POLITECNICO DI TORINO
Repository ISTITUZIONALE

Conceptual design and supporting analysis of a double wall heat exchanger for an ARC-class fusion
reactor Primary cooling system

Original

Conceptual design and supporting analysis of a double wall heat exchanger for an ARC-class fusion reactor Primary
cooling system / Colliva, F., Hattab, F., Siriano, S., Ferrero, G., Meschini, S., Testoni, R., Zucchetti, M., laboni, A.,
Centomani, G.V., Trotta, A., Ciurluini, C.. - In: FUSION ENGINEERING AND DESIGN. - ISSN 0920-3796. - 201:(2024).
[10.1016/j.fusengdes.2024.114261]

Availability:
This version is available at: 11583/2986591 since: 2024-03-06T12:03:24Z

Publisher:
Elsevier

Published
DOI:10.1016/j.fusengdes.2024.114261

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

08 July 2026



Fusion Engineering and Design 201 (2024) 114261

~ Fusion Engineering
and Design

Contents lists available at ScienceDirect

Fusion Engineering and Design

journal homepage: www.elsevier.com/locate/fusengdes =

ELSEVIER

Conceptual design and supporting analysis of a double wall heat exchanger
for an ARC-class fusion reactor Primary cooling system

Francesco Colliva® ", Federico Hattab®, Simone Siriano °, Gabriele Ferrero ",
Samuele Meschini °, Raffaella Testoni”, Massimo Zucchetti°, Andrea Iaboni ¢,
Giulia Valeria Centomani ¢, Antonio Trotta “, Cristiano Ciurluini?®

@ Sapienza University of Rome, DIAEE — Nuclear section, Corso Vittorio Emanuele II 244, 00186 Rome, Italy

® politecnico di Torino, Dep. Of Energy “Galileo Ferraris”, 10129 Turin, Ttaly
¢ MAFFE, Eni S.p.A, 30175 Venice, Italy

ARTICLE INFO ABSTRACT

Keywords: In the fight against climate change through the progress of fusion technology, the Affordable, Robust and
Arc Compact (ARC) fusion reactor design is under development at Commonwealth Fusion Systems (CFS) and Mas-
Double wall heat exchanger sachusetts Institute of Technology (MIT)- Plasma Science and Fusion Center, in collaboration with the Ente

:ﬁ:ﬁm Nazionale Idrocarburi (ENI) S.p.A. The reactor features demountable superconducting toroidal field coils and a
RELAP5-3d© replaceable vacuum vessel immersed in a Fluorine Lithium Beryllium (FLiBe) molten salt blanket. The low-
OpenFOAM pressure molten salt cools the divertors and the blanket, shields the magnets and acts as tritium breeder and

tritium carrier. Tritium must be recovered efficiently from the salt to fuel the reactor, minimizing its inventory
and its migration outside the FLiBe loop. The current work is aimed at presenting a preliminary design of a
Double-Wall Heat eXchanger (DWHX) to be installed in an ARC-class reactor primary cooling system. The main
feature is the presence of a flowing sweep gas gap which captures tritium and prevents its diffusion toward the
secondary system. For the DWHX, thermal-hydraulic and tritium transport analyses were performed, considering
a supercritical water Rankine power conversion system on the secondary side to carry out the calculations. To
assess tritium extraction capabilities of the DWHX, the tritium extraction efficiency has been evaluated. Calcu-
lation results highlighted how the current configuration is not adequate to remove tritium, in fact the tritium
extraction efficiency is very low. On the other side, it seems to act adequately as tritium permeation barrier.

1. Introduction

An ARC reactor represents one of the studied solutions for fusion
devices, to make fusion energy convenient and economically competi-
tive with respect to other energy sources [1]. This reactor has been
proposed by the MIT Plasma Science and Fusion Center and developed
by CFS.

An ARC-class tokamak fusion reactor foresees the use of FLiBe
molten salt as primary fluid, which acts at the same time as coolant,
neutron shield, tritium breeder and tritium carrier [2,3]. When pro-
ducing the FLiBe, lithium may be enriched of the isotope Li®, which has a
much larger (n,2n) cross section below 1 MeV compared to Li” and is the
main contributor to tritium generation. The production of tritium within
molten salt leads the need to collect the tritium from the FLiBe for use as
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fuel and prevent its permeation into the Power Conversion System,
which is currently under study [4], to ensure compliance with regula-
tory limits [5]. Indeed, results from ARC fuel cycle modeling showed the
presence of large tritium losses due to non-radioactive phenomena (e.g.,
fractions of tritium inventory > 10-4 [6]), through the system rapidly
make tritium self-sufficiency unattainable and tritium release unac-
ceptable from the safety viewpoint [6]. Within the heat exchanger, due
to the large and thin surfaces required for heat transfer, special attention
is needed to avoid excessive tritium losses towards the secondary sys-
tem. Several transport mitigation strategies have been proposed [7].
Among these, there are preliminary designs of DWHX proposed and
investigated in [5] and [8]. For the purpose of the current study, the
Balance of Plant (BoP) is assumed to be a supercritical Rankine cycle
because this solution is the best from the point of view of the BoP

Received 10 October 2023; Received in revised form 12 January 2024; Accepted 13 February 2024

Available online 16 February 2024

0920-3796,/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



F. Colliva et al.

efficiency and the commercial availability, as discussed in [4]. The use
of different power cycles may impact tritium transport within the heat
exchanger (i.e., due to a different secondary fluid). However, the need to
prevent contamination of the secondary fluid remains applicable
regardless of the chosen power cycle.

The aim of this work is to evaluate the performances of a DWHX both
as a heat exchanger that acts as a tritium barrier towards the secondary
system and as a Tritium Extraction System (TES). To do so, it is assumed
that the FLiBe exiting the blanket is sent directly to the DWHX, without
any passage through an eventual TES (still to be designed). Thermal-
Hydraulic (TH) and tritium transport analyses were performed. The
thermal-hydraulic analysis was carried out with the software RELAP5-
3DO, a best estimate thermal-hydraulic code that allows the simulation
of system behavior both in steady-state and transient conditions [9].
First, a reference preliminary HX design was studied. Then, some
sensitivity studies were performed with the aim of the design improve-
ment. Results obtained through RELAP5-3D© simulations were used as
input data for the tritium transport analysis.

Tritium transport within the HX was numerically investigated by
Computational Fluid Dynamics (CFD) simulations using a custom solver
of OpenFOAM, an open-source CFD toolbox [10]. Tritium release rates
to the helium flowing in the gap and to the secondary supercritical water
were computed, allowing the evaluation of the DWHX tritium barrier
and extraction efficiencies.

This paper is divided into several chapters. After the current intro-
duction, Chapter 2 provides the detailed description of the DWHX
thermal-hydraulic analysis performed with RELAP5-3D© system code.
The outcomes of this study were used to carry out the tritium transport
analysis presented in Chapter 3. The main conclusions of the overall
work are drawn in Chapter 4.

2. DWHX thermal-hydraulic analysis
2.1. Reference case

The ARC primary cooling system is assumed to be constituted by
three parallel circuits, each one provided with a 210 MWth DWHX. The
heat exchangers are equipped with double wall tubes, as shown in Fig. 1,
which main parameters related to the preliminary design are collected in
Table 1. In Fig. 1 OD represents the outer diameter of tubes, while t
represents their thickness. Primary and secondary fluids flow in coun-
tercurrent: water moves upwards in the inner tube (in green), while
FLiBe goes downwards in the shell side (in red). Fluids are separated by a
gap filled with helium, which flows upward (in yellow). The preliminary
value selected for the helium thickness is reported in Table 1. The
reference thermodynamic conditions for FLiBe were derived from [3].
They are also collected in Table 1.

FLiBe | Helium H:0 Helium FLiBe
|
|
|
12 t1
-— -~
0oD1
0D2

Fig. 1. Double Wall Tube radial section.
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Table 1

Input parameters for the DWHX sizing.
Parameter Unit Value
oD1 mm 19.05
OD2 mm 25.40
tl mm 4.25
t2 mm 1.88
He gap thickness Mm 1.30
Thermal Power MW 210
Inlet H>O Temperature K 593.15
Outlet H>O Temperature K 853.15
Outlet HyO Pressure Bar 250
H,0 Mass Flow kg/s 105
Inlet FLiBe Temperature K 908.15
Outlet FLiBe Temperature K 800.15
Outlet FLiBe Pressure Bar 10
FLiBe Mass Flow kg/s 815

Primary and secondary fluids mass flow rates are evaluated through
a power balance, using thermal power and inlet/outlet temperatures,
and are reported in Table 1. In contrast, helium mass flow rate is pre-
liminarily assessed by considering, at the HX outlet, a maximum velocity
of 40 m/s and a maximum temperature of 880 K. These values are
assumed as sizing criteria. The helium gap cross area is calculated by
using data in Table 1. The thermodynamic properties for FLiBe, HoO and
He are derived respectively from [11,12] and [13]. It should be noted
that in order to obtain an acceptable HX geometrical layout (in terms of
height and footprint), a high helium flow must be adopted (to reduce the
corresponding thermal resistance that is the dominant one in the HX).
This allows to reduce the insulation effect operated by the gas. At a later
stage of the ARC design, a system to recover the thermal power removed
by helium will be studied. This solution will be integrated with the
strategy to separate the tritium extracted by the gas within the HX (see
Section 3).

Starting from data in Table 1, a preliminary sizing of the HX was
performed whose results are reported in Table 2. To assess the Heat
Transfer Coefficient (HTC) for supercritical water, Dittus-Boelter cor-
relation [14] was adopted, while Gnielinski formulation [15] was used
for the helium and FLiBe working fluids.

To verify the TH design, a numerical simulation was run by using the
best-estimate system code RELAP5-3D©. A simplified model of the pri-
mary circuits is adopted (see Fig. 2). Volumes and junctions are identi-
fied by numbers: 1-xx components contain water, 2-xx. Helium and 3-xx
FLiBe. The primary circuit model contains a lumped model of the
Breeding Blanket, the pressure control function, and the primary pipe-
lines. For the BB, the overall thermal inertia, and the FLiBe Inventory
(250 m®) were kept. Referring to the primary pipelines, an approximate
length value (30 m) was derived by making some preliminary assump-
tions on the ARC tokamak building [1]. The pipeline internal diameter
(0.4 m) was assessed by considering a limit velocity for FLiBe of 3 m/s.
This has been chosen in order to avoid problem related to corrosion
effects. The pressure control function was designed to keep the primary
pressure (see Table 1). It consists of a tank with FliBe covered by an
inertial gas. The primary pressure is maintained around the nominal
value through two valves, one injects and one discharges the inertial gas

Table 2

DWHX sizing: output parameters for reference case.
Parameter Unit Value
Height m 18.3
Tubes number / 4000
Average overall HTC W/ (mzK) 235.2
Inlet He Temperature K 695.8
Outlet He Temperature K 880.7
He Pressure bar 50
He Mass Flow kg/s 34.7
Bundle p/d (pitch/diameter) / 1.2
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Fig. 2. ARC primary cooling system: RELAP5-3D© nodalization.

as answer to a decrease or increase of pressure, respectively. Only one
loop (of three) was considered in the input deck since they have the same
TH behavior. Concerning the heat exchanger, double wall tubes were
modelled with equivalent pipe components. They are characterized by
the flow area and the mass flow of the entire bundle, the total tube
length and the hydraulic diameter of the single tube. This modelling
approach allows to correctly evaluate both the pressure drops and heat
transfer phenomena. It was already successfully adopted in other works
concerning simulations of fusion reactor primary cooling systems [16,
17]. More in detail, double wall tubes are simulated through three pipes
(representing the fluid domains) connected by two heat structures
(simulating the inner/outer tubes). For water and helium, the inlet
temperature and outlet pressure were imposed as boundary conditions,
as well as the helium mass flow. Time-dependent volumes and junctions
were used for this purpose. The FLiBe mass flow rate circulating into the
primary loop was set by means of a time-dependent junction, pre-
liminary simulating the presence of a pump (whose design is still to be
performed at this stage of the ARC design). A control system was
introduced in the RELAP5-3DO input deck to match the design FLiBe
temperature at the DWHX outlet (i.e., at the BB inlet) since it is a
requirement for the ARC primary cooling system operation. It used the
supercritical water mass flow rate as controlled parameter.

As shown by Table 3, the numerical results are in good accordance
with the design data, verifying the appropriateness of the DWHX
thermal-hydraulic design. Between brackets, the errors with respect to
the nominal values are reported, for the parameters not set as boundary
conditions. The only deviations were observed for the supercritical
water. For the latter, the value predicted by the code is higher than the
nominal one, see Table 3. As a consequence of the power balance, the
outlet temperature is lower. This is mainly due to the fact that RELAP5-
3D© computes a water average HTC that is lower than the one assessed
during the HX sizing calculation. According to the code manual [9], the
correlation used should be Dittus-Boelter, the same used to obtain the
results in Table 2. For this reason, this aspect is still under investigation.
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Table 3

Reference case: RELAP5-3D© outcomes.
Parameter Unit Value
HX Exchanged Power MW 210 (0 %)
Inlet H,O Temperature (BC*) K 593.15
Outlet H>O Temperature K 829.4 (-23K)
H,0 Mass Flow Rate kg/s 112 (6.7 %)
Outlet H,O Pressure (BC*) Bar 250
Inlet FLiBe Temperature K 907.6 (—0.55 K)
Outlet FLiBe Temperature K 800.2 (+0 K)
FLiBe Mass Flow Rate (BC*) kg/s 814.9
Inlet FLiBe Pressure bar 10.1 (+1 %)
Inlet He Temperature (BC*) K 695.8
Outlet He Temperature K 879.6 (—1.05K)
He Mass Flow Rate (BC*) kg/s 34.7
Outlet He Pressure (BC*) bar 50

BC*: imposed as boundary condition.

2.2. Sensitivity analysis

To optimize the DWHX TH design, a sensitivity study was carried out
involving some selected parameters. In Table 4 the varied parameters
are reported, together with the resulting overall HX HTC (Avg U) and
component height, which varies to keep the power processed by the HX
constant (see Table 3). In addition, Fig. 3 shows how the parameters
variation influences the total thermal resistance (R). As visible from the
figure, the main contribution is due to the FLiBe, due to its low velocity
within the HX bundle. For this, a very small value for the bundle p/d was
selected for the reference case (see Table 2). The technical feasibility and
manufacturability of a tubesheet characterized by such a small value of
p/d must be still checked. However, the increase of this parameter (see
case S1 in Table 4) produces a significant increment of the component
height. Referring to the helium, its high flow rate positively affects the
overall HX heat transfer by reducing the corresponding thermal resis-
tance. As a consequence, when this parameter is reduced/increased (see
cases S2 and S3 in Table 4) an inverse effect can be envisaged for the
tube length. What is interesting to note is also the influence of the he-
lium pressure. If it is reduced (case S4 in Table 4), the fluid density is
accordingly lowered producing a reduction of the fluid heat transfer
capability (i.e., increase of the required HX heat transfer surface). Some
scoping calculations were also performed by varying the HX tube design.
Case S5 refers to an increase of the external tube diameter (OD2 in
Fig. 1) with unaltered internal tube, helium gap and bundle pitch. In this
case, the FLiBe flow area decreases, leading to a rise of the corre-
sponding fluid velocity and HTC, and resulting in a shorter HX height.
Although, this solution is not recommendable since p/d is even lower
than the one in Table 2. The same occurs when the He gap thickness is
increased (the new OD2 value is 28.6 mm). In the case S7, the internal
tube is reduced keeping constant the helium gap and the external tube
thickness (the new OD2 value is 22.2 mm). In this case, since the FLiBe

~ < [V}
] vy v

} mR" He (m2K/W) mR" K1 (m2K/W) mR"h20(

6.0E-03

5.0E-03
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Fig. 3. Contributions to the total thermal resistance.
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Table 4
List of sensitivity analysis.
Case ID Sensitivity parameter ~ Avg HTC (W/ HX height
# _ (@) (m)
Name Ref New
value value
REF - - - 235.2 18.3
S1 p/d 1.2 1.3 180.9 23.7
S2 Max He 40 m/s 20 m/s 216.8 19.9
velocity
S3 Max He 70 m/s 245.7 17.6
velocity
S4 He pressure 50 bar 10 bar 184.0 23.3
S5 OoD2 25.4 28.6 226.4 17
mm mm
S6 He gap 1.3 mm 2.9 mm 235.1 16.4
S7 OoD1 19.05 15.9 233.1 20.9
mm mm

flow area increases, the effect on the HX height is opposite.

In addition to the reference case, cases S2 and S3 (characterized by a
decrease/increase of He velocity, respectively) were selected to be
investigated in detail with the RELAP5-3D© code and to perform tritium
transport analysis. Fig. 4 shows the temperature profiles along the tube
length for the three fluids (water, Helium and FLiBe). Trends are sorted
from the HX bottom to top (i.e., co-current with water and helium).
Since the three cases are characterized by different HX height, to
enhance the Fig. 4 readability, the normalized coordinate is used for the
x-axis. It can be seen how a reduction of He velocity (case S2) causes an
increase of its resistance to the heat transfer, reducing its temperature
and the H»0 one. On the contrary, an increase of He velocity (case S3)
causes an increase in heat transfer, resulting in higher He and H,0
temperatures. These trends are used as input data for the tritium
transport analysis.

Referring to cases S5 to S7, the main element affecting the results is
the variation of the FLiBe flow area produced by the modification of the
selected parameter. To better highlight the actual influence of the tube
parameters on the HX design, in the future development of the activity,
further cases will be studied and added to the presented sensitivity
where the FLiBe flow area will be kept constant while varying the tube
design.

3. Tritium transport calculations
3.1. Code features and methods

OpenFOAM is a free, open-source CFD software containing many
solvers used to reproduce various physical problems. Among these,
chtMultiRegionFoam is a transient fluid flow and solid heat conduction
solver, capable of simulating conjugate heat transfer between regions,
buoyancy effects, turbulence, chemical reactions and radiation model-
ling [10]. Conjugate heat transfer between fluid and solid regions is
carried out using a coupling Boundary Condition (BC), which ensures
temperature continuity and heat flux conservation across the interface
between the different computational domains [10].

In this work, the tritium transport inside the DWHX of an ARC-class
reactor has been modelled using a custom version of the solver and
coupling BC. The developed numerical model has been extensively
verified and validated with several benchmarks, including analytical
[18-23], experimental [24-26], and other numerical data [27-29]. The
code was able to accurately reproduce the tritium transport and
permeation physics, in both the Diffusion Limited Regime (DLR) and
Surface Limited Regime (SLR) and also considering tritium trapping.
Interested readers can find a detailed description of how the developed
code works and the V&V results in ref [30]. In this solver the tritium
concentration (C, mol/m?) is added as a scalar field, along with diffusion
coefficients (D, mz/s) and solubilities. In each region the T, transport
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Fig. 4. Fluids temperature profiles.

scalar equation has been implemented solving the purely diffusive
process in the solid regions and the combined diffusive-convective

process in the fluid ones, as shown in eq. (1), where U (m/s) is the
velocity field and S; is a volumetric source term (mol/s). Hydrogen
partial pressure is derived from the computed concentration, using the
solubilities.

ac o
E-FV-(UC) — V-(DVC) = Sc )

The BC used for coupling the tritium transport between solid and
fluid regions works under the assumption of diffusion-limited transport
(i.e., the permeation is limited by diffusion and mass transport phe-
nomena and not by surface effects at fluid-metal interfaces [31]) and
ensures the continuity of tritium partial pressure (P, Pa) and the con-
servation of tritium fluxes (J, mol/m%s) at the region interfaces, as
shown in the Egs. (2),(3) below:



F. Colliva et al.
Py =P, (2

Jl:JZ_’_Dl?)—S;:_ 2?3—522 (©)]

Where n is the normal to the wall. Tritium solubility in FLiBe and in
Helium is described by Henry’s law [32,33] (Kpa,mol /(m® Pa), while in
metals by Sieverts’ law [33] (Kyiia, mol/(m® \/ Pa). Pedices 1 and 2
indicate the parameters belonging to the two sides of a given interface
between two regions. Thus, for an interface between a fluid and a solid,
Eq. (2) can be written as:

Cﬂuid _ (C.mhd)z (4)
Kﬂmd K.mhd

It should be noted that another difference in tritium transport in
solids and the fluids is that diffusion is atomic in the former (T) and
molecular in the latter (T2). For easier accounting the notation Ty is used
throughout the entire domain.

3.2. Physical and numerical model

The simulation domain is a 2D representation of half of the radial
section of one double-walled tube of the heat exchanger, along its entire
length. This modeling approach is chosen to limit computational cost
due to the significant length of the component. The assumption of no
dedicated TES upstream the DWHX is conservative with respect to the
calculation of the amount of tritium lost from the primary FLiBe. No
volumetric source terms are considered (source term in Eq. (1) is equal
to zero), the only source of tritium is at the inlet of the FLiBe flow. Such
inlet source term is assumed to be constant in time and does not account
for pulsed operation of the fusion device. Permeation is assumed to be
diffusion limited and all tritium in FLiBe is assumed to be in molecular
form (T5), thus representing an upper limit of the tritium concentration
in the salt. There are four regions: inner wall (wl), helium, outer wall
(w2) and FLiBe (see Fig. 5). Under the assumption that there is no
dedicated TES and that the FLiBe exiting the blanket is sent directly to
the DWHX, a tritium concentration of 1.36E-04 mol/m® is imposed at
the DWHX FLiBe inlet and is derived from ref. [34]. The regions
boundaries in the radial direction are coupled with the custom BC
described in the previous section. Instead, at the w1 left boundary, the
water is modelled as a perfect tritium sink through a zero-T concentra-
tion BC, due to rapid isotopic exchanged between tritium and protium in
the water molecule [3]. At the right boundary of the FLiBe domain a
symmetry BC is used, modelling the geometric symmetry of the DWHX
pipes. Finally, at the outlet of the fluid domains (FLiBe and helium) and
at the top/bottom ends of the solid regions a zeroGradient BC (dC /on =
0) is applied. The temperature profiles calculated by RELAP5, and dis-
cussed in Section 2.2, are imposed as fixed values in each region.

Tritium transport properties, i.e., diffusion coefficients and solubil-
ities, depend on temperature according to the Arrhenius equation.
Activation energies (E,, kJ) and pre-exponential factors used for the

“_
R
¥

)

SyImedry

Custom BC
Custom BC

Pipe length
>

H2O He

Pipe radius

Fig. 5. DWHX OpenFOAM case geometry and tritium BCs.
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different materials are shown in Table 5 and are obtained from [35]
(FLiBe), from [31] (Hastelloy N) and from [36] (helium).

For pressure-velocity coupling chtMultiRegionFoam uses a hybrid
between the Pressure-Implicit with Splitting of Operators (PISO) algo-
rithm and the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm, called PIMPLE [37]. The discretization schemes
adopted in the simulations are first order for temporal discretization and
second order for spatial discretization. The mesh is hexahedral, struc-
tured and coherent and a mesh sensitivity analysis has been conducted
to ensure the independence of the results with respect to the computa-
tional grid resolution (this analysis will be presented in a dedicated
paper). Convergence is evaluated through the monitoring of tritium
fluxes between the interfaces and the solution is considered convergent
when the relative deviation between two time steps is less than 1.0E-10
and all the residuals are below 1.0E-6.

4. Results

Fig. 6 shows the tritium concentration inside the different regions for
the reference case (Table 1) normalized with respect to the FLiBe inlet
value. The tritium loaded FLiBe enters the heat exchanger from the top
(see Fig. 5). As it descends, tritium diffuses towards the w2 wall initially
void of tritium and its concentration decreases going downwards near
the interface between the two (Fig. 6-A). Here, due to the high solubility
of tritium in the metal compared to the one in the FLiBe, the concen-
tration exhibits a peak at the contact wall with FLiBe (Fig. 6-B). Sub-
sequently, tritium diffuses into the helium and has a greater
concentration towards the upper part of the pipe as it is in counterflow
with the FLiBe (Fig. 6-C). Finally, tritium permeates into the wl wall,
concentrating more in the upper part where there is also a higher helium
concentration (Fig. 6-D).

Fig. 7 shows the radial profile of the tritium concentration at the
bottom, at the half-length and at the top of the HX tubes for all the cases
analyzed (see Table 4). As also shown in Fig. 6, the greatest variations in
the Ty concentration occur when passing from one region to another,
clearly visible through the “concentration jumps” at the interfaces, due
to the high difference in the solubility of tritium in the different mate-
rials. The variation of the helium flow rate alters the temperature pro-
files within the HX, as shown in Fig. 4, and thus the tritium transport.
When the helium flow rate is lower (S2 case), the average temperatures
in metals and in helium, especially in the upper region of the DWHX, are
significantly lower compared to the reference case (REF), due to the
reduction of the average HTC (see Table 4). This leads to a lower
diffusive flux from w2 towards helium which overall causes a higher
concentration of tritium at the FLiBe outlet and a lower helium extrac-
tion efficiency, as shown in Table 6.

Finally, Table 6 summarizes the results obtained from OpenFOAM at
steady state for the reference case and for varying helium velocity
(Table 4). The overall release rate from one DWHX towards water with
varying helium mass flow expressed in Ci/day is computed using tritium
activity [38], tritium molecular weight and the value of release rate in
mol/s. On the other hand, a lower helium flow rate means an increase of
the residence time of the helium inside the HX and this leads to an higher
concentration of tritium in all the tube length, as shown in Fig. 7 and in
Table 6. The same conclusions are "mirrored" for the S3 case, where a

Table 5

Adopted tritium solubilities and diffusivities.
Parameter E, (kJ) Pre-exp factor
Dryipe [m?/s] 42 9.3E-07
Kerige [mol/m>Pa] 35 7.9E-02
Difastelloy N [m?/5] 56 1.69E-06
KHastelloy N [mOI/mspaO's] 7.5 0.12
Dyge [m?/s] 8.998 4.13E-04
Kge [mol/m>Pa] 6.340 5.79E-05
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Fig. 6. REF case HX pipe radial slices, full length: tritium concentration. The
overall length of the HX is considered and reported. The radial scale is altered (a
high multiplicative factor is applied) to enhance the results readability.

greater velocity of the helium leads to a lower concentration of tritium in
the helium (Fig. 7) but to a greater extraction due to the high velocity
imposed (Table 6) and the different permeation flux from w2. Further
analyses as the addition of a concentration of tritium higher than zero at
the helium inlet, the addition of turbulence modelling and the com-
parison with a single-wall heat exchanger could be the object of a future
work.

The HX extraction efficiency is computed as the ratio of the release
rate to helium to the FLiBe inlet rate, instead the barrier efficiency is
computed as the complement to one of the ratios between the release
rate to water and the FLiBe inlet rate. The barrier efficiency is very
similar for all cases, and it is higher for S2 due to the lower release rate to
water compared to REF and S3.

As summarized in Table 6, the component effectively fulfills the
function of a barrier for tritium concerning permeation in water for all
tested configurations, with nearly unitary barrier efficiency values.
However, it fails to serve as a tritium extractor, exhibiting extraction
efficiencies of less than 1 %, as tritium diffusion in helium remains quite
low regardless of its flow rate.

5. Conclusions

The preliminary sizing of a DWHX to be installed in an ARC-class
fusion reactor primary cooling system has been performed. This goal
was achieved through theoretical calculations verified with a RELAP5-
3DO© analysis. The adoption of a high helium flow rate allows the
achievement of an acceptable height for the HX.
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Then, a sensitivity analysis was carried out to optimize the compo-
nent layout. Some solutions were identified to reduce the HX height, but
they pose challenging issues to the component manufacturing (i.e., low
bundle p/d that makes difficult the realization of the tubesheets).

Finally, tritium transport studies were performed to evaluate the
DWHX performances as tritium barrier and extractor. The simulation
results highlighted how the current preliminary design is not adequate
to remove tritium for fuel recycling purposes, as the tritium extraction
efficiency is very low. This is mainly due to the low permeation from
FLiBe to helium. Instead, the component seems to correctly fulfill the
tritium barrier function for all the scenarios considered, as the quantity
of tritium reaching the secondary water varies from 7.5 to 12.0 E-03 Ci/
day (three times the values in Table 6, referred to a single HX), well
below the value preliminary assumed as reference for the release rate
(~10 Ci/day) [5]. This leaves room for further optimizations of the
DWHX layout, also evaluating the case in which a TES is inserted up-
stream the HX.
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Table 6
DWHX T, permeation analysis - steady state results.
Parameter Units REF S2 S3
FLiBe inlet Crp mol/m? 1.36E-04
Release rate to helium mol/s 2.35E-07 1.90E-07 2.49E-07
Release rate to water mol/s 8.64E-10 4.39E-10 8.42E-10
Ci/day 5.74E-03 2.92E-03 5.60E-03
FLiBe outlet Cro mol/m® 1.329E-4 1.334E-4 1.327E-4
Helium outlet Cpo mol/m? 2.09E-08 3.55E-08 1.24E-08
Efficiency (T, barrier) % 99.997 99.998 99.997
Efficiency (T, extraction) % 0.87 0.70 0.92
w2 FLiBe
9.5 10.5 1.5 125 13.5 14.5
= REF top S6 bottom  —56 mid
—S10 mid —-S10 top

Fig. 7. T, concentration [mol/m3] radial trend inside a HX pipe at the base (bottom), at the half length (mid) and at the top of the pipe. Three cases at varying

helium velocity (see Table 3 and Table 4) are shown.
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