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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 — «(3.5 MeV) +n(14.1 MeV) (1.1)

Q&
/@
Q

“He +35 MeV
n+14,1 MeV

Figure 1.1: Sketch of D-T nuclear fusion reaction, [2]. *H and “H 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 «
particle (‘He).
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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/m?)[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)

Li’ +n— He' + T+n—25 MeV (1.2)

Li® +n — He' + T+ n +4.86 MeV (1.3)

Natural Li is made of 92.5 % by Li’ and 7.5 % by Li® 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.

T /million K
15 150 1500 000
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j-16

S0

{ov)
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10 19

102

1 10 100 1000
T [keV

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 5~
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]

T produced in blanket

TBR =
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 .



CHAPTER 1. INTRODUCTION 12

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:

e 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.

e 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.

e 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 Radia Tube,
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.

Vacuum +
t tritium
L
Cm : - = = : cr:u.rr
- = -
. ﬂ . T L] *et
V4
membrane

L

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

13
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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:

e Radial transport in liquid.
e Surface transport phenomena on the solid membrane.

e Bulk transport phenomena on the solid membrane.

Radial transport in the fluid is dictated by

JT = KT . (Cbulk - Cwall,liquid) (21)
where K7 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 K7 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 - Re%913 . 50346 (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
di . KT

DPbLi

Sh = (2.3)

where d; is the internal diameter, K1 the mass transport coefficient and
Dpyr; the diffusivity constant of the liquid metal. Recalling that, Sc is the
Schmadt number

HPyLi
Se= —————— 2.4
ppori - Dppri ( )

with pppri, pprori and Dpyr; the liquid metal viscosity, density and diffu-
sivity respectively. BY inverse formula the K7 can be calculated as

Dot g 0913 b 0.346
Ky = PbLi 0.0096 - (prLz z) ) ( PbLi ) (2.5)
d; IPbLi ppori - Dpori
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The driving phenomena to transport of (2.1), is the difference in Tritium
concentration at the bulk Cp,, and at the wall Cyai 1iquia. These concentra-
tions are related to the partial pressure by Sieverts’ law

Cr = Ks\/Pr (2.6)

where Kg 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

C qui K soli
CT,wall KS,liquid
In the bulk of the solid membrane the transport mechanism is diffusion,
governed by the Fick’s law equation (2.8)

J = _Dsolidaa_f (28)
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.

K, K
W=7 5t /o (2.9)

where the constants refer to the Nb solid membrane, selected because an
high-permeability material, ¢ 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.

Jd']_ Jd']_
Jr,l Jr,z J"91 J"'z
P P=~0 P P=0
C Cy=0C}
C;=0
(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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J = Kr(Cg - Cu,) J=-D,3%€

—_— E—

C=0

Ti L

(a) Tritium radial distribution

'I"'" rp

(b) Tritium mass balance on infinitesimal liquid volume

17

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

Jr Tritium permeated flux

v Velocity

d Diameter

Kr Tritium mass constant coefficient
D Diffusivity constant
K, e Recombination constant

Kg Solubility (Sieverts) constant

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

e Mass balance in fluid volume

8Cbulk(z) 4

LD = ——— - Tr(2) (2.10)
e Tritium transport in radial direction in the fluid
Jr = K1 - (Coutks — Cuall liquid) (2.11)
e Diffusion of tritium in the bulk of the membrane (DLR)
J diffusion = 2. Dotia - Cwait,solid (2.12)
T ()

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

Jsurface — Nyrec,solid * Cfuall,solid (213)
e Thermodynamic equilibrium at the liquid-solid interface
K5, sotid
C’wall,solid - Cwall,liquid : 2 (214)
K jiquid

The meanings of the adopted symbols are listed in Table 2.2.



CHAPTER 2. PERMEATION MODEL FOR PAV 19

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)

1
JT,DLR = Kg-Cpur | 1+ T Disotia-Ks,solid 2 (2'15)

K1-Ksliquid d~ln(%")

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

2. Az

5"

CT,b<Zn+1) = CT,b(Zn) - : JT(% 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 Garcinufio 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.

f—
_—
e
==
=
=
b
-
-
-
=
-
-~
N,
o

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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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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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 10* < Re < 10°  [-]

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

Parameter Value Units
Total mppr; Outboard 1127 [kg/s]
Total 7 ppr; Inboard 499 [kg/s]
PbLi Temperature 330 — 400 — 500  [°C]
Tritium partial pressure ( inlet of PAV) 200 [Pal
Membrane thickness 4 x 104 [m]
Internal diameter 9.2—-13x1072  [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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/ Mass flow rates from Table 1 /
/ Assume # parallel PAVU for / Assume # parallel PAVU for
DBluop OB loop
Compute: Compute:

-v = f(#tubes) -v = f(# tubes)
- AP = f(# tubes) - AP = f(# tubes)
Limits Table 2: Limits Table 2:
-10* < Re < 10° -10* < Re < 10°
-AP < 2 bar - AP < 2 bar
Identify #PP range Identify #PP range
for IB PAVU for OB PAVU

PP 1B \ no
compatible

with #PP OB?

Range of #PP for PAVU able /
to fulfil both IB and OB +  Compute efficiency
constraints /

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 7 as function of tubes length is calculated as:

. Cout
Oi n

n=1 (2.17)
where C;, and C,,;, 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 x 1078 exp(—1350/R/T) [atomic fr - Pa=%5] Reiter [9]
T 2.32 x 1078 exp(—1350/R/T) [atomic fr - Pa=%5] Reiter [9]
H 0.237 exp(—12844/R/T) [mol - Pa™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
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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:

e the inlet pipe;
e the discharged pipe;
e 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
1805.25 (S)
Length of the pipes 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

29

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.
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Table 3.2: PAV mock-up operating conditions.

Parameter Value Unit
Operative internal pressure of the vessel 107t +10°  [Pad]
Max internal pressure of the vessel 1.1-10° [Pal]
Max internal pressure of the Nb pipes 4-10° [Pal)
Max internal pressure of the LiPb collector 5-10° [Pal
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+45 [kg/s]
Vessel filling gas (during long stops) Helium [—]

Table 3.3: PAV mock-up material properties.

Material Property Value Units Ref
Density 8570.00 [kg/m?]
Nb Specific Heat 290.00 [J/kg/K] [28]
Thermal conductivity — 57.00  [W/m/k]
Density 7800.00 [kg/m?®]  [25]
SS304  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]

4.12 Pe <1000
Prt = (31)

GL-Pe 1000 < Pe < 6000

[0.018-Pe08—(7—A)] 125
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Table 3.4: PbLi properties from [29].

Property Expression

ka1 10520.35 — 1.19- T [K]
¢y [-L] 0.195 — 9.116 x 10°% - ' [K]
(@] 3.46 x 10~* - T' [K] — 0.105
]
]

«
k2] 0.145 +1.963 x 10 T [°C]
pPa-s] 6.11x 1073 =226 x 1075 - T 4 3.77 x 105 - T2 — 2.29 x 1011 . T3
where
45 Pe <1000
A={54-9x10"*-Pe 1000 < Pe < 2000 (3.2)
3.6Pe > 2000

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:

e Surface mesher;

e Polyhedral mesher;
e Thin mesher;

e 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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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.

B

Temperature (K}
715.4 T84 T3040 7230

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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(b)

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 —w SST model is adopted in the simulations, with
an all-y 4+ 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
w 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 w 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 € transport equation in the k-Epsilon model into an w transport equation
by variable substitution. This transformation adds a non-conservative cross-
diffusion term containing the dot product Vk-Vw. 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™ %% (3.3)

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

e 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].

e 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 L3-1.4, 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.

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

2 ,. AP 1
— = oprdh . /== 4
16 " PTT e (3-4)

FF
e Express friction factors as function of Re number by substituting the

mass flow rate )
4-m

m =

i (3.5)

e Fitting of the results, Fig.3.9.

The adopted symbols refer to: mass flow rate r, pressure drop AP, viscosity
1, internal diameter d and density p.

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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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+45 [kg/s]

Emissivities
Nb  0.15 -]
SS304  0.40 ]
Heat transfer coefficient
External surface of Envelope 10 (W/m? /K]
Internal surface of Envelope 0 (W/m? /K]
Nb surface 0 (W/m? /K]

10 W/m?/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.

T'inlet =T

iFinlet - 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).
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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:

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

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

e 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. Omnce 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:

e 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.

e 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.

e 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:

e Length of the pipe;

e Inner diameter of the pipe;

e Thickness of the Nb membrane;

e Mean Temperature of the PbLi flow;
e 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 100 Pa.
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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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/m?]
Temperature 603.15 [K]

General Modifiers

Components

Nome: TP

Class

Percorsc:  Permestion_Validation. TP

Commento:

Parameters

N_Dx (-} # =izl elements

length m {m} length

dizmetar_in I:I m {m} inner diamstar

thickness m {m} membrane thickness

p_0 bar *| {Pz) partizl pressure of H/DYT =t the inlst

(a)

Geometry
Lt |4'3 | m Length
thickness |4e-4 | m Mazmbrans thickness
Dt |0.0!J'92 | m Pipe inner diametar
Delts? |.:| | m Elevation of cutlet over inlet

(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 — APyrodetica — APsrar—com+ (4.1)

APspar—com+

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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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 € in (4.2)

Radiation emitted by a gray body at temperature T

= 4.2
¢ Radiation emitted by a black body at temperature T (42)
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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)

0; 0;
I 03

where the labels ¢ and 7, 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 dA; and dA;. 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]

1 1
F1—>2:F2—)1:_' <\/X2—1+SZ.’H,_1Y—X) (44)
™

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

ﬂnlet - Taverage,tube

(4.5)

Enlet - Tambient

where Thyeragetuve 15 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.

0.015

o
o
=

o
=]
=]
=]

(Tinlet_Tmean)'((Tinlet_Tambient) )

L1 L2 M1 M2 M3 S1 52 53

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 1% passage 719.5 K 718.8 K
Temperature 2"? passage 7174 K 718.8 K

AP 1% passage ) 590 Pa
AP 2™ passage 590+ 610 Pa 590 Pa

Tritium extraction efficiency 22.48 % 22.44 %
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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.

o7
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Engineering design of a Permeator Against Vacuum mock-up with
niobium membrane

F. Papa®, M. Utili®, A. Venturini®, G. Caruso®, L. Saveldi®, R. Bonifetto®, D. Valerio®, A. Allio®,
A. Collaku®, M. Tarantino®

IMAEE Department, Sapienza University of Rome, (W186, Rome — laly
SENEA, Department of Fusion and Nuclear Safety Technology, 40032, Camugnano (BO) — laly
“Dipartimento Energia “Galileo Ferraris”, Politecnico di Torino, Torino (TO) — laly

Permeator Against Vacuum (PAV) is one of the technologies proposed for the Tritium Extraction and Removal
System (TERS) of the Water-Cooled Lithium Lead Breeding Blanket (WCLL BE). The paper presents the activity
aimed at the engmeering design of a PAYV mock-up with a niobium membrane, in order to later assemble and
qualify it. Experience gained in the engineering design of the mock-up, the heating system, the instrumentation,
and the vacuum line is illustrated. This experience will be useful for the preliminary design, the manufacturing
and the operation of the PAY with niobium membrane for DEMO. MNiobium was selected as membrane matenial
of this mock-up because of its high permeability and for its lower cost compared o vanadium, the other candidate
material for membranes. Besides, niobium has a lower tendency to oxidation than vanadium. Oxidation would
reduce the hydrogen isotopes permeation flux. In this paper, the solution adopted to manufacture the PAV mock-
up, a complex component with niobium and P22 parts, is illustrated. The Nb/P22 welding issues are also presented,
in particular related to the compatibility of the welded joints with LiPb. In the chosen design, the LiPb flows with
two passages in 16 (8+8) niobium “U™ shaped pipes installed in a vacuum chamber and welded to a P22 plate. The

U-pipes configuration was selected to minimize the welding area, the volume of the component and the membrane

thickness while trving to preserve the highest possible extraction efficiency.

Keywords: Tritium extraction, Permeator Against Vacuum, Niobium membrane, Design, Lead hithium.

1. Introduction

The Permeator Against Vacuum (PAV) is one of the
selected technologies [1] for the Tritium Extraction and
Removal System (TERS) from LiPb in the WCLL BB
{(Water-Cooled Lithium Lead Breeding Blanket [2]) of
DEMO reactor. TERS has two main functions to close the
fuel cycle:

to extract tritium from the flowing LiPb alloy:

to supply tritium to the Tritium Plant for final
processing.

The PAV technology is based on the phenomenon of
tritium permeation through a membrane which sepamtes
LiPb on one side and vacuum on the other [3]. In this way,
a concentration  gradient  which  promotes  iritium
extraction is established.

In general, tritium transport occurs i two phases: m
LiPb and through the membrane.

In the first phase, the tritium dissolved in LiPb spreads
into the alloy: tritium migrates in the cloud of Pb atoms,
by unbinding from a Li atom and binding to a different Li
atom. Along with this diffusion process, an advection
contribution has to be considered to descrnibe the tritium
behavior, as LiPb is flowing in the PAV.

Tritium transport through the membrane (second
phase) occurs in 5 stages [4].[5]: adsorption, absorption,
diffusion, recombmation and desorplion. Starting from
the LiPb side, tritium atoms are attracted by the metal
membrane (adsorption), which tends to complete its
valence orbitals. So, tritium occupies the interstitial sites
of the membrane lattice. Then, tritium atoms move from
the surface to the bulk of the metal membrane
(absorption).  Later, tntium  diffuses  between  the
interstitial  siles due to the concentration gradient
(diffusion). When tritium reaches the vacuum-facing side
of the membrane, recombination and desorption processes
occur, allowing tritium to leave the membrane in a
molecular form.

One of the sirengths of the PAV is that, once the
tritium is extracted from LiPb, there is no need 1o separate
it from a stripping gas, al the contrary of what happens in
the Gas-Liquid Contactor extraction technology. This also
minimizes the tritium residence time n the system [&].

1. PAV conceptual design
Within EUROfusion project, two configurations and

two membrane materials are currently mvestigated as
main alternatives: planar or cylindrical configuration and
niobium or vanadium materials.

*Carresponding muthor: pierdomenico, forusso@ene. it
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The planar configuration with vanadium membranes
15 bemng mvestigated m CIEMAT laboratories [7]. In this
work, niobium was selected as membrane material for the
mock-up because of its high permeabality [8] and for its
lower cost compared to vanadium (at the ime of writing
the vanadium price is about 3 times higher than that of
niobium). Moreover, this choice was also motivated by
the lower tendency to oxidation of niobium with respect
to vanadium, as it can be seen in Ellingham diagram (e
standard free energy of formation of important oxides as
a function of the temperature) [9]. Oxidation would
reduce the hydrogen isotopes permeation flux [10].
Regarding the configuration, the cylindrical one was
chosen in this work to minimize the welding area, the
volume/area ratio and the membrane thickness while
preserving a high theoretical extraction efficiency.

This configuration minimizes the welding area with
respect to the planar configuration because only the ends
of the pipes have to be welded, while, using plates, the
entire profile as to be welded m order to create a channel.
Moreover, using U-pipes and a single collector, 1t is
possible to make a double passage of the LiPb inside the
vacuum chamber, making hall of the welds.

Using circular pipes instead of rectangular ducts,
allows to adopt a lower thickness to withstand the
operative loads. A lower thickness enhances the tritium
permeation through the membrane.

Therefore, in the selected design, the LiPb flows, in
two passage, through 16 mobium “U" shaped pipes
installed in a vacuum chamber and welded to an F22 plate
{10CrMo9-10, ASTM A182 Grade F22), as shown in
Figure 1.

Figure 1: view of PAV mock-up

The actual efficiency of the PAV mock-up will be
characterized with TRIEX-II facility, a flowmng LiPb
facility dedicated to the characterization of TERS
technologies, in ENEA Brasimone Research Centre [11].
The conceptual design of this mock-up was made by
ENEA and Politecnico di Torino for the WCLL BB [12],

29

while the engineering design was camed out by ENEA
and Sapienza University of Rome to adapt the mock-up 1o
the size of TRIEX-Il facility. Additional thermal-
hydraulic simulations were carried out by Politecnico di

Torino, supporting the engineering design.
The efficiency of the PAV is defined as [13]:

cﬂut.PA‘-'

n=1-
Cinpav

(1)

where, Ciapar 15 the hydrogen isolopes concentration
at the inlet of the PAV mock-up, while Cowrar is the
hydrogen isotopes concentration at the outlet of the PAY
mock-up. In (1), Ciurer 15 an input parameter depending
on the tritium production rate in the reactor, while Coerar

depends on the PAY design.

This paper targets the engineenng design of the PAY
mock-up, with particular attention devoted to  the
solutions to two challenges of the project, and namely:

= The manufacturing process and in particular the
best solution 1o perform the niobium-F22 joining
between the pipes and the plate.

= A heating strategy that does not disturb the
trittum  diffusion  through  the  miobium
membrane, allowing at the same lime o keep the
temperature at the rated value. The use of
conventional heating  cables was in fact
prevented as they would reduce the permeation
area, also adsorbing hydrogen.

2. PAV mock-up description

The geometrical description of the mock-up, the
selected instrumentation and the strategy to join F22 and
Nb are reported i this section.

2.1 Geometrical description

Geometrically, the PAYV mock-up is structured as a
tube-and-shell heat exchanger, obained simplifying the
design proposed in [14], see Figure 2.a. The PAV mock-
up is composed by a cylindrical vessel with 16 niobium
U-tubes, the membranes for hydrogen permeation,
welded on a F22 plate. This matenial has been chosen for
his corrosion resistance in LiPb environments. A medium
vacuum is pumped in the vessel while the LiPb flows in
the nwbium pipes. The LiPb is distributed into the
miobium pipes by a collector which constitutes the lower
part of the PAV. The collector is divided in three parts;
cach part is connected with one pipe in P22 { 10CtMo9-
10, ASTM A335 Grade P22), which connects the mock-
up with the LiPb loop of the facility. The three pipes are:

. the inlet pipe;
. the discharge pipe;
. the outlet pipe.

The inlet pipe s connected with the part of the
collector that allows the LiPb distribution in the first 8
niobium pipes. This part is indicated in red in Figure 2.b.
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The discharge pipe is connected with the part of the
collector (called mixing collector) where the LiPb coming
out from the first 8 niobium pipes mixes. From this
section of the collector, indicated in yellow in Figure 2.b,
the LiPb is distributed in the remaming 8 mobium pipes.
The discharge pipe s needed to allow the gravity draining
of the maxing collector. The outlet pipe is connected with
the section of the collector, indicated n red in Figure 2.b,
where the LiPb coming out from the last 8 niobium pipes
mixes before leaving the mock-up. Therefore, LiPb will
double pass through the vessel, as shown in Figure 2.c and
Figure 2.d. The main dimensions of the mock-up are
reported in Table 1, while the operative conditions are
listed in Table 2. The cylindrical vessel is divided into two
paris so that the upper part can be removed to inspect the
Nb pipes or for mamtenance. The two paris are jomed

a) b)

together by a flange. The upper part is connected to the
gas and vacuum line and hosts two feedthrough
connectors (in red in Figure 3) for the power supply of the
heating systems of niobium pipes (IR lamps, in yellow in
Figure 3}, which are attached inside the vessel. In this way,
when the upper part of the vessel is lifted, the heating
systems will also be lifted. Morcover, the upper part of the
vessel 15 equipped with a quartz porthole to allow the
visual inspection of the tube bundle also during operation.
Quartz has been chosen for its impermeability to
hydrogen isotopes [15]. Instead, the lower part of the
vessel has two thermocouple feedthrough connectors (in
blue in Figure 3), as 50 thermocouples are needed to
monitor LiPb temperature in the 16 Nb tubes. The tube
plate is wide enough to work also as upper flange of a
connection with the collector.

c) d)
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Figure 2. Sketches of the PAV mock-upe (a) simplified sketch of the eylindrical 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} horizonial section of the PAV collector showing its 3 parts and the
connecting pipes; () 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.

Table I: main dimenszions of the PAYV mock-up.

Dimensions |mm]
Heght of the vessel 110600
External diameter of the vessel 32385
Thickness of the vessel 6.35
1805.25 (5)
P]mlﬂ;glh“;:'ic::hTEI: (including the portions welded in the W
1993.74 (L)
External diameter of the Nb pipes 10.00
Internal diameter of the Nb pipes 920
Pitch of the Nb pipes 30.00
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Height of the LiPb collector 156.00
Thickness of the plate 38.00
External diameter of the P22 pipes (inlet/outlet LiPh) 33.40
Thickness of P22 pipes (inlet/outlet LiPb) 338
External diameter of the draining pipe 21.34
Thickness of the draining pipe 277
Table 2: PAV mock-up operative conditions.
Parameter Value Unit
Operative internal pressure of the vessel 10t - 10° [Pa]
Max mternal pressure of the vessel 11107 [Pa]
Max mternal pressure of the Nb pipes 4107 [Pa]
Max internal pressure of the LiPb collector S.10° [Pa]
Max temperature of the collector 530 [*C]
Max temperature of the Nb pipes 500 [*C]
Max temperature of the vessel 100 [*C]
Operative LiPh temperature 350-500 [*C]
Max speed of LiPb in the Nb pipes (at 4.6kg/'s) 0.97 [ms]
Total flow rate of LiPb in the Nb pipes 0.2-4.6 [kg's]
Wessel filling gas (during long stops) Helium [-]

Instead, the lower part of the vessel 1s directly welded
on the tube plate, as shown in Figure 4.

Instead. the lower part of the vessel has two
thermocouple feedthrough connectors (in blue in Figure
3). as 50 thermocouples are needed o monitor LiPb
temperature in the 16 Nb tubes.

The tube plate is wide enough to work also as upper
flange of a connection with the collector. Instead, the
lower part of the vessel is directly welded on the tube
plate, as shown in Figure 4.

. Power
 ponnecton

Figure 4: Detail of the
Figure 3: View of PAV connection between F22 plate
connectors and IR lamps with the collector

2.2 Joining niobium and F22 steel

The most important issue to be solved in order o
manufacture the PAV mock-up was to perform the joining
between the miobium pipes and the F22 plate, as there are
three mauin problems to be solved:

+ niobium easily oxidizes at high temperatures;

#  the melting points of niobium and F22 are very
different, so that performing a welding 15 really
difficult;

*  most of the brazing alloys are made of materials
that are highly soluble in LiPb, such as nickel.

The solution proposed in this paper to jom the niobium
pipe with the F22 plate is to use a vacuum brazing based
on a mickel-based brazing alloy. The vacuum brazing
avoids the oxidation of mobium, while, to prevent nickel
from solubilizing in LiPb, the braxing procedures are
carried out in such a way that aveids the contact between
the filler material and the LiPb. The brazing will be
performed on almost the entire depth of the plate in order
lo create a strong joint between the two materials. The
brazing alloy can withstand up to 1100°C, about 600°C
higher than the operative condition of the mock-up. Each
brazing will be later inspected with not destructive testing
(radiography).

However, a testing joint has also been assessed with
destructive testing before starting the manufacturing, as
the brazing of these materials has never been performed
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earlier. The testing joint will undergo tensile testing o
evaluate its resistance.

A thermal analysis of the mock-up, shown in the
following section, demonstrated the necessity of
additional heating  systems to keep constant the
temperature of the niobium pipes. For this reason, infrared
lamps will be installed in the vessel.

2.3 Heating system of niobium pipes

The heating strategy adopied to keep the LiPb at the
rated temperature and 1o aveid disturbing the tritium
diffusion through the niobium membrane is described in
this section.

The use of heating cables as heating system would not
only be difficult for the installation, since the number of
pipes 1= high compared to the dimensions of the
cvomponent, but also the presence of the cables would
create an additional obstacle o the diffusion of tritium
through the Nb membrane. For these reasons, a different
solution is proposed.

The heating system of the miobium pipes will consist
of 4 double-tube infrared lamps mounted inside the
vessel. The lamps are made of quartz, a material that
prevents hydrogen permeation, so that their presence will
not affect the measurement of the permeated ux [15].
The lamps will allow 1o keep the temperature of the Nb
pipes at about 450°C to avoid the solidification of the
LiPb inside the pipes. The lamps. 100 cm long and
positioned symmetrically with respect to the center, will
have a maximum power of 3.5 W/cm, they will be 100 cm
long and they will have an angle of action of 60°. A lamp
and their positions are shown n Figure 5.

Figure 5: Sketch of an IR lamp and PAV technical
drawing. horizontal section of the vessel showing the IR lamps
position and their angle of action.

3 Detailed analyses in support of the mock-up
design

This section presents the most important calculations
that were made in support of the mock-up engineering

design. In  particular the hydraulic, thermal and
mechanical analyses and the tritium transport analysis.

3.1 Hydraulic analysis: flow distribution in the
Nb pipes
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First, the LiPb flow distribution among the different
pipes must be computed to check the homogeneity of the
flow distnbution: a severe flow unbalance, causing a
deviation from the average speed, would affect the
extraction efficiency. 30 CFD analyses of the LiPb flow,
with special attention to the manifolds (where the flow 1s
split among the pipes), have been carried out using the
commercial software STAR-CCM+[l6], solving the
problem of 30 conjugate heat transfer in the entire mock-
up with a segregated solver.

The LiPb flow in the pipes is m turbulent conditions
for the entire range of operational mass flow rate. A two-
equation Revnolds-averaged Navier—Stokes (RANS) k—w
35T [17] model is adopted in the simulations, with an all-
v+ wall treatment. The chosen model SST-Menter k-
works as a standard k—w in the near-wall region, and as a
k—= model in the fully turbulent region. The mesh
developed to describe the mock-up geometry 1s reporied
in Figure 6. While in the manifolds the cell base size is 10
mm for the fluid, a significant refinement (to | mm) is
necded for the bulk fluid near the inlets and outlels of Nb
tubes. Four pnsmatic layers at the wall allow a good
solution of the Navier-Stokes equations in the boundary
layer. In the Nb tubes, an extruded mesh with element of
45 mm 15 used. 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 total number of cells
resulied to be 4.5MCells.

Figure 6: Grid developed for the 30 CFD simulations of
the PAV mock-up with its main features: (a) the polyhedral
cells in core fluid in the manifold; (b) a finer mesh in the
inlet/outlet of the Nb tubes: (c) prism layers at the walls: (d)
extruded mesh in the Nb tubes.

Figure T.a shows that the flow repartition 1s 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. Nole that the
maximum spread between the speed values stavs below
0.1 m/'s in the worst case (maximum [low rate). The flow
repartition shows a shightly lower flow rate in the longest
channels, while the shortest channels have on average the
largest flow rate, as expected. This is especially true for
the second pipe passage, while the first passage is afTected
by some jet effects from the inlet pipe that affects, in
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particular, the central pipes, as shown in Figure 8.
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Figure 7: (a) Mass flow rate repartition among the mock-up
pipes, normalized to the average value and (b) maximum speod
in the pipes (first passage: pipes L1-L2, M1-M3, S1-583, see
imset, and second passage: pipes L3-14, M4-M6, 54-56), for
the total mass flow rate of 0,75 keg/s (light bars) and 4.5 kg/s
(dark bars). In (b}, the dade bars refer to the right axis.
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5] 015

Figure & Flow ficld computed in the manifolds, for a mass
flow rate of 0.75 kg/s.

3.2 Thermal analysis: thermal losses from
niohium pipes

The steady-state thermal-fluid analysis of the entire
mock-up has been performed in the most conservative
case (higher LiPb tempemiure) 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 10
W/m’K [18] 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 conservatively al a constant
temperature of 450°C. In the simulations, the mternal
radiation transfer from the pipes to the vessel is modeled
using a surface-to-surface approach, which automatically
evaluates the view factors for all the radiative surfaces.

The resulting temperature map in the mock-up s
shown in nomalized form in Figure 9. While the
manifolds are globally at a temperature close to the fluid
nominal inlet temperature (as expected, see Figure 9.a),

63

the pipes lose power by radiation to the vessel, which is at
the temperature very close to the ambient one. Without an
additional heating mmside the vessel, at low mass fow
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 Figure
9.b.

The power balance of the vessel is reported in the
Sankey diagram in Figure 10, highlighting the fraction of
power m input to the mock-up which is released by the
vessel to the environment through convective and
radiative heal transfer. Al all mass flow rates, the
conductive lond from the plate roughly balances the
convective and radiative losses to the environment. Note
that convection dominates over the radiative heat transfer
because the small temperature difference between the
vessel and the surmounding, see Figure 9.a.
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Figure 9: Steady-state normalized temperature difference
computed as (Tinlet — T)Y Tinlet — Tambient) in the mock-up
(&), with a zoom on the fluid domain (b), for the minimuom
mass flow rate (0.2 kg's).
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Figure 10: Sankey diagram highlighting the power balance on
the mock-up for a mass flow of a) 0.2 kg's and b) 4.5 kg's.

3.4 Mechanical analysis and tritium transport
analysis
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The pre-dimensioning of the mock-up is based on the
actual constraints due to the allowable pressure drop (0.5
bar at the maximum mass flow rate of 4.6 kg's, miven the
pump characteristics and the pressure drops of the rest of
the loop components) and to the space allocated for its
installation in TRIEX-II. The constraints on the
dimensions are a maximum manifold height of 160 mm,
an allowed height of the niobium pipes of about 1000 mm
{including the U curve) and a maximum external diameter
of the vessel of 330 mm. The vessel height results about
I 160 mm. The minimum pitch among the pipes is 30 mm
to allow proper welding in the plate.

The design process is composed of the following
steps:

1} The preliminary sizng of the marensitic steel
(10CrMo9-10 [19]) vessel and plate thickness using the
thick shell theory [20] to withstand the operating {10
bar) and design {10 bar) pressures in the vessel;

2}  The sizing of the niwbium pipes (membrane)
diameter in order to satisly the constraints on the pressure
drop and maximum dimensions (ie. assuming the
maximum possible membrane length of ~2000 mm}, as
well as a sumable LiPh speed allowing the best
performances in terms of hydrogen permeation [21].
computed to be ~0.5 m/s;

3} The design of the layout {and definition of the
number) of the niobium pipes to be inserted in the plate,
satisfying the given constraint on the pitch.

As aresult, the minimum vessel and plate thickness is
4.3 mum and 12 mm, respectively, the Nb pipe inner/outer
diameter is 9.2/10 mm [22] and the number of U-pipes per
passage 1s 8.

The mechanical stress was assessed by a thermo-
mechanical model, using COMSOL 5.1 Multiphysics tool
[23]. The deformation of the upper plate in nominal
conditions 15 presented in Figure 11. At the junction
between the vessel and the plate, the thick shell theory
(suitable for cylindrical wall, thick shell and axial
symmetry, far from geometrical discontinuities) loses its
validity, and indeed the deformation is quite large
{although the stress is acceptably below the ~21 MPa
limit, accounting for the safety factor from ASME VIII
Div.1). This (local) effect can be compensated by a senies
of clamps, to assure the structural resistance in all
operating  conditions. Instead, the bottom plate
deformation can be seen in Figure 12, conservatively at a
LiPb temperature of 500%C and during normal operating

conditions.

Frygses [MPE]
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Figure 11: Stress distribution (and deformation) close to the
upper plate in nonmal operating conditions for a PhLi
temperature of 330 “C.

' I

Figure 12. Stress distribution close to the holed plate in nonmal
operating conditions for PhLI temperature of 500 =C.

Finally, the resulting hydrogen extraction efficiency is
assessed for the maximum allowed pipe length by means
of the surface-limited model (SLM), similar to that
described in [21]. The LiPb properties used in the

calculations were taken from [24].

Tritium transport can be modelled in two ways:
surface-limited regime and diffusion-limited regime. In
the diffusion-limited regime [25] the hydrogen isotopes
permeation process is hmited by the atomic diffusion in
the Nb membrane. Instead, the kinetics of () transport is
said to be surface-limited when the surface effects,
adsorption  and recombination, provide the biggest
resistance o permeation [21][26][27][28].

The hydrogen concentration along the LiPbh flow
direction in the PAV chamnels is evaluated with a
transport model. The pressure gradient between the inner
side of the pipes (Nb membrane), where LiPb flows, and
the outer side (the vessel) drives the triium permeation
across the pipe wall together with the surface phenomena.
The motion of the LiPb, as well as the tritium
concentration along the pipe, is modelled by 1D advection
equation along the axial coordinate of each pipe

v-j=—#-vC;
where:
mol
ml-;] m
Tis the speed of LiPb in the pipes [7]
Cris the hydrogen concentration in LiPh
o
=1
To correctly wdentify i which regime the mock-up
operates, the dimensionless permeation parameter should
be used as a erntenon:

ZK:I':K:M' Pin
W= —

_Ti_-i the tritium mass flux [

where:

K; 1s the recombination constant {[m" /5 fmol]),
tis the membrane thickness ([m]).

K, is the solubility constant {[mol/m® fPa®®]),
D is the mass diffusion coefficient {[m?/5]) of
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the membrane,
Pin 15 the partial pressure ([Pa]) of the gas
impinging on the surface.

This number expresses the ratio among the superficial
effects and the diffusion phenomena mside the bulk.
Therefore, if W =<1 the regime can be considered surface-
limited, whereas a W =] implies that the permeation is
completely diffusion-driven. An exhaustive explanation
on the permeation parameter is reported in [28]. The
values used for the evaluation of W are reported in Table
1

This leads tw a W-4:10"2 for the niobium
membrane for T = 330°C.

The permeated flux calculated across the LiPb flow
direction is instead evaluated on the basis of the tritium
concentration gradient in the pipe cross section, as in the
following eq.

I+ (71,2) = hr (Cra(2) = Cropan(2))
where

hy ([m/s]) is the mass transfer coefficient in
LiPb, evaluated according to [29]; for a LiPb
speed of (L5 m/'s and a temperature of 330°C and
S00°C, the hris 71075 m/s and 2 - 1077 mJs,
respectively

Crypan 15 the tntium concentration next to the

wall on the LiPb side.

The results of hydrogen extraction efficiency reported
in Figure |3 for different LiPb temperatures show that the
efficiency is limited by the short length of the mock-up
permeator membrane (< 4 m, considering the double
passage). The former is representative of a non-oxidized
Nb surface, while the latter is the reference for an oxidized
membrane surface.

The maximum efficiency of ~50%4 1s reached for high
temperature values, while at 330°C the efficiency should
be between 5 and 20%.

The physical constants of the Nb membrane and the
mass transfer coefficient in LiPb at different temperatures
have been evaluated using the references quoted i Table
3 and the correlations i [29], in order to obtain the results
shown in Figure 13,

Table 3: Physical constants of the Mk membrane for W at
different temperatures at fixed thickness.

T_ K, |21] K, (2] iy L) i
I'Cl (m*/stmol]  [melfm®/Pa™) [Pal  |mis] Limi]
AW G0Z- 0T 1.26 - 107 I 651107 04 107

S0 0710 07 6 M0 112 10° 410"
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Figure 13: Effect of the vanation of the LiPb temperature on
the H extraction efficiency
computed by the SLM (How velocity fixed at 0.5 ms).

4. Mock-up instrumentation

One of the main aims of the PAV mock-up 1= to
quantify the hydrogen permeation flux through a (.4 mm
thick niobium pipe with flowing LiPb inside and under
different working conditions. To this end, a helium leak
detector (ASM340 series by Pfeiffer Vacuum) will be
connected to the vacuum side of the PAV vessel through
a 1/4" vacuum-tight Swagelok line. The mstrument will
perform an integral measurement of the permeated
hydrogen, from which it will be possible to evaluate the
average permeation flux per unit area. This value will be
used as a reference for the results of numerical models.
The leak detector is equipped with a rotary vane pump
with 15 m¥h backing pump capacity and it has a
minimum detectable rate as low as 5 107 mbarl/s.

Heating cables and bands will be used to heat up the
collector and the P22 pipes that connect the collector o
the facility, to maintain the LiPb that flows in the niobium
pipes at 4530°C,

In order to control the mobium pipes temperature, 50
thermocouples will be installed at different heights on the
pipes. Each pipe will be equipped with two thermocouples
at the inlet and outlet. Additionally, six pipes will have
one more thermocouple at the top of the U-bend and two
more at half height. These six pipes were chosen in order
to have a good mapping of the temperature in the varous
positions, taking advantage of the cylindrical symmetry.

Conclusions

The main objective of this work was to perform the
engineering design of a PAV mock-up with niobium
membrane with the aim to successively install it in
TRIEX-IT facility and to characterize its performances.

A cylindrical shape with U-tubes was selected to
minimize the overall size of the components, the welding
arca and the membrane thickness with respect to the
planar configuration. Miobium was selected as membrane
material for its high hydrogen permeability, its lower
tendency to oxidation and its lower cost with respect to
vanadium.

The design took mio account thresholds for the overall
dimensions and pressure losses and was optimized to limit
the spread of LiPb speed among the pipes. 0.5 m/s was
evaluated the optimal LiPb speed for hydrogen isotopes



CHAPTER 5. CONCLUSIONS

permeation. At 500°C, the obtained mock-up shows a

theoretical maximum extraction efficiency of about 40%.

Thermal simulations highlighted the need for a
heating system to muintain the LiPb temperature almost
uniform in the niobium pipes. Quarte-made infrared
lamps were chosen as heating system of the Nb pipes for
an advantage in nstallation with respect to heating
cables/bands and for the very low permeability of quarte
to hydrogen isotopes, thus mimimizing the negative
influence on the experiments.

A helium leak detector was selected to measure the
permeated flux on the vacuum side of the mock-up. The
integral measurement of permeated flux will allow 1o
evaluate the permeation per unit area and will be used as
reference for the numerical simulations.

The choice of the procedure to join Niobium and F22
ferntic/martensitic steel considered the very different
melting pomts of these matenals, the nickel solubility in
LiPb and the tendency to oxidation of niobium at high
temperature. An mnovative vacuum brazing with a nickel-
based alloy was developed 1o overcome these issues. The
joint will penetrate almost the entire thickness of the plate
and will have high temperature resistance.
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Appendix B

Modelica code

package The RadiaTube
package Media
package PhLL
extends Modelica Media. Incompressible TableBased (mediumMame = "PhLic",
T min = S50B.15, T max = B00, TinK =« true, TO = 603.15, npol = 1, npolViascosity
i1, tableDensity = [TempData, DensityData], tableHeatCapacity = [TempData,
HeatCapacityData], tableConductivity = [TempData, ConductivicyDatal],
tablaViscosity = [TempData, ViecosityData], cableVapoarPressure = [TempData,
VaparData] , Temperature{min = S0E.15, max = BO0D, nominal = E03.15, start =
E£031.15, displaylnit = "E"1);

redeclare function extends density derT p "Return densicy derivacive wrt
temperature at constant pressure”
algorithm
ff density = 10520.35-1_19051+T
ddTp := -1.150581;
end density derT p;

redeclare function extends density derp T "Return density derivative wrt
pressure at const temperature”
algorithm
[ incompressible medium: density doesn't depend on pressure
dAdpT := 0.0;
end density derp T;

redeclare function extends density derh p "Return density derivative wrt
apecifis enrhalpy at constant pressure®
algorithm
f/ density = -4 _1B7EE-04%*h + const
ra -4 1B7&8&-04;
end density derh p;

redeclare function extends density derp h "Return density derivative wrt

pressurs at const specific enthalpy®
algorithm
ff incompressible medium: density doesn't depend on pressure
ddph := 0.0;
end density derp h;
protectad

constant Real [13, 1] TempData = [S0E8; 525; 550; 575; E600; 625; G50; B75;
TOD; T25; T7EO; 775; BOO];

canstant Real [13, 1] VisecosityData = [0.0029423; 0.0026911; 0.0023839;
D.0D21341; D.00122B2; D.DD17EE4; D.00LEL14; 0.0014879; 0.0013BLlE; 0.0012895;
0.0D12092; D.DDL13EB5; O.0DL1O7&0];

constant Real [13, 1] DensityData = [9916; 9895; 9866; 9836; 9806; 9776;
9747y 9717 9EET; 9EET; DE2T; DE0E; DEER]

constant Real [13, 1] HeatCapacityData = [0.190369023; 0.1902141ed;
D.1E99B62&3; D.1B975B3e3; D.1ES55304e3; 0.1893025e3; 0.1890746e3; 0.1BBB46Ted;
0.1BBE1EEB23; D.1EE3900e3; D.1EBBl&3023; D.1B79351a3; 0.1B77072e3];

constant Real [13, 1] ConductivityData = [0.19123285; 0.19457012;
D.19947787; D.2043B562; 0.20929337; 0.21420112; 0.21910887; 0.22401662;
0.22892437; 0.23383212; 0.238739E87; D.24364762; 0.24B555837];

constant Real [13, 1] VaporData = [4, 38775E-12; 1, 77686E-11; 1, 1H104E-
10; &, G641BE-10; 3, 2ZT6EGEZE-09; 1, 43126E-0DB; 5; GE603SE-08; 2; O04755E-07; 6;
BEIT1E-OT7; 2, l41EBE-D&; &, 2941£E-0&; 1, 7S0ESE-05; 4, G3303IE-0E8];

annatationd
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Documentation{info = "<html

< /html="1);
and PhLi;
and Media;

package Types
type VolumetricHeat = Real {unlt = "W/ /mi");
type Sleverts constant = Real {unlt = "mol/m3/Pal.5"});
type Recombination constant = Real {unit = "md/s/mol");
type Permeation constant = Real{unalt = "mol/m/s/Pa0.5"};
type MoleFlux = Real{unlt = "mol/m2/=");

end Types;

packagse Functions
package Propertlies
function rho W
input Madelica Units ST Temperature T;
autput Modelleca . Units SI.Density rho;
algorithm
rho r= 19302.7 - 2.1T7E&2-01 .* (T - 2731_15)} - 2_244Be-05
A
2
end rho W;

package Miable

function Sieverts const
input Modelica Units. 5I.Temperature T;
output Types.Sleverts constant K _5;

algorithm
E S := 0.127 * exp(5550 f T) "(mol/m3i/Pald.5) Sievercs’

Steward (1975)";
end Sleverts const;

function Diffusiviey
input Modelica. Units SI.Temperature T;
autput Modellieca Units SI.DiffusionCoefficient D * (m2/3)
the =alid. Valkléhlefed (1975)"%;
algorithm
D := 52-B * exp{-1230 / Til;
end Diffusivity;

function Recombination const

input Madelica Units 5T Temperature T;

output Types. Recombination constant k _ree " (md/s/mol)™;
algaorithm

k rec :a= le-16 + Ze-12 * (T - 500) * Modelira. Constants
end Recombination const;

function Permeation const
input Modelica Unite 5T Temperature T;
output Types. Permeation constant Phi " (md/s/mol}™;
algaorithm
Phi = 1.2Be-Ej
end Permeation const;
end Niobiag

package PbLi
function rho PbLd
input Modelica Unite ST Temperature T;
autput Modelieca Units ST Densicy rho;
algaorithm
rho := 10.52 & (1 - 113e-& & T) & lad,;
end rho PbLdi;
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® [T - 273_15})

conscantc

diffusivicy in

M A * l0e-8;
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function vise PbLi
input Madelica Units ST Temperature T;
output Modelica Units ST . DynamicViacosicy wiae;
algorithm
vige := 1.BT7e-4 * exp{ll&dd f Modelica Constants. R J T);
end wisc PbLi;

function Sieverts const
input Madelica Units ST Temperature T;
output Types Sleverts constant K S;
algorithm
E S5 '= D0.217 * exp{-12844 / Modelica_ Constancs R / T} " (mol/m3/Pad.5)

ALELLO" »

end Sleverts const;

function Diffusivity
input Madelica Units ST Temperature T;
output Modelica Unite ST . DiffusionCoefficient D ™ (m2/=)";
algorithm
O := 2.5&-7 * axp{-27000 f Modelica. Constants.R / T);
end Diffusivity;
end PbLi;
and Properties;

function Reynolds "Reynolds Number®
input Modelica.Unite ST Density rho "Density®;
input Modelica Uaits ST Velocity w "Fluid speed®;
input Maodelica. Units. SI.Dlameter D "Characteriscic lengch®;
input Modelilica.Unite ST DynamlicViscosity mu "Dynamic wiscosiby®;
output Modelica Unite. ST ReynoldsNumber Re "Reynolds Number®;
algarithm
Re := rho * abs(v) * D / mu;
and Reynolds;

function Prandtl "Prandt]l Number®
input Modelieca Unlts ST Dynamlicoviscosiey mu "Dynamic viscosicy®;
input Modelica.Units. S5I. SpeclficHeatCapacity ep "Specific heat capacicy™;
input Modelica. Units ST ThermalConductivity k "Thermal conductivicy®;
output Modelica Units ST PrandtlMumber Pr "Prandecl Humber®;
algorithm
Pr := mu * cp f k;
and Prandtl;

function Rayleigh "Rayleigh Number for ideal gases®

input

input

input

input
T film";

input
T film";

Madelica
Modelica
Modelica
Modelica

Modelica

Units
nits
Onits
Onits

Units

.EI.Temperature T a "Surface Cemperature”;

.EI .Temperature T b "Ambient Cemperatura®;
.BI.Length D "Characceriscic lengch®;

SI _Kinematicviscosity ni "Hinemarvic wviscosicy ae

.SI . ThermalDiffusivity alpha "Thermal diffusivicy at

output Modselica.Units.SI.RaylelghNumber Ra "Rayleigh Number®;
protected
parameter Modelica Units SI.Temperature T film = (T & + T b} / 2 "Average
temperature”;
parameter Real beta = 1 f T film "Volumetric thermal expansion coefficient
{ideal gas)";
constant Real g = Modelica. Constants.g n;
algarithm

Ra := g * beta * (T a - Th) *+ D * 3 / [(alpha * ni);

and Raylelgh;

function Grashof

"Grashof Numher®
input Modelica.Unite. SI.Temperature T _a "Surface Cemperature®;
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imput Modelica Units.SI.Temperature T b "Ambient temperature®;
input Modslleca . Units . SI. Length D "Characteriscic length®;
input Modslleca . Units . SI. KinematleViescosity ni "Einematic wviscositcy at
T film";
output Real Gr "Grashof HNumber®;
protected
parameter Modellica.Units. SI.Temperature T film = (T a + T b} / Z "Average
temperature”;
parameter Real beta = 1 f T film "Volumetric thermal expansion coefficient
{ideal gas)";
constant Real g = Modelica. Constants.g ng
algarithm

Gr t= g * beta * (T_a - T b) *D " 3 / ni ™ 2
and Grashaf;
end Functions;
model TR
parameter input Integer W DX = 40 "({-)} # axial elementa",;

parameter input Modelica Units ST Length length = 40 " (m) length®;
parameter input Modelica Units SI.Diameter diameter in = 0.0092 "(m} inner
diametar®
parameter input Modelica Units.S5I.Length thickness = de-d4 * (ml membrane
thickness";
parameter input Modelica.Units.SI.Pressure p 0 = 100 "(Fa} partial pressure
of H/D/T at the inlet";
parameter input Modelica Unite ST Temperature T = §03.15 " (K] temperature
mean value for properties@;
input Modelica Units. SI. Veloclity V permeation = 0.1 *(m/s} fluid mean
velaciey™;
f/ Mb and PbLi properties.
Types.Sieverts constant Es Nb =
Functions.Properties Niobin Sisverts _const (T) ;
Modelica Units ST DiffusionCosfficient 0D Hb =
Functilones Properties Mioblo Diffusivity(T);
Types . Permeation constant Phi Mb =
Functions Properties. “Hiobio. Permeation _const (T) ;
Types . Sieverts constant Es PbhLi =
Functions . Properties PbLi.Sieverts consti(T);
Modelica Units SI.Diffusionfoefficient D FhLi =
Functions. Properties. PhLl .Diffusivity(T) ;
Modelica.Unite.SI.Density rho PbLi = Functicna.Properties PbLi.rhe FbLi (T ;
Modelica Units.ST.DynamicViscasity vige PhLi =
Functione Properties PhLi. visc_PhLiiTJ
i Dimensionless number
Modelica Units. S5I.ReynoldsHumber Re = abs(rho PBLI * V permeation *
diameter in / wise PbLi) " (-] Reynolds";
Hndelica.units.sr.sahmidtnumher S¢ = wiac PbhLi / (rho PhLi * D PhLi} " (-]
Schimdt number for PbLL1"™;
Modelica Units.5I. HusseltHumberOfMasaTransfer Sh = 0.0096 * Re
D.34E;
Modelica . Units. SI.Velocity h £ = Sh + D EbLi / diameter in " (m/s) mass
transport cosff";
Modelica.Units.S5I MolalConcentration CD = Es _PbLi * agri(p 0} "(kg/m3) inlet
Tritium concentration®;
Modelica . Units SI.MolalConcentration C DL[W DX] *(Kg/m3) Trtium
concentration along the plpe"-
Types MoleFlux J DLIN D] "(mol/m2/s) molar flux®;
Modelica Units SI. Etticiency Extraction Efficiency " (-] extraction
aefficiency”;
Modelica . Units.SI.Efficiency etaN DX] "{-} extraction efficiency along
axial direction®;
equat ion
[/ Parmeation performed in DLR
for 1i in 1:N DX loop

* 0.913 * 5¢

.
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1f 11 == 1 then
J DL[ii] « h t * CO * {1 -1 / (1L + Phi Wb / h £ / Ka_FbLi / thickneas))
"permeated flux";
C DL[ii] = C0 - 4 / diameter in / V permearion * length / W DX *
J _DL[ii] "ii-th Tritium concentration®;
etafii] = 1 - C DL[ii] / €0 "efficiency aleng axial direction®;
alas
J OL[ii] = b t * {C DL[ii - 1] - C DL[iL - 1] / (1 + Phi Wb / h &t/
Kz PbLi / thickness)) "permeated flux®;
C DL[1i] = ¢ DLIii - 1] - 4 / diameter in / V_permeacion * length / W DX
* J DL[ii] "ii-th Tritium concentration®;
etafii] = 1 - C DL[ii1] / CD "efficiency along axial direction®;
end 1f;
end for;
Extraction Efficiency = 1 - C DL[end] / CO;
end TE;

model RadiaTube
Modelica . Unite . 5I.Presaurablifferance DaltaP;
constant Real pl = Modelica Constants pl;
congtant Real g = Modelieca. Constante.g np
constant Real sigma = Modelica Constants. sigma;
replaceabls package Medium = Media PbLA;
parameter Integer Mi{min = 1) = 3 "MNumber of nodes®;
parameter input Modelica Units.SI. Length Lt = 1.9/2 *(m) Length® annotacion(
Dialog{group = "Geometry™));
parameter input Modelica Units SI. Length thickness = de-4 " Membrane
thickness" annotation(
Dialag{group = "Geometry™));
parameter Modelica Units ST . DMameter DE = 00092 "Pipe inner diamecer®
annaotatlion |
Dialag{group = "Geometry™)] )
f/f Radiation properties
parameter input Real emsl = 0.15 "ems";
parametar input Real Fll = 0,06 "View Factor diagonal®;
parameter input Real Al = 0. 35E/2/Mv "Area scambio termico tublicino®;
final parameter Real RRL = 1 S ({1 - emsl) [/ (emal = AL f Nw) + 1/ (Al =
F11/ Hvw) [ 2);
parameter input Real F12 = 0.09 "View Factor frontal®;
parameter input Integer flag2 = 1 "l=actiwve; O=non accive®;
final parameter Real RR2 = 1 f ({1 - em=l) / (emsl = AL / Nw) + 1 / (Al =
F1z/ Hv) [ 21;
parameter input Real F13 = 0,09 "View Factor frontal®;
parameter input Integer flagl = 1 "l=actiwve; d=non active®;
final parameter Real RR3 = 1 / ({1 - emsl) J (emsl = AL /J Hv) + 1 f (Al =
F1if Wv) [ 2);
parameter input Real Fld = 0.76 "View Factor w/ Envelope®;
parametar input Integer flagd =1 "lsactiwve; O=non acktive®;
final parameter Real RR4 = 1 S ({1 - emsl) [/ (emal = AL /f Nv) + 1/ (Al =
Fl4/ Hw) J 2);
ff Initialization
parameter Modelica Unitse.SI.MassFlowRate m stark = 0.5 "Start masa [low
rate” annotation
Evaluate = trus,
Dialag({tab = "Initialization™));
parameter Modelica Units. 5I.AbsolutePressure p start = le5 "Start pressure”
annatatlon |
Evaluate = trus,
Dialagi{tab = "Initializarion™));
parameter Modelica. Units.SI.Temperature TL start(esach displayUnie = "K") =
7231 .15 "Start fluid temperature" annotation |
Evaluate = trus,
Dialag({tab = "Initialization™));
ff Warlables
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Medium MassFlowRate mi{start = m start} "Mass [low rate®;
Medium. Temperature T ([N] (each start = Tf start} "Fluld temperature at
nodeg"
Medium. Temperature TELv([Mv] (each start = Tf skbart) *"Fluid temperature at
volumes®
Medium. SpecificEnthalpy h(M] {each start = h start) *"Fluid specific enthalpy
at nodas®;
Medium. Density rholHv] (zach start = rho stark) "Densicy”;
Medium. ThermalConductivity k[¥v] {each start = k_start} "Thermal
conductivity®
Medium. SpecificHeatCapacity cp(Mv] (sach start = cp start) "Specific heat®;
Medium. DynamicViscosity mu[Mv] (each start = mu_start) "Dynamic viscosiby®™;
Modelica Units. S5I.Velocity vw[Nv] {sach start = m_starc / rho astart / A)
"Fluid spesed®;
Modelica Unlts ST CoefficlientOfFriction f£f [Hv] "Friccion factor®;
Madalica Units SI. Power Qf1 [Nw] "Rad hear transfer®;
Madelica Units SI. Power Qf2 [Nw] "Rad hear transfer®;
Modelica . Unlts S5I.Power Qf£1 [Nw] "Rad heat transfer®;
Modalica Units . SI.Power Qf4 [Mv] "Rad hear transfer®;
Modelica.Units. 51, Power dedt [Hv] *J/a";
Modelica.Unite .51 .MassFlowRate dMdt [Hv] ;
Modelica.Unite . 5I.PrandtlNumber Pr [Nw] "Prandtl number®;
Madalica Units SI.ReynoldsMNumber Re[Nv] "Reynolds number®;
ff Interfaces
Modelica Fluld. Interfaces FluldPort a inFlow(redeclare package Medium =
Medium) annotationd
Placement {transformation{extent = {{-110, -10}, {-90, 10}}1}};
Modelica. Fluid. Interfaces FluidPort b cutFlow(redeclare package Medium =
Madium) annatation(
Placement {transformation{extent = {{20, -10}, {110, 20}}1));
Permeation Validation TP TP{T=721.15, V_permeation = w[1], diameter in = DEt,
length = Lt, thickness = thickneass) annotation(
Placement (visible = true, transformation(origin « {0, 0}, extent = {[-20,
-20}, {20, 20}}, rotatiem = 0)));
Modelica Thermal HeatTransfer Interfaces HeatPort a VF_1[Hv] annctation(
Placement (vigible = true, transformation({origin = {-70, 30}, extent = {|-
20, -20}, {zo0, 20}}, rotation = 0), lconTransformation{origin = {-90, 90},
extent = {{-10, -10}, {10, 10}}, rotatien = 0}));:
Hndelica.Thermal.HeatTranster_Intertaceg_ﬂeatﬂart_a vs_z[uv] annotation [
Placement {visible = true, transformation(origin = {-30, 50}, extent = {{-
2o, -z0}, {20, 20}), rotatiom = D), iconTransformation(origin = {-90, -30},
extent = {{-10, -10}, {10, 10}}, rotation = 0)1);
Modelica Thermal HeatTransfer Interfaces HeatPort a VF 3 [Hv] annctation(
Placemant (vigible = trus, transformation(erigin = {30, 50}, excenc = {{z20,
-20}, {-20, z0}}, rotatien = 0), lconTransformation(origin = {90, -20}, extent =
{{-10, -10}, {10, 10}}, rotatlen = O§));
Hndelica.Thermal.HeatTranster_Intertaceg_ﬂeatﬂart_a vs_a[uv] annotation [
Placement {visible = true, transformation(erigin = {70, 30}, extent = {{-
zo, -zo), {zo0, 20}), rotationm = 0), lconTranaformation(origin = {90, 20}, extent
= {{-10, -10}, {10, 10}}, rotation = O)));

protected
parameter Integer HW =« M - 1 "(-) # of CV in the tube";
parameter Modelieca Units. 5T Length dw [Wv] = £ill(Le / Hw, Hv] "Length of the
[as - L
parameter Modelica Units . S5I. hrea A = pi / 4 * DE 2 "(m2) cross section®;
parameter Modelica. Units.5I . Area RhiMv] = pi = Db / 2 % dx "(m2) heat
transfer Area®p
parameter Medium. ThermodynamlicState startState = Medium.setState pT(les,
T start);
parameter Modelica Units SI.Density rho start = Medium densicy(starctState);
parameter Modelica Units. SI.ThermalConductiviey k_scart =
Madivm. thermal Conductivity (startState) ;

s
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parameter Modelica Units. SI.SpecificHeatCapacibty cp start =

Medium. specificHeatCapacityCp (startState) ;

parameter Modelica Units ST DynamicViscosity mu start =

Medium. dynamicViscosity (startState) ;

parameter Modellca Units SI. SpecificEnthalpy h stare =

Medium. specificEnthalpy (startState) §

Medium. ThermodynamicState stateNodes [W]
Medium. ThermodynamicState stateVolumes [Mv] ;
Medium . DerDensityByEnthalpy dedT[Hv] ;
Medium. AbsolutePreassure Do f [Hv];

initial egquation
der(TE[2:H]) = zeros(M - 1);

equation
DeltalP = inFlow.p - oubFlow.p;
m = inFlow.m Llow;
hil] = inStream{inFlow. h outflow) ;

sumi{m .* h(N]} = inFlow.m flow * cubtFlow.h outflow ;

for 11 in 1:H loap

stateModes [11] = Medium setState pT{les, TL[ii]};

hiii] = Medium. specificEnthalpy{stateNodes
end for;
for ii in 1:Mv loop

TEw([i1] = (TE[ii] + TE[LL + 111 J =2

stateVolumes [ii] = Medium. setState pT{les, TILv[ii]};

rha[il] = Medium. density{stateVolumes [14i]}

klii1] = Medium. thermalConductivity (staceVolumes [£4]);

[£4]);

cpil] = Medium specificHeatCapacityOp (staceVolumes [£4]) ;

muil] = Medium. dynamlicViscaosityi{stateVolumes [£4]);
drdT[i1] = Medium.density derT pi{stateVolumes[ii]};

viil] = m / (A * rho[ii]);
end for;
J/ DMmensionless numbers
for 11 in 1:Mv loap

Re[ii] = Functions. Reynolds{rho[ii], w[ii],

Pr[il] = Functions. Prandtl {mu[ii], ep[ii],
end far;
// Energy balance
for 11 in 1:Mv loop
Qf1[il] = +zigma / RR1 * (VF_L1[ii].
gfz[i1] = +zigma / RR2 * (VF_Z[4i].
Qfi[il] = +zigma f RRI » (VF_3[ii].
gra(ii] = +zigma [ RR4 * (VF_4[ii].
VF_1[ii].Q flow = Qf£1[ii];
VF_Z[11] .Q flow = QEZ[i1];
VF_3[ii].Q flow = Qria[ii];
VF_4[ii] .g flow = Qf4[ii];
dedt [11] = A * dwe[ii] * (rho[ii] ~ cp[ii]
drdT[11] * der({TEL[iL + 1]));
dedt [11] + m * {(h[ii + 1] - h[ii]) = Qf1[i
ofd [11] ;
end farg
// Mass balance
sum{dMAL )] = inFlaw.m_[low + autFlaw.m_[lcur
for 11 in 1:Mv laoop

R
R R A
i

AMde [11] = A * e[iil] * drdT[1i] * der(TE[ii « 1]};

and for;

// Momentum balancs
0 = inFlow.p - ocutFlow.p - sumi{Dp £);
for 11 in 1:Mv laoop

k[id]};

Tfv[ii]
Tiw [14]
Tfv[ii]
Tiw[4i4d]

* dar (TE[Lf + 1]) + h[if + 1]

i} ;

i)
i}
i}

i] « Qfz[ii]

D, mu[ii]);

* flag2;
* flagi;
* flagd;

+ QL3 [44]

Dp £[i1] = 0.5 » ££[44] = {de(ii] / De} * rho[ii] = w[ii] * 2;

££[11] = 0.2413 * Re[ii] * {-0.235);
end far;
/f Reverse flow (MOT USED!)

sumi{h([M] - h(l]) = inStream{cutFlow.h cutflow} - inFlow. h oubflow;

*

4

£
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annotation|
Icon{caardinateSyaten |preservefapactRatis = false), graphics =
[{Rectangle{lineColor = {28, 108, 200}, fillColor = {255, 255, 255}, fillPattern
= FillPattern HorizontalCylinder, extent = {{-100, s0}, {100, -s0}}),
Line(points « {{-50, 0}, {60, 0}}, thickness « 0.5}, Line(poinrs = {{s0, 0},
{40, 14}}, thickness « 0.5), Line{poaints « {{s0, 0}, {40, -14}}, chickness =
0.851}).
Diagram|{coordinateSystem{preservefspectRatio = falsell);
end RadiaTube;

model RadiaTube simple
Madelica Units SI.PressureDiffersance DelraP;
Jf Constants
constant Real pl = Modelica. Constante pl;
constant Real g = Modelica. Constants.g n;
canstant Real aigma = Modelica Constants. sigma;
£ Medium
raplaceable package Medium = Media PbhLi;
ff Mesh
parameter Integer M{min = 1) = 31 "Number of nodes®;
f/ Geometry
parameter input Modelica Unite SI.Length Lt = 10 "Length® annotation(
Dialag{group = "Geometry™])
parameter input Modelica Units S5 Length thickness = de-4 " Membrane
thickness" annotation(
Dialog{group = "Geometry®)]);
parameter Modelica Units S5I.Dlameter DE = 0.01 "Pipe inner diamecer®
annatation |
Dialogigroup = "Geometry™));
S/ Initialization
parameter Modellica Units. ST .MassFlowRate m start = 0.5 "Start mass f[low
rata” annotation(
Evaluate = true,
Dialagitab = "Initialization®));
parameter Modelica Units. SI.AbsclutePresgure p SEart = 1lef "SCart pressure”
annatation |
Evaluate = true,
Dialogi{tab = "Initialization®));
parameter Modellica Units.SI.Temperature Tf start(each displayUnit = K"} =
E03.15 "Start fluld temperature" annotationi
Evaluate = true,
Dialog{tab = "Initialization®));
Ff Wariables
Medium. MassFlowRate mistart = m_start) "Mass flow rate®;
Medium. Temperature TE[N] {each atart = TE start} "Fluld cemperature at
nodag®p
Medium. Temperature TEv[Nv] (sach start = TL_ stark} "Fluld cemperature at
volumas®p
Medium. SpecificEnthalpy h(M] {each start = h_start} "Fluid gpecific enthalpy
at nodes";
Medium. Density rho[Mv] {each start = rho start) "Densicy®;
Medium. ThermalConductivity k[Mv] {sach start = k_atart) "Thermal
conductivity™;
Medium. SpecificHeatCapacity cp[Mv] (each starkt = cp stark) "Specific heat™;
Medium.DynamicVisecasity mu[Mv] (2ach start = mu_start) "Dynamic wiscosicy™;
Modelica.Unite. 5I. Velocity vw([Mv] (each start = m_start / rho start [/ A}
"Fluld speed®;
Modelica Units S5I.CoefficientOfFriction f£f [HWv] "Friction factor®;
Madelica . Units . SI.Power QfL1 [Mvw] "Rad heat transfer®;
Maodelica. Unite . 5I.Power dedt [Mw] "J/a";
Maodelica. Unite 51 MassFlowRate dMAt [Hv]
Madelica Units SI.PrandtlNumber Pr[Mv] "Prandtl number®;
Madelica Units SI.ReynoldsMumber Re[Hv] "Reynolds number®;
ff Interfaces
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Modelica.Fluld. Interfaces . FluidPort a inFlow(redeclare package Medium =
Madivm) annotation|
Placement {transformation{extent = {{-110, -10}, {-90, 20}}13);
Modelica Fluld. Interfaces FluldPort b cutFlow(redeclare package Medium =
Madium) annotation
Placement {transformation{extent = {{o0, -10}, {110, 10}}1});
Permeation Validation.TP TP(T (displayUnit = "degC®} = 603.15, V_permeation
= v[l], diameter in = Db, length = Lt, thickness = thickness} annctation(
Placement {visible = true, transformationlorigin « {0, 0}, extent = {{-Z0,
-20}, {20, 20}}, rotatiom = D)));

protected
parameter Integer Nv = M - 1 "{-] & of CV in che cube®;
parameter Modelica Units.5I.Length dx[Wv] = £i11 (Lt / BHw, Hv} "Length of the
CWa",
parameter Modelica Unitse ST Avrea A = pi f 4 = DE ° 2 *"(m2) cross section™;
parameter Modelica Units ST Area Ah[Mw] = pi = De / 2 _* dw " [m2) heat
tranafer Area®;
parameter Medium. ThermodynamicState startState = Medium.gecState pT(les,
Tf gtart);
~ parameter Modelica.Units.SI.Density rho gtart = Medium.densicy(startState);
parameter Modelica. Units SI.ThermalConductivity k_start =
Medivum. thermal Conductivity (startState) ;
parameter Modelica. Units. SI.SpecificHeatCapacity cp start =
Madivum. specificHeatCapacityCo|startStata) ;
parameter Modelica. Units SI.DynamicViseosicy mu searke =
Madium. dynamicViscosity (starctStatce) ;
parameter Modelica. Units. SI.SpecificEnthalpy h start =
Medium. specificEnthalpy (startState) ;
Madium ThermodynamicState stateModes [N] ;
Madium_ ThermodynamicState stateVolumes [Mv] ;
Madium DerDensityByEnthalpy dedT [Mv] ;
Medium. AbsolutePressure Dp f[Hv];
initial egquation
der (TL[2:M]) = zeras(N - 1);
equatian
Deltal = inFlow.p - outFlow.p;
ff Boundary conditions
m = inFlow.m flow ;
hi1] = inStream{inFlow.h ocutflow);
sumim .* hiN]) = inFlow.m flow * cubtFlow.h outflow;
£F Fluid properties
for 11 in 1:HN loop
fi"each node®
stateModes([il] = Medium. setState pT{le5, TL[ii]});
hiil] = Medium. specificEnthalpy{stateNodes [14]);
end forg
fF Average properties
faor 11 in 1:Mv loop
fimeach owe
TEv([ii] = (TE[11] + TE[ii + 110 / 2;
stateVolumes [1i] = Medium.setState pT{les, TEv[ii]);
rha[il] = Medium. density{stateVolumes[11]);
k[i1] = Medium. thermalConductivity{stateVolumes [11]);
cplii] = Medium.spacificHeatCapacityCp (stateVolumes [14]);
mufii] = Medium. dynamicVviscosity{stateVolumes [1i4]];
drdT[ii] = Medium.density derT pistateVolumes[ii]);
v[ii]l] = m / (A * rha[iil);
end for;
Jf Dimenasionlese numbars
for 11 in 1:Mv loop
Re[ii] = Functions. Reynoldsi{rho[ii]l, w[iil, Dc, wu[ii]);
Pr[ii] = Functions.Prandcl (ma[il], ep[ii], k[iil};
end forg
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/f Energy balance
for i1 in 1:Nv loop
Qf1[ii] = O;

dede [11] = A * dse[ii] + (rholil] *~ ep[ii] = der(TL[44 + 1]} + h[ii + 1] =
drdT([ii] * der{TE[idL + 1111;
dedt [11] + m * {(hii + 1] - h[ii]) = QEE1[ii];
and for;p

/¢ Maszs balance
sumi{dMdt) = inFlow.m flow + ocutFlow.m £low;
for i1 in 1:Mv loop
AMAr [11] = A * dx[ii]
end forg
£f Momentum balance
0 = inFlow.p - cutFlow.p - sum{Dp £);
for i1 in 1:Nv loop
Dp £[i1] = 0.5 » £2[44i] * {dx[ii] / D) * rho[ii]
£f[11] = 0.2413 * Re[ii] * {-0.235);
end forg
£ Reverse flow
sumi{h([N] - h[1]} = inStream{outFlow.h outflow) - inFlow.h cubflow;
annaotatian |
Ioon{coardinateSystem (pregservefspactRaclio = false), graphics =
{Rectangle {lineCalor = {28, 108, 200}, fillColor = {255, 255, 255}, fillParrern
= FillPattern.HorizontalCylinder, extent = {{-100, &0}, {100, -&0}}),
Line {points = {{-&0, 0}, {s0, 0}}, thickneas = 0.5}, Line(points = {{s0, 0},
{40, 14}}, thickness = 0.5), Linei{points = {{s0, 0}, {40, -14}}, chickness =
o.51}1,
Diagram{coordinateSystem {preservedspectRario = falsell);
end RadiaTube simple;

* drdT[11] * der(TE[ii « 1]);

* w[if] * 2;

madael Envelope
parameter Modelica.Units.SI.Temperature T amb=15+273.15 "Temperature
ambient";
parameter Modelica Units.SI Area A enwvs 1.125 "External Area of the wessel™;
Jf Constants
constant Real pl = Modelleca.Constants.pls
constant Real sigma = Modelica Constants.sigma;
Jf Mash
parameter Integer Mimin = 31) = 3 "Number of nodes®™;
£ Geometry
parameter input Modelica Units ST Length Lt = 1 ® (m)
Dlialogi{group = "Geometzy™]];
ff Radiation properties

Length® annotation |

paramster input
paramater input
parameter input
final parameter
* F11) f 2):
parameter input
parameter input
final parameter
!z
parameter input
paramster input
final parameter
£z
parameter input
paramater input
final parameter
! 21,

F12)

F11]

Fl4d]

Real emsl = 0.4 "emissivitli superficiale";

Real Fll = 0.24/2 "View Factor w/ cube™;

Real Al = A env / Hv "Area tubicino®;

Real RRL = 1 f ({1 - emsl) / (emsl * AL/ Hv } + 1 / [Al/ Hw

Real F12 = 0.24/2 "View Factor W/ tube®;
Integer flagl? = 1 "l=actiwve; O=non actciwve®;
Real RRZ = 1 f ({1 - em=l) / (emsl * AL/ HMv) + 1 / (Al} Hv =
FEeal F1i = 0.24)2 "View Factor w/ tube™;
Integer flagld = 1 "l=actiwve; O=non acciwve®;
Real RR3I = 1 / ({1 - emsl) / (emsl * ALS Hv]l « 1 / [AlS Hv =
RFeal Fld = 0.24/2 "View Factor w/ tube™;

Integer flagd = 1 "lsactliwve; O=non accive™;

Real RR4 = 1 f ({1 - emsl) [/ (emsl * AL Hv) +« 1 / [Al} Hv =

Ji Imicialization
parameter Modelica.Units.SI.Temperature TL atart (each displaylnic = "E"} =
T amb "Start fluid temperature” annotation
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Evaluate = trus,
Dialag{tab = "Initialization"));
ff Variables
Modelica Unite EI.Temperature TEv[Mv] (each start = Tf acare) "Fluid
temperature at volumes®;
Modelica Units ST . Power QfL[Nv] "Rad heat transfer®;
Modelica Unite ST . Power Qf2[Mv] "Rad heat transfer®;
Modelica Unite ST Power Qf3 [Mv] "Rad heat transfer®;
Modallca Units . SI.Power Qf4 [Nv] "Rad heat transfer™;
Modelica Units . SI.Power  amb[Mv] "heat transfer w/ ambient®;
ff Interfaces
Modelica.Thermal HeatTransfer.Interfaces. HeatPort a VF_1[Nv] annctatien(
Placement {(visible = true, transformation({origin « {-115, -1}, extent = {{-
2o, -23), {29, 29}}, rotation = 0), lconTransformaticn(origin = {-12Z0, Z.22045e-
16}, extent = {{-20, -20}, {20, 20}}, rotacion = 0)}};
Modelica.Thermal HeatTransfer.Interfarces HeatPort_a VF_2 [Hv] annctation(
Placemant {(vizsible = true, transformationorigin « {1, -115}, extent = {{-
29, -20}), {20, 20}}, rotation = 0), lconTransformation(origin = {[-2.22045e-16, -
120}, extent = {{-20, -20}, {20, 20}}, rotaclem = Q}}};
Modelica Thermal HeatTransfer. Interfaces HeatPort a VF_3 [Hw] annotation(
Placement {vizsible = true, transformation{origin = {115, -1}, extent = {{-
29, -20}, {29, 20}}, rotation = 0}, lconTransformaticon(origin = {120, 2.22045e-
16}, extent = {{-20, -20}, {20, 20}}., roraciom = 0}}};
Modelica Thermal HeatTransfer. Interfaces HeatPort a VF_4 [Nw] annotation(
Placement {visible = true, transformaticn(origin = {-1, B5}, extent = {{-
29, -20}), {29, 20}}, rotation = 0), lconTransformaticn(origin = {0, BO}, extent
= {{-20, -20}, {20, 2zD}}., rortation = O)));
protected
parameteyr Integer Nv = N - 1 "(-] # of CV in the cube®;
parameter Modelica.Units.SI.Length dx[Hv] = £ill(Le / Hv, Bv] "Length of the
CWg™
ff Constant properties
parameter Modelica Units SI.Density rho = 700 "Densicy™;
parameter Modelica Units ST SpecificHeatCapacity cop = 560 "Specific heatb®;
initial equation
fider |TE[2:M]) = zeros(N - 1);
equation
[/ Energy balance
faor 11 in 1:Nv loop

Qf1([ii] = +sigma / RR1L * (VF_L[ii].T * 4 - TEw[ii]l * 4};

Qf2[ii] = +sigma / RRZ * (VF_Z([1i].T * 4 - TEv[ii]l * 4} * flag2;
Qfi[ii] = +sigma / RRI * (VF_3[1i].T * 4 - TEw[ii] * 4} * flagi;
Qf4[ii] = +oigma / RR4 * (VF 4[14].T * 4 - TEw[ii] * 4) = flagd;

G _amb[il] = A_env/Hv+10+*{T_amb-TEv[i1]])
VF_1[11].Q flow = Qf1([ii];
VF_Z2[11].Q flow = QEZ([ii];
VF_3[11].Q flow = QE3I[ii];
VF_4[il] .Q flow = Qfd4[ii];
QEL[ii] + Qf2[i4] + QEa[44] + Qfa[id] +Q amb[ii] = Al * Ax[ii] * (rho * eop
* der(TEv[ii]));
end for;
end Envelope;

package Tests Simple

madel Permeation

Permeation Validation RadiaTube simple Radiatube (DeltaZ = 0, Db = 0.0092,

Lt = 40, thickness = de-4) annotation
Placement {vizible = true, transformation(origin = {48, -48}, extent =

{{-10, -10}, {10, 10}}, rotation = O)1));

Modelica Fluid.Sources MassFlowScurce T MasaFlow BC(redeclare package
Medium = Permeation Validation Media PbLi, T = G03.15, nPorts = 1, use T in =
true, use m flow in = trus) annotationi
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Placement (visible = true, transformation(origin = {23, -49}, extent =
{{-7. -7}, {7. 7}}, rotation = D)));

Modelica Fluld. Sources . Boundary pT Pregsure BC(redeclare package Medium =
Permeation Validation Media PhLi, T = &01.15, nPorts = 1, p = 1a5, uge p in =
trua) annotationi

Placement (vizible = true, transformation(origin = {73, -49), extent =
{{s. -5}, {-5, 5}}, rotation = 0}));

Modelica Blocks . Sources . RealExpresgion Mass Flow Inlet(y = 0.1358)
annotation(

Placement (visible = true, transformation(origin = {28, -26}, extent =
{{1o0, -1o}, {-10, 10}}, rotation = O)));

Madelica Blocks Sources RealExpression Preﬂﬂur&_ﬂutl&t[y = lag)}

annotation
Placement (visible = true, transformation(origin = {70, -26}, extent =
{{-10, -10}, {10, 10}}, rotation = OJ));
Modelica. Blocks.Sources RealExpression Temperature Inlet(y = &03.15)
annotation
Placement (visible = true, transformation(origin =« {26, -68), extent =
{{1o, -10}, {-10, 10}}, rotation = O0)));
equat lan
cannect (MasaeFlaw BC ports([l], Radiatube inFlow) annotation(
Line({paints = [{30, -42}, {38, -49}, {38, -48}}, esler = {0, 127,
255110
connect {Radiatube outFlow, Pressure BC . ports[l]) annotation(
Line{pointa = {{58, -48}, {68, -4B}}, eolor = {0, 127, 255}}1};
connect (MassFlow BC.m flow in, Mass Flow Inlet.y) annotation(
Line{points = {{1&, -44}, {15, -4a}, {15, -2&}}, colar = {0, O, 127}});
connect {Pressure BC.p in, Presgure Outler.y) anncotation(
Line{points = {{&80, -44}, {82, -d4a}, {82, -2&}}, colar = {0, O, 127}});
connect (MassFlow BC.T in, Temperature Inlet .y} annotation(
Line(pointe = {{14, -4&}, {14, -57}, {1s, -57}. {18, -sE}}, eoler = {o,
o, 127410
and Permeation;

model Hydraulic

Permeation Validation.RadiaTube simple Radiatube(DelbaZ = 0, DE = 0.00832,

Lt = 1.E995, thickness = 4e-4) annotationd
Placement (visible = true, transformation(origin = {48, -48}, extent =
{{-10, -10}, {10, 10}}, rotation = O)));

Modelica Fluld. Sources MassFlowSource T MassFlow BC(redeclare package
Medium = Permeation Validation Media PhLi, T = 7231.15, m flow = 0.032Z5, nPorts
1, ugse T in = true, use m flow in = false) annctation(

Placement {(visible = true, transformation(origin = {23, -43}, extent =
{{-7. -7}, {7, 7}}, rotation = D)));

Modelica Fluid. Sources . Boundary pT Pressure BC(redeclare package Medium =
Permeation_yhlidation_uedia.PbLi, T = T21.15, nPorts = 1, p = 1le5, use p in =
true] annotationd

Placement (visible = true, transformation(origin = {73, -43}, extent =
{{5, -5}, {-5, 5}}, rotatiom = Q1));

Modelica.Blocks.Sources RealExpression Mass Flow Inlet(y = 0.08)

annotation |
Placement (visible = true, transformation(origin = {28, -26)}, extent =
{{10, -10}, {-10, 10}}, rotatien = OJ));:

Modelica.Blacks.Sources RealExpression Pressure Qutlet(y = 1lef)

annotation |
Placement (visible = true, transformation(origin « {70, -26}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica Blocks Sources RealExpression Temperature Inlet [y = 723_15)
annatation
Placement (visible = true, transformation(origin = {26, -G8}, extent =
{{1o0, -10}, {-10, 10}}, rotation = 0)));
equat lan
connect (MagsFlow BC . ports(l], Radiatube inFlow) annotation(
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Line{points = {{30, -4%}, {38, -49}, {38, -48}}, color = {0, 127,
255110 ;
connect {Pressure BO.p in, Pressure Outlet.y) annotation(
Line{points = ({80, -44}, {E2, -24}, {82, -28}}, eeler = {0, 0, 127}}};
connect {(MassFlow BC.T in, Temperature Inlet.y} annotation(
Line{points = [{14, -4&}, {14, -57}, {15, -57}, {186, -68}}, color = {o,
o, 127410 ;
connect (Radiatube .outFlow, Pressure BC.ports[l]) annotation(
Line {points = {{58, -48}, {68, -48}}, color = {0, 127, 255}));
end Hydraulic;
end Tests Simple;

package Thermal Validation
madel FourTubes
Modelica . Units . SI.Temperature T medial;
Modelica . Units.SI.Temperature T medialZ;
Modelica.Units. 5. Temperature T media enw;
parameter Modellca Unite ST MassFlowRate mf = 0.75 "mass flow rate in each
Cube®
Permeation Validation. RadiaTube rt{flag2 = 1, flagi = 1, flagd = 1}
annotation|
Placement {vizsible = true, transformation(origin = {-71, 0}, extent = {{-
5, -6}, {5, €}}, rotatlon = D1));
Modelica Fluid.Sources . MassFlowSource T MasaFlow(redeclare package Medium
= Permeation Validation Media PbLi, T = 721.15, m flow = mf, nPorts = 1}
annotation
Placement {visible = true, transformation(origin = {-84, 0}, extent = {{-
4, -4}, {4, 4}}, rotation = 0)));
Modelica.Fluid.Sources Boundary pT Presgsure(redeclare package Medium =
Permeation Validation. Media PbLi, T = T721.15, nPorts = 1, p = lef)} annotation(
Placement {vizsible = true, transformation(origin = [-58, -2.220452-16},
extent = {{4, -4}, {-4, 4}}, rotation = 0)));
Modelica.Fluid.Sources Boundary pT boundary? (redeclare package Medium =
Permeation Validation Media PbLi, T = 721.15, nPorts = 1, p = laf) annotation(
Placement {visible = true, transformation(origin = {-12, 0}, extent =
{{a, -4}, [-4, 4}}, rotation = 0)));
Permeation Validation RadiaTube radiaTubel(flag2 = 1, flagi = 1, flagd =
1) annotationi
Placement {visible = true, transformation(origin = {-25, 0}, extent = {{-
5, -8}, {5, €}}, rotation = D)1));
Modelica.Fluid.Sources MassFlowScurce T boundaryl (redeclare package Medium
= Permeation Validation Media PbLi, T = 721.15, m flow = mf, nPorts = 1,
use T in =« false) annotationd
Placement {visible = true, transformation(origin = {-38, 0}, extent = {{-
4, -4}, {4, 4}}, rotation = 0J));
Permeation Validation. RadiaTube radiaTube(flag?2 = 1, flagd = 1, flagd = 1}
annotation|
Placement {visible = true, transformation(origin = {71, 0}, extent = {{-
5, -8}, {5, €}}, rotation = D)1));
Permeation Validation RadiaTube radiaTube2 (flag?2 = 1, flagd = 1, flagd =
1) amnotationi
Placement {visible = true, transformation(origin = {25, 0}, extent = {{-
5, -6}, {5, 6}}, rotation = 01));
Modelica Fluld. Sources MassFlowSource T boundary (redeclare package Medium
= Permeation Validation Media . PhLi, T = 7231.15, m_flow = mf, nPorts = 1,
uge T in = false) annotationi
Placement {visible = true, transformation(origin = {58, 0}, extent = {{-
4, -4}, {4, 4}}, rotation = 0)));
Modelica Fluid.Sources.Boundary pT boundaryl (redeclare package Medium =
Permeation Validation.Media PbLi, T = 723.15, nPorts = 1, p = leS} annctabion(
Placement {visible = true, transformation(origin = {84, 0}, extent = {{4,
-4}, -4, 4}}, rotation = D)));
Modelica Fluid.Sources.Boundary pT boundaryd (redeclare package Medium =
Permeation Validation. Media PbLi, T = T21.15, nPorts = 1, p = lef)} annotation(
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Placement {visible = true, transformation(crigin = {38, 0}, excent = {4,
-4}, {-4, 4}}, rotation = 0)));
Modelica.Fluid.Sources . MassFlowSource T boundarys (redeclare package Medium
= Permeation Validation Media PbLi, T = 7231.15, m flow = mf, nPorts = 1}
annaotation |
Placement {(vigible = true, transformation(origin = {12, 0}, exrent = {{-
4, -4}, {4, 4}}, rotation = 01));
Permeation Valldation.Envelope envelope (TLv(each start = 723.15), flag2 =
1, flagl = 1, flagd = 1) annotatiaoni
Placement {vigible = true, transformation(origin = {-Z, 36}, extent = {{-
10, -10}, {10, 10}}, rotation = ©)));
f*Modelica Blacks Sources RealExpression realExpression(y = ro.TEv[end])
annotation|
Placement (vigible = truse, transformacion(crigin = {[-54, 24},
extent = {{-10, -10}, {10, 10}}., rotation = 0}});
Modelica.Blocks Sources RealExpression realExpressionl (y =
radiaTube? Tiv[end]) annotation
Placement {vizible = true, transformation(origin = {44, 24}, extent
= {{-10, -10}, {10, 10}}., rotatiom = O))};
*f

equation
connect (MageFlaow . porte 1], rt.ilnFlow) annctacion(
Line{points = {{-80, 0}, {-7&, 0}}. ecolor = {0, 127, 285}}};
connect {rt.outFlow, Pressure ports[l]) annotation(
Line{paints = {{-&&, 0}, {-62, 0}}, eoleor = {0, 127, 285}1);
connect {radiaTube VF 4, envelope VF 4) annotation(
Line{points = {{7&, &}, {76, s0}, {-2, so}, {-2, 44}}, ecolor = {191, 0o,
0}, thickness = 0.5));
connect {envelope . WF 3, radiaTubeZ VF 4) annctation|
Line{points = {{10, 38}, {30, 38}, {30, 6}}, color = {191, o, 0},
thickness = 0.5));
connect {envelope . WVF_1, rt.VF 4} annctation(
Line{points = {{-14, 38}, {-e&, 38}, {-56, 6}}, eolor = {191, o, 0},
thickness « 0.5));
connect (envelope . WF 2, radiaTubel VF 4) annctation|
Line{points = {{-2Z, 24}, {-20, 24}, {-20, &}}, eolor = {191, o, o},
thickness = 0.5));
connect (¥t .VF_31, radiaTube2 VF 2) annctatien(
Line{points = {{-&&, -&}, {-6&, -20}, {zo0, -20}, {20, -6}}, color =
{131, 0, 0}, thickness = 0.5));
connect (¥t .VF_2, radiaTube . ¥F 3) annctatien(
Linei{points = {{-76, -8}, {-76, -2&6}, {76, -26}, {76, -6}}, color =
{131, 0, 0}, thickness = 0.5));
connect (radiaTubel . WF_3, radiaTube2.VF 3} annctatien(
Line{points = {{-20, -8}, {-20, -12}, {z29, -12}, {29, -5}}, color =
{191, 0, 0}, thickness = 0.5));
connect {(radiaTubel WVF_2, radiaTube VF 2} annotation(
Line{points = {{-10, -&}, {-10, -14T, {65, -14}, {65, -6}}, eolor =
{191, 0, 0}, thickness = 0.5));
connect (boundaryd ports [1], radiaTubel  inFlowl annotation|
Line{points = {{-34, 0}, {-30, 0}}, color = {0, 127, 285}}};
cannact (radiaTubel .outFlow, boundary2. ports[l]) annotacion(
Line{points = {{-20, 0}, {-1&, 0}}, eolor = {0, 127, 255})1);
connect (boundarys _ports 1], radlaTube? inFlow) annotation(
Line{points = {{1&, 0}, {20, 0}}, coler = {o, 127, 255}1);:
connect (radiaTube? outFlow, boundaryd  porta[l] ) annotation(
Line{points = {{30, 0}, {34, 0}}, coler = {0, 127, 255}});
connect (boundary . porte (1], radiaTube.inFlow]l annotacion|
Line{points = {{&2, 0}, {&&, 0}}, coler = {0, 127, 255}});
cannact {radiaTube  outFlow, boundaryl. ports[l]) annctation(
Line{points = {{7&, 0}, {80, 0}}, coler = {0, 127, 255}1);
T media env = (envelope. TEv[2] + envelope TIw[1])} * _5;
T medial = {sum{rt.Tfv] + sumiradiaTubel TIv}} / 4;
T mediaZ = {sum{radiaTube? Tfv) + sumi{radiaTube. TIv}} [/ 4;
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connect (radiaTube? VF 1, rt.VF 1) annotation(
Line{points = {{z0, &}, {20, 12}, {-7&, 12}, [-76. &6}}. coler = {131, 0O,
0}, thickness « 0.5)1;
connect (radiaTubel VF 1, radiaTube VF 1} annctacion|
Line (paints « {{-30, &}, {-30, 14}, {&6, 14}, {66, 6}}, color = {131, O,
0}, thickness = 0.5)1)1;
and FourTubeas )
end Thermal Validatien;
annotation|
uges (Modelica{version « "4.0.0")111);

end The RadiaTube;
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