collector 156.00
Thickness of the plate 38.00
External diameter of the P22 pipes (inlet/outlet LiPb) 33.40
Thickness of P22 pipes (inlet/outlet LiPb) 3.38
External diameter of the draining pipe 21.34
Thickness of the draining pipe 2.77

in Fig.3.1b, the LiPb is distributed in the remaining 8 niobium tubes. The
discharge pipe is needed to allow the gravity draining of the mixing collector.
The outlet pipe is connected with the section of the collector, indicated in
red in Fig.3.1b, where the LiPb coming out from the last 8 niobium tubes
mixes before leaving the mock-up. Therefore, LiPb will double pass through
the vessel, as shown in Fig.3.1c and 3.1d.

The main dimensions of the mock-up, adopted for the CAD geometry are
reported in Table 3.1 and the operating conditions are reported in Table 3.2.
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Figure 3.1: Sketches of the PAV mock-up: (a) simplified sketch of the cylin-
drical vessel with the 16 niobium U-tubes: Long pipes (L) in green, medium-
length pipes (M) in yellow and short pipes (S) in red; (b) horizontal section
of the PAV collector showing its 3 parts and the connecting pipes; (c) vertical
section of the PAV showing the first passage of LiPb through the vessel; (d)
vertical section of the PAV showing the second passage of LiPb through the
vessel.



CHAPTER 3. CFD MODEL FOR PAV MOCK-UP 31

Table 3.2: PAV mock-up operating conditions.

Parameter Value Unit

Operative internal pressure of the vessel 10−1 ÷ 105 [Pa]
Max internal pressure of the vessel 1.1 · 105 [Pa]
Max internal pressure of the Nb pipes 4 · 105 [Pa]
Max internal pressure of the LiPb collector 5 · 105 [Pa]
Max temperature of the collector 530 [°C]
Max temperature of the Nb pipes 500 [°C]
Max temperature of the vessel 100 [°C]
Operative LiPb temperature 350÷ 500 [°C]
Max speed of LiPb in the Nb pipes (at 4.6 kg/s) 0.97 [m/s]
Total flow rate of LiPb in the Nb pipes 0.2÷ 4.5 [kg/s]
Vessel filling gas (during long stops) Helium [−]

Table 3.3: PAV mock-up material properties.

Material Property Value Units Ref

Nb
Density 8570.00 [kg/m3]

[28]Specific Heat 290.00 [J/kg/K]
Thermal conductivity 57.00 [W/m/k]

SS304
Density 7800.00 [kg/m3] [25]
Specific Heat 560 [J/kg/K] [26]
Thermal conductivity 21.5 [W/m/k] [27]

3.2 Continua

The PAV mock-up is made of stainless steal SS 304, while the membrane
of the tubes are made of niobium and the fluid is, of course, PbLi. The
properties of the materials are summarized in Table 3.3.

To ease the set-up of the simulation, constant values have been used where
possible, referring to the values around operating temperature. The default
value for turbulent Prandtl number of PbLi, proposed by STAR-CCM+, was
0.9. Being PbLi an heavy material, the turbulent Prandtl number has been
changed to 4.12 according to (3.1) from [19]

Prt =

{
4.12 Pe ≤ 1000

0.01·Pe
[0.018·Pe0.8−(7−A)]1.25

1000 ≤ Pe ≤ 6000
(3.1)
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Table 3.4: PbLi properties from [29].

Property Expression

ρ [ kg
m3 ] 10520.35− 1.19 · T [K]

cp [ J
g·K ] 0.195− 9.116× 10−6 · T [K]

α [ cm
2

s
] 3.46× 10−4 · T [K]− 0.105

k [ W
cm·K ] 0.145 + 1.963× 10−4 · T [°C]

µ [Pa · s] 6.11× 10−3 − 2.26× 10−5 · T + 3.77× 10−8 · T 2 − 2.29× 10−11 · T 3

where

A =


4.5 Pe ≤ 1000

5.4− 9× 10−4 · Pe 1000 ≤ Pe ≤ 2000

3.6Pe ≥ 2000

(3.2)

and Pe = Re · Pr.
The hydraulic and thermal results have not been affected by that change,

this may be due to the low turbulence of the fluid regime.

3.3 The mesh

In this section the mesh developed to describe the mock-up geometry is
presented. The types of mesh adopted are:

� Surface mesher;

� Polyhedral mesher;

� Thin mesher;

� Prism layer mesher;

and the total number of cells resulted to be 4.5 MCells.

Fluid domain mesh

The mesh base size adopted for the fluid domain is 10 mm but a significant
refinement (to 1 mm) is needed for the bulk fluid, near the inlets and outlets
of Nb tubes, to properly account for the entrance and jet effects, visible in
Fig.3.3. This refinement is shown in Fig. 3.5c.
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(a)

(b)

(c)

Figure 3.2: Grid developed for the 3D CFD simulations of the PAV mock-
up. (a) External view of the PAV, detail on the bottom part. (b) Detail on
the connection tubes-manifold where the refinement can be appreciate. (c)
Detail on the bends of the Tubes.
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Figure 3.3: Section view of inlet (on the right) and outlet (on the left) man-
ifolds. Highlight of jet effects at the inlet and at the outlet of the tubes.

Figure 3.4: Section view of inlet (on the right) and outlet (on the left) man-
ifolds. Highlight of temperature field at the inlet and at the outlet of the
tubes.
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(a)

(b) (c)

Figure 3.5: Details on the mesh. Detail on tubes in (a) with fluid domain
in grey and solid domain in orange. Detail on tubes extrusion in (b) with
fluid tube domain in grey and fluid manifold domain in green. Detail on bulk
refinement in (c).
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Treating a turbulent flow regime in the tubes, prismatic layers at the wall
were adopted. The number of layers was set to four, allowing a good solution
of the Navier-Stokes equations in the boundary layer, it can be appreciated
in Fig.3.5a.

In the Nb tubes, an extruded mesh with element of 45 mm is used. The
mesh guarantees continuity in cell size at the interfaces as reported in Fig.3.5b
where the size of the extrusion starts with the size of the manifold cell size
up to 45 mm.

Solid domain mesh

For the solid computational domain, the mesh is made by a mix of polyhedral
cells in thick regions, and prismatic cells, in thin regions, with a base size
that locally matches the fluid one.

The Surface mesher and the Polyhedral mesher was adopted in the au-
tometed mesh for the solid region with a base size of 10mm

The Thin mesher creates a prismatic type mesh for the areas that are
recognized as thin and the bulk areas are meshed with the core volume mesher
that is selected. It creates a conformal mesh between any concurrent parts
that are included in the same Automated mesh operation. This mesher is
adopted for the PAV envelope and for the Nb membrane, the number of thin
layers was set to 6 as shown in the orange region in Fig.3.5a.

3.4 Hydraulic analysis

The LiPb flow distribution among the different pipes have been computed
to check the homogeneity of the flow distribution: a severe flow unbalance,
causing a deviation from the average speed, would affect the extraction effi-
ciency.

The LiPb flow in the tubes is in turbulent conditions for the entire
range of operational mass flow rate. A two-equation Reynolds-averaged
Navier–Stokes (RANS) k−ω SST model is adopted in the simulations, with
an all-y + wall treatment.

k-Omega SST model

The k-Omega turbulence model is a two-equation model that solves transport
equations for the turbulent kinetic energy k and the specific dissipation rate
ω in order to determine the turbulent eddy viscosity.

The advantage of k-Omega model over k-Epsilon model is its high perfor-
mance under adverse pressure gradients in the boundary layer without requir-
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ing further modification. While, the big disadvantage is that the boundary
layer computations is strongly affected to the values of ω in the free-stream,
thus extreme sensitivity to inlet boundary conditions for internal flows.

This problem was addressed by Menter [21], who transformed the Stan-
dard ε transport equation in the k-Epsilon model into an ω transport equation
by variable substitution. This transformation adds a non-conservative cross-
diffusion term containing the dot product ∇k ·∇ω. Menter suggested using a
blending function that would include the cross-diffusion term far from walls,
but not near the wall. This approach effectively blends a k-Epsilon model in
the far-field with a k-Omega model near the wall. Menter also introduced a
modification to the linear constitutive equation and named the model con-
taining this modification the SST (shear-stress transport) k-Omega model.

Results of the hydraulic analysis

The flow repartition among different tubes is reported in Fig. 3.6a. It is close
to the average value within < 5% for different values of the mass flow rates
giving an acceptable homogeneity of the speed. Values of maximum speed
around 0.5 m/s could be achieved with mass flow rates of 2–2.5 kg/s. Note
that the maximum difference in velocities among the tubes remains below
0.1 m/s at the higher total flow rate, 4.5 m/s, which corresponds to the
worst flow distribution.

As expected, the flow repartition shows a slightly lower flow rate in the
longest channels, while the shortest channels have, on average, the largest
flow rate. This is especially true for the second pipe passage, while the first
passage is affected by some jet effects from the inlet pipe that affects, in
particular, the central pipes, as shown in Fig.3.7.

The pressure drop of the whole PAV mock-up is plotted in Fig. 3.8.
While, concerning the characterization of each tube, the friction factors of
each tube, at different total mass flow rates, have been gather in Fig. 3.9
and by means of power law fitting, the friction factor as function of Reynolds
number can be expressed by:

FF = 0.2413 ·Re−0.235 (3.3)

where FF is the friction factor of the tubes. To obtain the friction factor the
following method was adopted:

� Take pressure drop of each U-tube from the CFD simulation at different
total mass flow rates in the range 0.2÷ 4.5 [kg/s].

� Compute linear pressure drop by dividing from the length of each tube,
for tube length refer to 3.1.
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Figure 3.6: (a) Mass flow rate repartition among the mock-up pipes, normal-
ized to the average value and (b) maximum speed in the pipes (first passage:
pipes L1-L2, M1-M3, S1-S3, see inset, and second passage: pipes L3-L4, M4-
M6, S4-S6), for the total mass flow rate of 0.75 kg/s (light bars) and 4.5 kg/s
(dark bars). In (b), the dark bars refer to the right axis.
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Figure 3.7: Flow field computed in the manifolds, for a mass flow rate of
0.75 kg/s.

� By inverse formula (3.4) compute the friction factor.

FF =
2

16
· π2d5 · ρ∆P

l
· 1

ṁ2
(3.4)

� Express friction factors as function of Re number by substituting the
mass flow rate

m =
4 · ṁ
π · µ · d

(3.5)

� Fitting of the results, Fig.3.9.

The adopted symbols refer to: mass flow rate ṁ, pressure drop ∆P , viscosity
µ, internal diameter d and density ρ.

3.5 Thermal analysis

The steady-state thermal-fluid analysis of the entire mock-up has been per-
formed in the most conservative case (higher LiPb temperature) imposing a
uniform temperature of 450 °C (723 K) on the outer surface of the manifolds,
while allowing convective and radiative heat transfer from the vessel to the
environment, assumed at 15 °C (288 K), with a heat transfer coefficient of
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Figure 3.8: Pressure drop of the PAV mock-up as function ofPbLimass flow
rate, results from CFD analysis

Figure 3.9: Friction factor as function of Reynolds number. Power law fitting
of the CFD results with Excel.
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Table 3.5: Boundary conditions of PAV mock-up simulation

Boundary Value Units

Temperatures

External manifold surface 723 [K]
Inlet 723 [K]

Ambient 288 [K]

Mass flow rate

Inlet 0.2÷ 4.5 [kg/s]

Emissivities

Nb 0.15 [−]
SS304 0.40 [−]

Heat transfer coefficient

External surface of Envelope 10 [W/m2/K]
Internal surface of Envelope 0 [W/m2/K]

Nb surface 0 [W/m2/K]

10 W/m2/K [22] and an emissivity of the surface of 0.4 for the vessel wall
and of 0.15 for the niobium pipes. The LiPb is entering the manifold conser-
vatively at a constant temperature of 450 °C. The boundary conditions are
summarized in Table 3.5

In the simulations, the internal radiation transfer from the pipes to the
vessel is modelled using a surface-to-surface approach, which automatically
evaluates the view factors for all the radiative surfaces. The resulting tem-
perature map in the mock-up is shown in normalized form (3.6) in Fig.3.10.

Tinlet − T
Tinlet − Tambient

(3.6)

While the manifolds are globally at a temperature close to the fluid nom-
inal inlet temperature (as expected, see Fig.3.10a), the pipes loose power by
radiation to the vessel, which is at the temperature very close to the ambi-
ent one. Without an additional heating inside the vessel, at low mass flow
rates, the pipes are expected to be at a temperature quite lower than the
nominal one, and non-uniform along their length due to the thermal bridge
of the plate, see Fig. 3.10b. This temperature reduction affects extraction
efficiency of the PAV that is why a heating system is proposed in the work
of Papa et al. [23].
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Figure 3.10: Steady-state normalized temperature difference computed as
(Tinlet –T)/(Tinlet – Tambient) in the mock-up (a), with a zoom on the
fluid domain (b), for the minimum mass flow rate (0.2kg/s).

Figure 3.11: Fluid domain temperature field at 0.75 kg/s.
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Surface-2-Surface Heat transfer radiation

Being thermal radiation the only heat transfer mechanism inside the PAV, it
must be taken into account. The Surface-2-Surface (S2S) model is a deter-
ministic model that computes radiative heat transfer between surfaces using
view factors. The model evaluates the view factor for each surface cell of
the domain and compute thermal radiation with the rest of the domain.
The view factors calculation is computationally expensive, but it needs to
be done only once at the beginning of the simulation since the geometry
does not change, this calculus is done by the View Factor Calculator model
automatically. The accuracy of the S2S model depends on the number of
rays used in the view factor computations, that means that it depends on
the number of surface cell used in the grid development.

Each material is characterized by:

� Emissivity. The ratio of the power that a body emits to the power it
would emit as a black body at the same temperature.

� Reflectivity. The ratio of reflected radiant energy over incident radiant
energy at a given surface.

� Transmissivity. The ratio of transmitted radiant energy over incident
radiant energy at a given surface.

In the radiative model it is possible to simulate wavelength-dependent radi-
ation properties, this is possible with Multiband Thermal Radiation model.
For sake of simplicity, in this work the radiation properties are assumed
constant in wavelength, the Gray Thermal Radiation model is adopted. In
particular, the radiation model is used only for solid domain (SS304 and Nb),
their emissivity have been reported in Table 3.5. Clearly the transmissivity is
equal to zero since the material are opaque and the reflectivity is calculated
by the solver.



Chapter 4

Lumped model for PAV
mock-up

This section aims to create a lumped model for the RadiaTube, a single
tube corresponding to half of one U-shaped tube of the PAV mock-up. The
RadiaTube will account for: Tritium permeation, radiative heat transfer and
pressure losses. Once the Radiatube is defined, the lumped model PAV
mock-up is assembled by properly connect different RadiaTubes.

The lumped model is built in OpenModelica, based on Modelica language.
This modelling language main characteristics are:

� A-causal meaning that the model is based on equation and not on
algorithm (like Matlab and C/C++). The model is built in such a way
that there are no inputs and outputs defined a priori.

� Object Oriented language OOL, meaning that the modelling rely on
modularity and code re-use: a single model can be made of multiple
(re-used) sub-models. OLL follows 3 principles: Encapsulation, Aggre-
gation, Inheritance.

� Both algebraic equation and ODEs may be written [18].

4.1 Permeation characterization

Following the order of this work, the first characterization is related to Tri-
tium permeation through the Nb membrane. All the equation reported in
Section 2 have been implemented in the Modelica code. From these model
have been created an object, called TP (Tritium Permeation) in Fig. 4.6,
capable to calculate Tritium permeation considering the RadiaTube param-
eters.

44
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Figure 4.1: Set up for the validation of the permeation lumped model.

The inputs for the TP object are:

� Length of the pipe;

� Inner diameter of the pipe;

� Thickness of the Nb membrane;

� Mean Temperature of the PbLi flow;

� Tritium partial pressure at the inlet.

Tritium Permation object is built according encapsulation concept to pro-
vide permeation results: when drag and dropped in the RadiaTube object no
further modelling is needed. The TP object hides all the equations that will
give the results according the operating conditions of the RadiaTube. The
aforementioned inputs are taken from the RadiaTube, where TP is located,
except Tritium partial pressure at the inlet that is consider always at 100Pa.
An example of the input dialogue window is provided by Fig. 4.3.

Concerning the result of TP model, they are the same of those obtained
with Matlab script as can be appreciate in Fig.4.2. The input parameters for
the validation are listed in Table 4.1 and in Fig.4.1 is shown the simulated
model in OpenModelica.
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(a)

(b)

Figure 4.2: The comparison of the two results obtained with different On-
penModelica (a) and Matlab (b) from the permeation model of this work.
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Table 4.1: Input parameter for the validation of lumped permeation model

Parameter Value

Solubility constant Aiello
Mass flow rate 0.1358 [kg/s]
Mean velocity 0.21 [m/s]

Density 9800 [kg/m3]
Temperature 603.15 [K]

(a)

(b)

Figure 4.3: Different set-up for TP and RadiaTube objects. Input parameters
for the set-up of the Tritium Permeation object in (a) and for the RadiaTube
in (b).
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Figure 4.4: Relative error, defined in (4.1), of pressure drop of the tubes.
Tubes of the second passage are selected to get rid of jet effects due to the
PAV inlet flow rate.

4.2 Hydraulic characterization

From the CFD results it was possible to retrieve the friction factor of the
tubes as function of Re number from (3.3). By implementing this equation
in the RadiaTube script it is possible to correctly compute the pressure drop.
The results of this validation are carried out at constant temperature equal to
723.15 K (inlet temperature of CFD simulations). The relative error, defined
according (4.1), between pressure drop result with lumped model and CFD
simulation is reported in Fig. 4.4

error =

∣∣∣∣∆PModelica −∆PSTAR−CCM+

∆PSTAR−CCM+

∣∣∣∣ (4.1)

it can be seen that the results are good at low mass flow rate, as soon as
mass flow rate increases the error increases as well, this behaviour is coherent
with the fitting in Fig.3.9 where the fitting curve properly approximate the
friction factor at low Re numbers.
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(a) (b)

Figure 4.5: Sketch of of tubes-envelope section in (a) and detail on a generic
tube in (b). In yellow and in orange the thermal connectors implemented in
OpenModelica to account of view factors.

4.3 Thermal characterization

For the thermal characterization of the tubes view factors are needed. The
RadiaTube transfers heat only by thermal radiation and especially with the
neighbouring tubes, where the view factor is higher, and, for the external
tubes, with the envelope. The yellow connectors in Fig.4.5b are the red
HeatPorts, called VF X, in Fig.4.6. These connectors are needed to allow
thermal radiation between tubes. Indeed, they provides the temperature
values of the different tubes to be implemented in the energy balance equation
of each Radiatube.

Thermal Radiation

Every body at temperature higher then 0 K emits radiation, a black body is
a perfect emitter of thermal radiation meaning that it emits thermal radia-
tion according to the Planck’s law, plotted in Fig.4.7. In reality the bodies
are not black bodies, indeed they are called gray bodies, meaning that they
would emit less thermal radiation compared to a black body at the same
temperature, this is the concept of emissivity ε in (4.2)

ε =
Radiation emitted by a gray body at temperature T

Radiation emitted by a black body at temperature T
(4.2)



CHAPTER 4. LUMPED MODEL FOR PAV MOCK-UP 50

Figure 4.6: RadiaTube characterized by 8 view factor and tritium permeation
calculus

The emissivities adopted in the lumped model are the same of those adopted
in the CFD simulations and they constitute the surface sesistance to thermal
radiation.

The other resistance, in the thermal radiation, is the geometrical resis-
tance given by the view factors. Intuitively, if two surfaces, at different
temperatures, are very close to each other, they will greatly interact. If the
same two surfaces are pushed away from each other they will interact less
and less. The limiting case is when the two surfaces does not see each other,
in that case the interaction by thermal radiation will be null. This concept
of View Factor can be reduced to a single formula (4.3)

Fij =
1

Ai

·
∫
Ai

∫
Aj

cosθi · cosθj
π ·R2

· dAi dAj (4.3)

where the labels i and j, and the different angles, refer to the areas in
Fig.(4.8).
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Figure 4.7: Planck’s law that shows the spectrum of thermal radiation at
different temperatures.
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Figure 4.8: View factor associated with radiation exchange between elemental
surfaces of area dAi and dAj. Image from [22].

Luckily the integral in (4.3) has been evaluated for different configura-
tions. For the evaluation of the view factors between tubes (4.4) is used,
taken from [24]

F1→2 = F2→1 =
1

π
·
(√

X2 − 1 + sin−1
1

X
−X

)
(4.4)

where X = 1 + s/2r, with s and r given in Fig.4.9. In the PAV mock-up
configuration s = 20 mm for the tubes located at: north, south, east, west
and s = 32.45 mm for the tubes located at the diagonals (e.g. north-east).

By means of (4.4), being s = 20 mm and r = 5 mm, the view factors
between tubes are equal to 0.054 for frontal tubes and equal to 0.038 for
diagonal ones.

Figure 4.9: Section of two cylinders infinitely long with generic radii r and
pitch s.
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4.4 Assembling of RadiaTubes

The final goal of this work is to assemble multiple RadiaTubes to reproduce
the PAV mock-up. This assembling will be the starting point for future
validation of the model against experimental results, and for the scaling up
for future PAV design for fusion reactor.

The assembly is nevertheless quite expensive, two RadiaTube are needed
for each passage: one for upward flow and one for downward flow. Eventually,
for the PAV mock-up, 32 RadiaTubes are needed. This makes the assembly
quite expensive, especially in prospective of future scaling up, development
of a proper code, able to consider multiple tubes and automatically connect
each thermal radiation connector is required.

Assumptions

Considering the thermal analysis on a single passage of U-tubes, in particular
the field function (4.5) in the first passage

Tinlet − Taverage,tube
Tinlet − Tambient

(4.5)

where Taverage,tube is the mean temperature of the fluid in the single passage.
It is possible to collect the results in Fig.4.10, where it can be notice that
the decrease in temperature of each tube is almost the same.

Figure 4.10: Field function (4.5) for each tube of the first passage.
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Figure 4.11: Section view of the 8 tubes (1/4 of the whole bank of tubes)
lumped in one single, equivalent, tube.

As a consequence it can be assumed that, in case of the PAV mock-up,
the tubes of the same passage undergo the same temperature reduction, thus
a single tube can be considered in the thermal radiation. Than the lumped
model is built according Fig. 4.12 and Fig. 4.13, where the RadiaTube refers
to half single passage of U-tubes. The mass corresponds to the mass flow
rate of one single tube (i.e. 1/8 the total mass flow rate of the PAV) allowing
the right pressure drop evaluation.

On the other hand, in the energy balance equation this simplification
must be accounted by multiplying the power, carried on by the inlet flow
rate, by a factor 8. Moreover, the view factors between tubes and envelope
must be re-evaluated considering a heat transfer area equivalent to 8 tubes.

The view factor are calculated according (4.4), considering s = 70 mm
and r = 20 mm, resulting equal to 0.09 between frontal tubes and equal to
0.06 for diagonal ones. The value of the radius is retrieved by considering an
equivalent surface area with diameter equal to eight times half diameter of a
single tube (half diameter of each tube is always facing inwards). While the
pitch s is calculated considering the tube located at the middle of the tube
array.

To ease the modelling, the manifolds have been not modelled, instead
a fixed mass flow rate, pre-existing Modelica object, is imposed on each
half-passage tube as shown in Fig.4.13. Then, considering the simplified
geometry, proposed in the view section in Fig. 4.11, the mean temperature
of each passage is equal to the one obtained in the CFD simulation. In
Table 4.2 the results are almost the same (error less than 0.5%), the lumped
model considers an inlet temperature on the second passage equal to the inlet
temperature of the first one, for that reason the average temperature is the
same.
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Figure 4.12: Condensation of PAV mock-up tubes. Each passage is modelled
with two RadiaTube
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Figure 4.13: Suggested lumped model for PAV mock-up

Table 4.2: Comparison of mean temperature, pressure drop and Tritium
extraction efficiency of each U-tubes passage obtained with CFD and lumped
RadiaTube model at 0.75 kg/s.

Parameter CFD Lumped model

Temperature 1st passage 719.5 K 718.8 K
Temperature 2nd passage 717.4 K 718.8 K

∆P 1st passage
590÷ 610 Pa

590 Pa
∆P 2nd passage 590 Pa

Tritium extraction efficiency 22.48 % 22.44 %



Chapter 5

Conclusions

The aim of this work was to develop a lumped parameter model of the PAV
mock-up capable of calculating the permeation of Tritium and the radiative
heat exchange reproducing at the same time the hudraulic characteristic of
the PAV.

Thanks to mathematical models of Tritium permeation through niobium
membranes, and by means of CFD simulations, it was possible to fully char-
acterize the RadiaTube. The RadiaTube is the basis of the mock-up PAV, it
represents the half U-tube model of the mock-up PAV, it is able to calculate
the permeation, validated against the results of the mathematical model, cor-
rectly reproduces the pressure drops, validated against the CFD model, and is
able to simulate the radiation heat exchange that occurs between the tubes
and the envelope. This model, together with the CFD thermo-hydraulic
model and the tritium permeation model, must be validated against experi-
mental results. An experimental campaign on the mock-up PAV is currently
ongoing at ENEA-Brasimone, it will provide the data in order to validate the
lumped parameter model, along with the other detailed models. Once the
validation has been completed, the lumped model is ready for the scaling up
to the design of a PAV for the future DEMO reactor.
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