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*Liquid Vacuum contactor

. : Vacuum sieve tray
Permeation against vacuum
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4 N\ Solid Gas
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Pipe with highly permeable

structural material K

(Vanadium, Niobium...)

j C. A/bergrhi, L. Candido, jw Utili, and M. Zucchetti.

/ \ Development of new analytical tools for tritium

Vacu um or Sweep gas to transport modelling. Fusion Engineering and

Design, 177:113083, 2022.

keep external atmosphere :

tritiu m_free “F. Papa et al. Experimental characterization of tritium
\ / extraction systems and tritium anti-permeation barriers in
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CLIPPER mock-up at CIEMAT
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Liquid flows in direct contact with vacuum

/ sweep gas
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Free surface, no permeation across
structural material
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Support structure can leverage highly
permeable materials and act as a PAV.
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Rapisarda, D. "The CIEMAT LiPb Loop Permeation Experiment."
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Packed tower extractors (GLC)

-

Mockup by ENEA at Brasimone in the TRIEX-II loop

\_
-

Previous tests with the MELODIE mockup

\_

AN

The liquid breeder flows in countercurrent with a sweep
gas, through a packed matrix which increases mass
transfer and contact area

)
N

NG
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Used regularly in industry
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“F. Papa et al. Experimental characterization of tritium
extraction systems and tritium anti-permeation barriers in
heavy liquid metal systems. PhD thesis, Universita degli Studi
di Roma" La Sapienza", 2023.»
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4 )
Test facility in Japan
- )
4 I
The breeder flows through sprayer
structures
NG /
4 N
Sub-mm droplets of breeder are directly
in contact with vacuum/sweep gas
- )
4 I
Used in industry
Okino, Fumito, et al. "Continuous deuterium extraction from falling lithium-lea
N J droplets in a vacuum." Fusion Engineering and Design 202 (2024): 114349.
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Tritium in liquid breeders

Liquid metal (e.g. PbLi)

Tritium is dissolved in atomic form

Tritium follows Sieverts’ Solubility Law,
which is also valid for metallic structures

cr = Kg - /DT,
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Molten Salt (e.g. FLiBe)

Tritium is in molecular form

Tritium follows Henry’s Solubility Law

cr, = Ky " pr,

Complex chemistry interactions
(corrosion control of TF)

TF cannot permeate structural material,
but interacts with it (corrosion)
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TRIOMA ‘TRlOMA can model ‘

code: 1
« Python Analysis of the OFC:
e System-level
« Open-Source 'I e Extraction efficiency of

Tritium extraction systems

e Object-oriented each component

e Analytical formulation e Tritium losses

e Fast .. .

« Liquid Breeders ) * Tritium inventory
Breeding Blankets * Interaction between

components

TRIOMA (TRIti Object-oriented and eie e i
o dulari\nal'y‘;g‘) Rl Neglects Surface effects . sensitivity analysis

T ———— NO FEM e time dependent behavior
e NO DISCRETIZATION
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Breeding blanket in TRIOMA

Simple analysis of
mass and energy
conservation

Temperature

Flowrate OUtlet Temperature
Concentration Outlet Concentration
Complex analysis ™ ol
is done with FEM N AT
0 1 -0.05
'. -0.1
1.339x10™ : : - : : x10™ A 7.675x107¢ mol/m’ ¥ 128x10°
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Alberghi, Ciro, et al. "Development of new analytical tools for tritium transport
modelling." Fusion Engineering and Design 177 (2022): 113083.

\
/
Urgorri, F. R., et al. "Theoretical evaluation of the tritium extraction from liquid

metal flows through a free surface and through a permeable membrane." Nuclear
KFusion 63.4 (2023): 046025.
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\
Rader, Jordan D., M. Scott Greenwood, and Paul W. Humrickhouse. "Verification of

modelica-based models with analytical solutions for tritium diffusion.” Nuclear

KTechnology 203.1 (2018): 58-65. ,

Now the code is open-source and some functions are extended (tritium inventory and outer
partial pressure contribution)
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Analytical solution for Liquid metal systems

Breeder flow
Cout = Cin - (1 —7) 7 is the extraction efficiency

J:D(Cs,fs-cs.sg)/t

Gas
S 4ktL T is the information of the

 wud residence time R

2D K, ¢ is the partition J Kk,

C — * - parameter Pou_t_,'TfﬁKs'E

d.ln(ﬁ).k KS[ %5
d t ’
L ——
n (pﬂﬂf) — ( 1 — € l"‘g ) . 1 —_— pGHI .A/be'rghi, L. Candid'o,' M. Utili, and M. Zuc'chetti. D.evelopl.ﬂentlofnew
. nalytical tools for tritium transport modelling. Fusion Engineering and
Pin esign, 177:113083, 2022.
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Analytical solution for molten salts systems

1 ] \ ,I' liﬂpout
6 — L 1n (\/ ) HPout 142 Hpaut)

1_|_2 {KH(i?out « «
B, —fB— rr 1 f; is the information of residence time
14 24/ Ko ,
oo 1. ¢ ¢ is the partition parameter for molten salts
B\ k-d-m (%)
a1 ¢ 2 W is the real branch of the LambertW function
g_Cg_KH-CU. kd]_nﬁ
t d

2
T]:l—é 142 KHpout_|_ 7 KHpout_|_1 W | °€ﬁr n KHPout €+£
4 o o K
2 Hgout_l_l o 4

Performance Assessment and Integration of Different Tritium Extraction Technologies in the Outer Fuel Cycle

02/09/2025



f iﬁ! ~
TRIOMA is simple "3.*“*,:

PAV.get_efficiency()
PAV.get_inventory()
OFC.solve_circuit() =

Less than 1% error wrt FEM
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Packed tower extractors in TRIOMA "‘"A

7 —HTU -NTU Z = height of the packed tower T
up CL,out
iy HTU= height of a transfer unit 4o o
HTU = k—
La NTU = number of transfer units
CL.in dCL
NT Uy ¢ =
" /CL Ky XLRT ”G
,out CL T H@ . CL T CL out _|_ Cg mn g UL-CL,mT lug, Cg, out
CL.in dC
NTU;y = / L

1/2
CL, u u
e —Ks - (—ZHLGRT - (CL — CL.out + Cg,in —z.ffL) )
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Other components in TRIOMA

- - ~

Connection pipes are extremely inefficient PAVs

o %
4 I
Heat exchangers can be described as multiple segments of pipes (PAVs)

each with different temperature (nodalization)
N %
4 I

Saturators, for experimental facilities, can be pipes where hydrogen

permeates from the external atmosphere (rich of hydrogen) to the

fluid.
\ /
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Fuel cycle for FLiBe (molten salt)
and PbLi (liquid metal)

High solubility and low solubility
Breeder conditions reflect the
operational conditions of WCLL
and ARC-class reactors

500 MW plasma power
TBR =1.08-1.2
Flowrate=2000 kg/s

Heat exchanger /
Heat removal system Pipings

Tritium PAV and GLC
extraction technology are
systems :
simulated

a

700 pipes, hydraulic
diameter=1in., L=10 m
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----- FLiBe, Malinauskas (Low Ky)  ----- PbLi, Reiter (Low Ks)

PT, out = @ Pa LiB <) Calderoni (I Iigl' KH) | bl—i; llyPel-Qual-Ch [l (High Ks)
2’
100-

Parameter Value | e
80 oy Pt IR
Hydraulic 0.5 in. X o R "
diameter >, 601 e
@) 3 .
Pipe 3 mm 5 e .
thickness 'S 40; / The high
Y ofe o
Fluid velocity 2.2 m/s T solubility case is
20 :
sensible to the
Number of 734 :
HmBer o 0L | | | | | — outer partial
pipes PbLi 0 20 40 60 80 100 120
Number of 3600 Length of the PAV [m] pressure

pipes FLiBe
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Packed tower column results /> g | S Poltecnic

--- PbLi, Reiter (Low (Ks))  -——-- FLiBe, Malinauskas (Low Ky)
— PDbLi, HyPer-Quar-Ch Il (High (Ks)) —— FLiBe, Calderoni (High Ky)
TES Efficiency vs GLC Length
100 -
Mass transfer  5-1073 1/s __ 801
coefficient kla X
Number of 8 > 601
loops <
'O 40
Pressure 1 bar =
LLI
20
Gas flowrate  0.0974 Nl/s
()_

Hydraulic 1.6 m
diameter

‘~‘5 W\ 1859 ,:'
A ESSENTIAL  “Soee®

2 4 6 8 10
Height of the GLC [m]
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Effect of more GLC stages l

Breeder
e FLiBe, Malinauskas (Low Ky) e PbLi, Reiter (Low Ky)
‘ ‘ ] x  FLiBe, Calderoni (High Ky) x  PbLi, HyPer-Quar-Ch Il (High Ks)
TES Efficiency vs number of GLC stages
N ® ° o
] ®
801
P X
a60- { "
3 .
S 4 ! : x T
E X
20
| I |
Gas line ol | | | |
) 1 2 3 4 5

Number of GLC stages (H=6m)

Two extraction stages increase significantly the extraction efficiency with same extraction length
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Efficient extractors do not extract more '

ESSENTIAL

nr= tritium produced in the blanket

000254
| —— Cin, LIB 0= fl . m3
0.0020 - = owrate | —
— Cout, LB S
& 0.0015 - o . ‘
E Q - Cjy - Nopc = tritium extracted (retrieved + lost)
) 0.0010 - Tritium
Pipings . extraction
systems
0.0005 -
nr = Q - Cin *Norc

20 40 60 80
n (%)

If tritium is not extracted, it re-enters the Breeding blanket and
recirculates in the loop, until ¢;;,, builds up enough to extract as
much tritium as it is produced (steady state
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lostr
losty, =
producedr FLiBe, Malinauskas (Low Ky)  --—-- PbLi, Reiter (Low Ks)
—— FLiBe, Calderoni (High Ky) —— PbLi, HyPer-Quar-Ch Il (High Ks)
retrievedr |
TRR = =TBR - (1 —losty,) %°] !
burnedr Lower solubility breeders have
259 . self sufficiency limit s 3 601 ‘\\ h|gher 77TES but aISO hlgher
(=) \
" losses, therefore lower TRR
o 20 A \
5 @ 40 \
@ 1.20 g : \\
g 15 - 8 :1 ‘\\
% 115 @ 20 - '1‘ \\
E e S e
1, s e e e et
O | 0 20 40 60 80 100 120
. 7 - Length of the PAV [m]
1.00 1.05 1.10 1.15 1.20 1.25 1.30
Blanket TBR
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For low solubility breeders, tritium escapes from the breeder and accumulates
in structural material

= WCLL module inventory as function of Ks ARC blanket inventory as function of Ky
S ~ 175
204 2150
£ >
C i
< C 125
. 0.3 9
2 > 100
o S
Q
202 § 75
. =
0 c 50
£ S
= 0.11 =
‘T 251
5 =
£ ol | | |
= 10 10-3 102 107 1077 107° 10-° 104
PbLi Solubility [mol/m3/Pa®>] FLiBe Solubility [mol/m?3/Pa]
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BB tritium inventory depends on TES "' B (k) pltenic
y p “'A ESSENIAL {““\135:.4":'

WCLL module inventory as function of n

T ARC inventory as function of n

> 0141y Inventory at n =80% 0.0

- |\ e 2 times Inventory at n = 80% a

2012 ; :

wn 17.5 -

(- I

3 0.10] 15.0 - inc

- /

S 0.08 ; 12.5 - Be, t

o S

Z 0.06- g 1997 IFLiBe

| - - 75 |

O

@ 0.041

= 5.0 -

g 0.021 55

=

= 0.00 1 : : : . 0.0 -

== 20 40 60 80 100 o 20 o 20
Extraction efficiency % Nres (%)
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Trium losses aso depend on TES LA

10 -
—— PDbLi, Reiter ° .o . .
el mperouanchn ETTICiENt extraction is needed
d — oemelresas  to reduce tritium losses.
. iBe, Calderoni
X
C 6 . .
= If there are anti-permeation
s, coatings or mitigation
m . .
& strategies, the extraction
> efficiency can be reduced
0 ¥ . . . .
0 20 40 60 80 100

NTES
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Conclusions

-

Tritium self-sufficiency is a hard challenge.
-

h
The TRIOMA code offers a fast and simple tool to analyze and design the
OFC of future fusion reactors and hydrogen characterization experiments.

-
-

The OFC is a loop with non-trivial interaction. It needs an holistic vision to
make an efficient design. This requires multiple tools.

\_
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— PAV outlet c
- BB outlet ¢
—— Connection 1 outlet c
delay BB = 1s
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T T T T T T
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Sensitivity analysis and uncertainty I

I First order index
warz Total index

0.3
20K simulations in 2 h
0.2
0.1 >
0.7 0.7 £
20.6 0.6 0.0 =% 2
> . g z
£ S S
0.5 0.5 Q N
0.4 ik o 0.4 -
04 05 06 07 08 09 1.0 0.20 0.25 0.30 0.35 0.40 0.45 0.50
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c
0.7 0.7 )
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= -
= =
0.5 L 0.5 -
‘ N et AR : =
0.4 o il 0.4 ; 0
3 4 5 6 80000100000200004000060000.8000200000 c
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0.7 =
o o
%’o 6 8
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0.5 o
0.4 : i : 4 , SRR a0 , : '
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i W o
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& 3- £ 3
2 2
m 2] 21
o o
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.§ N o
© —— PAV ¢, ; TRIOMA © —— Cout.pir TRIOMA
O_ - PAV COUt FEM 0_ _ Cout,DLR FEM
0 1000 2000 3000 4000 0 1000 2000 3000 400
Time [s] Time [s]
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0.006- | g
5 -
— 0.005 1
O
=4 £ 0.004
.E, 3. E\ EE— invs, DLR TRIOMA
E\ 4CE> 0.003 E— inVS,DLR FEM
O
2, ¥ 0.002
v <
=2 | 0.001
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