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Super-conducting cables are an enabling technology for energy applications such as large magnetic-confinement
nuclear fusion machine, and a promising key player in the power transmission of the next future, both in AC and
DC conditions. While the thermal-hydraulic analysis of forced-flow superconducting cables for fusion application
can only rely on commercial or proprietary numerical tools, such kind of tools for power transmission cables are
not even available. Within the framework of Open Science, set as a priority by the European Commission in
Horizon Europe, the novel software OPEN Super Conducting Cables (OPENSC2) has been developed to grant the
entire research community the possibility to simulate thermal-hydraulic transients in forced-flow super-
conducting cables for energy applications. A Test-Driven Development has been adopted for the OPENSC? within
an object-oriented approach. Following the TDD approach, three test cases are considered of paramount interest
for the OPENSC? development, deriving the set of characteristics that the target object-oriented tool should
comply with, and namely: 1) a heat slug propagation along an ITER-like 2-region cable-in-conduit conductor,
with a thousand of mm-size low-critical-temperature superconducting (LTS) strands, cooled by supercritical
helium (SHe); 2) the heat diffusion across the cross section of a twisted-slotted-core cable-in-conduit conductor,
with high-critical-temperature (HTS) superconducting tapes, for fusion application, cooled by SHe and 3) the
nominal operation of a single-phase HTS High-voltage, Direct Current power cable, with a 2-cryostat configu-
ration and 2 different fluids adopted as primary coolant and thermal shield. In the object-oriented OPENSC? the
class “conductor” is defined, where each Conductor Object (CO) is the combination of different lower-level
objects (both fluid and solid components) instantiated by the class. The choice of each component drives the
automatic selection of the appropriate physical equation(s) in the code, as well as the possible interactions be-
tween them. Thermo-physical properties of different materials and cryogens can be attributed to the components
of a conductor objects, taken form open datasets. A user-friendly GUI allows setting and monitoring the simu-
lations while running. The software is tested in the three case studies targeted in the TDD, to show eventually
how it allows modeling the three test cases presented here. The Verification and Validation of the CO methods
performed through benchmarks against the 4C code is also presented and discussed.

reaching remarkably high magnetic fields in the most advanced Nuclear
Magnetic Resonance spectroscopy and magnetic resonance imaging [4].

1. Introduction

1.1. Background

Superconducting (SC) cables and magnets in the past decades have
enabled fundamental discoveries in the field of high-energy physics [1],
amazing steps forward in the research on a clean energy based on nu-
clear fusion [2] and a significant increase in the power transfer capa-
bility, as well as reduction of transmission loss and construction cost, for
power cables [3]. Also in medical applications, they have allowed
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Among the electric power applications [5], they entered the sector of
generation, transmission and improvement of the electric grid quality
with, for instance, SC motors, Fault Current Limiter (FCL), synchronous
condensers and the Superconducting Magnetic Energy Storage (SMES)
[6]. Diverse kinds of SC cables are available, according to the applica-
tions, based on different SC materials and different concepts of cooling
(conduction-cooling, coolant bath or forced-flow): we concentrate here
on forced-flow SC cables.
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Fig. 1. Different examples of LTS and HTS cables for fusion applications: (a) Nb3Sn ITER-like cable (courtesy of ENEA); (b) HTS slotted-core cable (courtesy of
ENEA); (c) LTS CICC proposed for the EU-DEMO Toroidal Field Coils (courtesy of the Swiss Plasma Center); (d) HTS Rutherford-like cable (Swiss Plasma Cen-

ter design).

High-Energy Physics (HEP) magnets use high-current, multi-strand
superconducting cables [7] to reduce the number of turns in the coils,
reducing then the magnet inductance. Typically, the HEP coils are
wound using Rutherford cables, developed already in the early 1970s
and particularly suitable for that kind of magnets due to their excellent
mechanical, electrical and thermal properties. Rutherford cables, widely
used in NbTi and Nb3Sn magnets, are typically conduction-cooled, and
their modeling is beyond the scope of the present paper. Other designs
are being developed, such as the tilted solenoids, based also on High-
Critical Temperature superconductors (HTS), opening the opportu-
nities to continue advancements toward higher magnetic fields, but also
to operate at an increased temperature [8]. However, also the HTS coils
for HEP typically rely on conduction cooling through the device, cooled
on the outer side natural convection to a 2-phase cryogen fluid.

The research on nuclear fusion as a possible technology for a CO»-
free power production, capable to reduce the many issues related to the
nuclear fission plants [9,10] is flourishing around the world, with
magnetic confinement devices being designed or constructed, by both
public enterprises and private companies, to address the physics and
technological challenges that are still open. Despite the alternative
configuration and design choices, all the large fusion machine recently
entered in operation, under commissioning or design are
superconductive.

On the side of the stellarator/heliotron configuration, the two world
largest operating machines, and namely Wendelstein 7-X [11-13] in
Germany and the Large Helical Device in Japan [14,15], relies on
superconducting coils employing Low Critical Temperature Super-
conducting material (LTS), cooled by Helium, mainly in forced flow
conditions [16]. Future machines, such as that targeted by the public
consortium EUROfusion (namely, the HELIcal Advanced Stellarator -
HELIAS machine [17]) or by the private company Reinassance Fusion
[18], will be designed taking advantage of the recent development in
both LTS and HTS, respectively [19].

On the side of the tokamak configuration, while the ITER machine
[20,21] is under construction in France, the main parties collaborating

for that huge nuclear fusion experiment are separately working on the
next step toward a commercial use of fusion power [22]. The China
Fusion Engineering Test Reactor (CFETR) [23,24], designed to bridge
the fusion experiments between ITER and a nuclear fusion power sta-
tion, addresses steady-state operation and tritium self-sustainment. At
the end of the conceptual design phase, its design currently relies on
both LTS and HTS cable-in-conduit conductors (CICC) [25]. The Euro-
pean DEMOnstration reactor, in the European roadmap to fusion [26],
should go beyond ITER and show for the first time that electricity can be
generated from the fusion process. The EU-DEMO has just finished its
pre-conceptual design phase, and its magnetic system is based on the use
of CICC, with different variants still open including both LTS and hybrid
LTS / HTS coils [27]. The Japanese DEMO JA-DEMO [28] is also
designed as a superconducting machine, and relies on the technical
maturity of the LTS Nb3Sn technology as the prime superconductor (SC)
option, at least for the Toroidal Field Coils. The design of the magnet
system of the Korean DEMO K-DEMO [29] is based on the use of well-
established NbsSn and NbTi CICC [30]; while the American pilot
power plant, ARC [31], bets on the development of fusion-class HTS
magnets with a demountable structure [32], that should be already
adopted in the wingdings of the SPARC (Short Pulse Affordable Robust
Compact) machine [33], coming first (and soon) in the American
accelerated pathway to fusion energy. Even the “satellite” tokamaks,
which should complement the physics advancement reachable through
the deployment of ITER within a “broader approach” to fusion energy
[34], such as the JT-60SA and the Italian Divertor Tokamak Test (DTT)
facility [35] are or will be fully superconductive. The JT-60SA, starting
operation in Japan [36], uses LTS CICC for all the coils [37], while for
the DTT, HTS cables are being considered as an insert to the Central
Solenoid [38]. An overview of some of the common topologies of LTS
and HTS cables for fusion applications are reported in Fig. 1. In all cases
the capability of modeling of the thermal-hydraulic transients is
mandatory for the design and operation of the magnets.
Superconducting cables are also currently under investigations to
substitute or retrofit standard conductors in the power transmission,
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Fig. 2. Sketch of HTS DC cables with warm (a) and cold (b) dielectric, respectively.

both in AC and DC conditions. HTS AC and DC transmission cables and
lines could bring a clear size advantage and low total electrical losses for
high-capacity transmission, having the potential to address the need for
more sustainable and efficient transmission, compared to solutions
based on standard conductors [39]. Several utilities around the world
have already demonstrated the technical feasibility of SC cables for
power transmission, [40-43], but the technology is far from being
commercial. The Superconducting transmission cables (SCTCs) are
typically characterized by a transverse dimension of few tens of centi-
meters, with a characteristic length of the cables larger than the trans-
verse dimension by several order of magnitude. Many different cable
designs for SCTCs have been developed so far, see for instance the cold-
dielectric and the warm-dielectric design reported in Fig. 2, or the single
core or multiple cores for the three-phases designs in [44]. Notwith-
standing the adopted design, however, the global design of Super-
conducting transmission lines requires a thermal-hydraulic assessment,
because of the use of pressurized coolant and the need for refrigeration
or compression stations along the line.

1.2. State of the art in the thermal-hydraulic modeling of HTS and LTS
SC cables

Being the use of forced-flow SC cables so relevant both for fusion
applications and for power transmission, the availability of an appro-
priate, reliable and flexible modeling of the forced-flow SC cables is of
paramount importance. While the European Community is strongly
supporting Open Science, set as a priority by the European Commission
in its program Horizon [45], the software accepted and commonly used
for the thermal-hydraulic analysis of LTS and HTS cables for fusion,
which is supported in Europe by public funding, are not publicly
available.

Several numerical tools are well established for the analysis of the
transients in LTS cables for fusion, and namely the THEA/SUPER-
MAGNET Suite [46], the VINCENTA/VENICIA suite [47] and the 4C
code [48]. The code THEA/SUPERMAGNET is a commercial code, of
which the source files are made available upon license payment. It is
based on the Gandalf code [49], originally developed for LTS CICC, and
it can perform steady and transient Thermal, Hydraulic and Electric
Analyses (THEA) of forced-flow SC cables. The model solves 1D mass,
momentum and energy conservation for the coolant (SHe and Nj in
single phase) in the non-conservative variable velocity, pressure and
temperature, and energy conservation for the solid elements along each
cable. An arbitrary number of thermal and hydraulic components can be
mutually coupled on the cable cross-section, with different possible
materials forming the cable (SC, stabilizer, insulator, ...) and variable
cross sections along the cable to account for joints. The model solver
uses Finite Elements Method (FEM) in space, with an adaptive grid and

an adaptive multi-step time marching scheme, with an accuracy up to
the 3rd order. Although a post-processor is available within the tool, no
interactive simulations are possible. The code has already been applied
to the modeling/design of HTS magnets or inserts in the fusion field
[50]. Note, however, that the applicability of models that cannot
accurately account for transversal temperature gradients across the HTS
strand cross section are currently under discussion [51]. The code
structure is declared as “open”, upon payment of the license fee.

VINCENTA/VENECIA is another commercial package, aimed at the
transient thermal-hydraulic simulation of large SC magnet system and
accounting for several coolants simultaneously: Helium, in the different
states (superfluid, supercritical, or 2-phase homogeneous mixture), but
also Nitrogen, Hydrogen, Oxygen, Neon and Water. The code is appli-
cable to a wide range of devices including not only fusion ones, for
which a validation of the code against experimental results is provided,
but also magnet systems for NMR and MRI and superconducting motors,
generators and SMES. It is based on a modular structure, with an indi-
vidual set of algebraic equations, differential equations and equations in
partial derivatives describing each component of the system (SC cables,
pumps, valves and heat exchangers, ...). Fluid flows are modeled using a
1-D approximation, solving conservation laws in the variables velocity,
pressure and enthalpy, and they can be connected each-other and to 2D
models of the solid elements. The spatial discretization of the derivatives
is performed through Finite Differences Method (FDM) with accuracy up
to 5th order, while a semi-explicit splitting-up scheme for parabolic
partial differential equations is implemented for the time marching.
When different conductors are modeled, each conductor can have a
different meshing to better capture regions where the gradients of the
drivers/solutions could be steep. Real-time monitoring of the results is
included in the software, with also a GUI allowing for the selection of the
task directory, of input file, visualization of 2D mesh for the solids,
launch of simulation, selection and plotting of results.

Among the numerical tools mentioned above, the 4C code, which is
proprietary and not available for commercial use, is largely the most
validated among the ones quoted above. It can perform steady and
transient Thermal-Hydraulic analyses of He-cooled forced-flow SC ca-
bles and magnets. The tool consists of different modules (one for the SC
cables and winding pack, one for the bulky structures and one for the
cooling circuit), suitably coupled and synchronized by a co-simulation
commercial platform. The 4C module for the SC conductors and wind-
ing packs is the only one of interest here. It is inherited from the
Multiconductor Mithrandir (M&M) [52], and consists of a multi-
conductor model for the simulation of thermal-hydraulic transients in
SC winding packs wound with CICCs. 1D mass, momentum and energy
conservation, are solved as in Gandalf for the coolant (Supercritical He,
SHe). Transient heat diffusion is solved separately for the strands and the
jacket (see Fig. 1 for the nomenclature). The possibility of a slow
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variation of coolant and solid cross sections along the cables was
introduced several years ago in the code to account for the peculiar
topology of joints [53], but was seldom used throughout the years. As far
as the numerical aspects are concerned, the 4C module under analysis
uses 1st order FEM for the spatial discretization with an adaptive grid,
and an implicit (Backward Euler) or semi-implicit scheme for the time
marching, with an accuracy up to the 2nd order and the possibility to
adapt the time stepping to capture steep variation in the cable transients.
The thermal coupling between neighboring conductors within the
winding pack is considered with an explicit algorithm, that at any time
step quantifies the power exchange from between conductors based on
the temperatures computed at the previous time step. The code is not
equipped with any GUL the post-processing is typically performed a
posteriori using a different software (MATLAB, Excel, ...). The code has
been originally developed for LTS cables, however a model for HTS
cables (H4C,) has been recently added to the 4C code family, which
allows easily to model HTS macro-strands such as those shown in Fig. 1.
d, and it is currently under validation. However, it is not suited for ITER-
like LTS cables as it includes a simplified treatment for the thermal-
~hydraulic coupling between different cooling channels.

The three above-mentioned software have been all extensively
applied in simulation for the main SC tokamaks, for “short“ transients
(stability and quench of conductors, for instance) and “long* transients
(operating modes, cool down, warm up etc.), for both design and veri-
fication purposes of normal operating conditions [54], as well as for the
investigation of off-normal operating conditions. Note that the design of
different plasma scenarios for the fusion machines requires in principle
the verification of the feasibility of the corresponding current scenarios
in the different magnets, which can be done only relying on computa-
tional tools. Although few benchmarks are available on couples of the
above-mentioned tools [55], the different codes have never been applied
to the same test case and rigorously benchmarked. Furthermore, these
tools are either commercial or proprietary, and cannot be freely used by
the scientific community. Notwithstanding the validation path of any of
the tools, their opacity rises then the issue of the verifiability of the
computed results, based on which public money are allocated and
invested, and that calls for a shift of paradigm towards Open Science,
where an open-access tool could be used by several teams in different
labs to confirm the suitability of designs and feasibility of operating
scenarios.

The numerical modelling of the SCTCs is much more limited than
that of the fusion cables and magnets, and it is mainly addressing the
support of the cable design towards the development of a stable, reliable
and safe component. A recent review of the thermal-hydraulic models
for such cables showed that no numerical tools are “universally”
established and available for the analysis of SCTCs, possibly in view of
the variety of different topologies and cooling configurations actually
under consideration for AC and DC SCTCs [44].

1.3. Modelling gaps and needs

If a wholistic approach is considered for the forced-flow SC cables
modeling, the first clear point is that, notwithstanding the similarities
between the cables for fusion and for power transmission, there is not a
single model already available for the analysis of thermal-hydraulic
transients in both kinds of cables.

Although the topology is different for the two kinds of cables, simi-
larities exist: the SC tapes or strands are typically in contact with a
stabilizer (in the form of strands, slotted core, or a former tube) and also
suitably in contact, either directly or indirectly (through the stabilizer)
with the coolant. The three above-mentioned components are embedded
in a single or multiple jacket. The outer jacket (or insulation) is exposed
to heat load either from the environment (by radiation or convection) or
from other cables (by conduction within a winding pack). If field and
current operation are considered for both applications, the heat source
coming from AC losses is a driver for the thermal-hydraulic analysis for
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both cables for fusion and for power transport.

If we just remain within the fusion cables, some of the codes origi-
nally developed for the modeling of LTS cables, where the wetted
perimeter of the exceedingly small strands and their large and isotropic
thermal conductivity ensures the vanishing gradients inside a single
strand, show issues in the modeling of fast transients such as quench
propagation in the HTS cables [51]. In fact, the HTS copper-oxides tapes
have a small and anisotropic thermal conductivity with respect to LTS
strands, allowing for the build-up of large gradients within the single
bulky strand. The HTS strands are significantly larger than the LTS ones,
and the occurrence of thermal gradients in fast transients requires the
modeling of each strand separately. While THEA/SUPERMAGNET can
deal with that, the 4C code cannot — that was the main rationale for the
development of the H4C module, which, however, is not suited for the
analysis of LTS because of the explicit nature of the numerical coupling
between the equations for the strands and those for the coolant.

The modeling of SCTCs per se would not require a tool capable to
deal with transverse heat transfer in a winding pack, but the modeling of
an entire power transmission line would require the capability to deal
with an external cryogenic circuit, re-pumping stations, current leads,
joints and terminations. These issues are common to the fusion appli-
cations, where the cryogenic circuit for the SC magnets must be
included, if realistic operating conditions are wished for the simulations
at the winding pack inlets/outlets.

Well-established tools adopted for fusion cables, as 4C for instance,
at present cannot deal with SCTCs. The main missing ingredients are the
capability to adopt LN; as coolant (included, however, in the VIN-
CENTA/VENICIA tool), and they do not include radiative heat transfer
that occurs in the cryostat(s) in the cables for power transmission, see
Fig. 2. THEA/SUPERMAGNET and 4C could be possibly extended to deal
with SCTCs, but the fact that they are proprietary or commercial link
their extension to the interest of any stakeholders, possibly ready to
cover the cost of a license (THEA/SUPERMAGNET) or development
(4C). Note, however, that the two communities (the fusionist one and
the transmission-cables one) do not seem to have strong connections.

As several fusion machines are under construction and are entering
or will enter in operation in few years, the need for having a simulation
interface that allows for the monitoring of the transient under investi-
gation is necessary, so that a GUI allowing such monitoring is to be
envisaged. Also, for the SCTCs, the monitoring of the evolution of the
transient could be beneficial in the design phase to early identify in the
simulation the onset of fault conditions.

1.4. Aim of the work and challenges for a novel software

Based on the above state-of-the-art in the modeling of LTS and HTS
cables for fusion and power transmission, and on the gaps and needs for
their modeling with a wholistic approach, the main challenges that the
novel numerical tool should address, aiming at the modeling in an open
framework of thermal-hydraulic transients in the different kinds of ca-
bles, are:

e Flexibility in the modeling of quite different cable structures, which
can be achieved through an object-oriented development of the
model, based on a basic pool of test-cases that the model should be
able to deal with.

Flexibility in the modeling of the cable coolants, which can be again
achieved through an object-oriented development of the model,
allowing the choice of the coolant for any of the hydraulic channels
considered in the model. Such flexibility calls for an efficient
implementation of the thermophysical properties of various kinds of
coolant, or an efficient link to open-source libraries for that, and a
suitable selection of the conservation equations describing the
coolant thermal-hydraulic transient.
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Fig. 3. Sketch of the layout of different SC cables used for the TDD: (a) ITER-like LTS cable for fusion; (b) ENEA design for HTS slotted-core cable for fusion; (c)
single-core HTS cable at high-voltage in direct current (HVDC) for power transmission.

Table 1
Test 1: geometrical and operation attributes of the selected ITER TF-like
conductor.

Parameter Unit Value
Conductor length m 10
Strand cross section m? 7.54 x 10

Strand material -

Inclination angle 6 of strands wrt -
conductor axis

Jacket cross section m? 5.87 x 10

Jacket material Stainless Steel (52.3%), GE

(47.7%)

Bundle channel cross section 2 3.7 x 10

Bundle channel fluid - SHe

Bundle channel hydraulic diameter 3.27 x 10

Central channel cross section 2 5.03 x 10°

Central channel fluid - SHe

NbsSn (32.4%), Cu (67.6%)
cos 0 = 0.97

8

B B

Central channel hydraulic diameter m 8.00 x 103
Coordinate of heated length (begin—end) m 1-3
Deposited power density w/ 250

m
Heating duration s 10
Heated component - Strand

e Inclusion of all different mechanisms for heat transfer to the jacket
and among different jackets, including not only conduction, but also
convection and radiation.

e An efficient GUI, allowing the monitoring of the evolution of selected
variable throughout the transient (by means of real-time plots), and
ready to comply with the possibility of exploring possible control
strategies and mitigation techniques as the simulation is evolving.

The object-oriented nature of the novel tool calls for a development
environment suitable for that, for instance Python, a high-level inter-
preted and complete scripting language developed in the late 1980s. The
choice of Python 3 as programming language (Python 2 is no longer
maintained) is related to its popularity and to its open-source essence
guaranteed by the Python Software Foundation License Agreement, its
portability and simplicity, as well as its versatility ensured by the vast
standard library and the availability of numerical packages that can be
imported when needed from the Python Package index.

Finally, the main challenge the novel tool should address is that of
transparency and accessibility, within the framework of Open Science.

The aim of the paper is to present a novel numerical tool, OPENSC?,
that addresses all the above-mentioned challenges. The development of
the tool is Test-Driven: three different test cases were selected prior to
the development, which cover the main modeling features the code
should deal with, as explained in Section 2. The definition of the

CONDUCTOR class of component, with its attributes and methods, is
pursued in Section 3, together with a sketch of the user-friendly GUI
developed for the OPENSC2. Then the evidence of OPENSC? to pass the
tests identified in Section 2 is shown, and the three selected test cases are
analyzed. Test 1 also allowed to perform the code solution verification
through a detailed spatial and time convergence analysis, and a
benchmark against the 4C results for the same simulation setup.

2. Test-driven development of the model

For the development of OPENSC?, a sort of light version of the Test-
Driven Development [56] was applied. First, the minimum subset of case
studies (cables or geometries) was identified, see Fig. 3, the TH tran-
sients of which we want to be capable to address and simulate with the
novel tool. Then the different specific aspects of the physics of the case
studies, that were to be captured by the code, were defined and listed. In
the perspective of the TDD, the different “tests” were basically all the
different functionalities the code should be able to comply with, i.e. all
the different ingredients that the novel tool should be able to put
together. Three different complex (non-trivial) TH transients, one per
case study, were identified and the OPENSC? had to pass the check of
capability of correctly capturing the peculiarities of the different
transients.

2.1. Test 1: Heat slug propagation in an LTS conductor for fusion

The simplest topology the OPENSC? should be able to model is that of
the classical two-regions CICC for fusion, such as that reported in Fig. 3a.
A thousand strands, both superconducting (with NbsSn filaments) and of
segregated copper, are twisted in multi-stage twisting path around a
central spiral, delimiting a low impedance channel for the coolant. The
cable is encompassed in a stainless-steel jacket, providing mechanical
robustness and confinement for the coolant. The jacket is typically
wrapped in insulation layers (not shown in Fig. 3a). In the case at hand,
the jacket is a pipe. Supercritical Helium at typically 0.6 MPa and 4.5 K
is pumped through the central channel region, as well as through the
space left free from the strands in the annular region. The cable trans-
verse dimension is typically ~ 5 cm, while the length can reach several
hundred of meters. Such cable can carry a current up to ~ 100 kA, in a
background field up to 13 T, and works either in steady-state or in pulsed
mode, bearing in the latter case significant AC losses.

The configuration in Fig. 3a, as well as similar configurations with a
thicker circle-in square jackets, have been extensively investigated using
the 4C code, THEA/SUPERMAGNET and VINCENTA/VENICIA [35] for
the ITER coils, for a wide range of thermal-hydraulic transients ranging
from the (slow) cooldown and standard plasma pulse to the fast
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TF-like conductor of Test 1, at a time corresponding to 2 s, 5 s and 8 s after ty, the beginning of the square wave heating deposited in the strands.
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Fig. 5. Layout of the Test 2 conductor, with geometrical details (in mm).

discharge and quench. For the verification of the design of JT-60SA,
KSTAR and EAST the THEA/SUPERMAGNET code has been widely
used, with poor verifications performed independently with other nu-
merical tools.

The OPENSC? objective for the first test case is to demonstrate the
capability to correctly reproduce a thermal-hydraulic transient such as
the propagation of a heat slug along the conductor in a 2-regions, ITER-
type CICC. A short length of the cable (10 m) is considered in this first
test, with the geometrical and operational attributes reported in Table 1.
The central 2 m of the cable strands are heated with 250 W/m for 10 s,
and the transient behaviour of the cable is analysed for the first 20 s after
the slug begins. The test of the new tool should fail until the computed
temperature evolution along the cable equals that computed by means of
the 4C code. As a reference, the temperature computed using 4C along
the strand and the central channels at selected times during the heating
phase are reported in Fig. 4, showing the peculiar features of the trailing
temperature slug in the central channel, due to the low hydraulic
impedance (high speed) of the fluid in that region.

In view of the vastly different spatial scales across and along the
cable, a 1D model of the different cables components has been typically
adopted in most of the applications for ITER-like conductors. In general,

in normal-operating transients the temperature of the entire strand
bundle on the cross-section of the cable can be considered uniform and
modeled by a single transient heat conduction equation. The strands are
cooled by the cryogen in the bundle annular region. As far as the coolant
is concerned, it has been demonstrated that the proper modeling of the
heat slug propagation along the cable requires a set of 1D equations to
describe the conservation of mass, momentum and energy, separately
for the coolant in the central channel and in the bundle region (in the
space within the strands). Each fluid region should be able to transfer
mass, momentum and energy to the other one, through the central helix
that offers both a permeable and impermeable interface among the two
regions available for the coolant. The cryogen relevant for such appli-
cation is SHe, which is highly compressible in the temperature and
pressure ranges at hand. The conductor model should be completed by a
1D transient heat conduction equation for the jacket, the temperature of
which is lumped in a single value for the entire cross section and can
vary only along the cable.

2.2. Test 2: Heat diffusion across an HTS cable for fusion

Based on the concept of CICCs, recently a layout has been proposed
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Table 2

Test 3: geometrical attributes of the selected conductor for power transmission.
Parameter Unit Value
Conductor length m 100
Diameter of SC wires + stabilizer mm 5
Inner coolant channel thickness mm 1.5
Inner coolant GHe
Inner cryostat — inner wall thickness mm 2
Inner cryostat — outer wall thickness mm 2
Insulator thickness mm 5
Insulator material Glass epoxy
Electric Shield thickness mm 1
Shield material Glass epoxy
Outer coolant channel thickness mm 3
Outer coolant GNy
Outer cryostat — inner wall thickness mm 2
Outer cryostat — outer wall thickness mm 2

Cryostat material Stainless Steel

for a fusion cable, based on stacks of HTS coated tapes inserted in a
slotted core of a metallic stabilizer. In the design reported in Fig. 3b
(which is just one of the concepts under tests, see [57]), the stacks are
located in suitable helical slots available in an aluminum core, serving as
stabilizer for the superconducting tapes. Metal spacers or wires (such as
those in Fig. 1d, representing a similar cable) on top of the HTS stacks
keep the stacks in place. The cable is insulated with a wrapping (not
shown in Fig. 3b) and pulled inside the jacket, again providing me-
chanical robustness and confinement for the coolant. The coolant is
pumped in the central channel and in the small gaps on the sides of the
tape stacks in all the slots, to directly cool the HTS tapes. The transverse
dimension of the cable is of few centimeters, while the relevant length
for fusion applications should reach hundreds of meters. The cable could
carry a current of 20 kA at 4.2 K and 15 T of background field. The
coolant foreseen for this application is again SHe at 0.6 MPa and 4.5 K,
mainly because the first application currently foreseen for this cable is in

— law
. Strands Object SO
CLASS: FLUIDS
CLASS: CONDUCTOR @ Jacket Object JO Material
eometrical attributes
Length . . Operational attributes
- Fluid Object FO 1D Mass, momentum and energy
Structure <\ conservation laws
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the winding of an insert coil for the DTT facility, and the compatibility
with the cooling conditions for the LTS cables must be preserved.

The second test case identified for the OPENSC? development is to
demonstrate the capability to correctly reproduce the propagation of a
heat slug initiated in a single SC slot across (and along) a 3 m-long
conductor, cooled by 5 g/s of SHe @ 4.5 K, 0.6 MPa. The heating ob-
tained depositing 250 W/m on the central 5 cm of a single SC slot occurs
for a duration of 1 s. The geometrical and material attributes of the cable
are sketched in Fig. 5. The test of OPENSC? should fail in case of a non-
symmetric slug propagation across the cable section.

As already shown in [58], the thermal-hydraulic modeling of such
cable requires the capability to lump the thermal model of the slotted
core (pure stabilizer) in a suitable number of 1D regions, thermally
coupled by suitable fictitious thermal resistances. Each cable stack can
be modeled separately or, if needed, even each of the 20 tapes within a
single stack can be modelled separately as pure SC elements. The coolant
modeling requires the capability to capture the mass, momentum and
energy conservation in the central channel and, separately, in each of
the gaps beside of the stacks. The OPENSC? modeling requirements for
this test case are completed by the need for a transient heat conduction
equation for the jacket.

2.3. Test 3: Nominal operation of an HTS cable for power transmission

An interesting cable design for High-Voltage Direct-Current (HVDC)
power transmission, that could help the integration of decentralised
renewable energy systems into the power grid with reduced energy
losses in transportation and reduced environmental impact is shown in
Fig. 3c. The cable layout is similar to that developed within the Euro-
pean Project BEST PATHS [59]. Moving outward, the cable is consti-
tuted by a bundle of copper wires, that serve as stabilizer to a ring of HTS
wires (MgBy in the case of BEST PATHS), inserted into a corrugated pipe
(jacket) where the primary coolant (GHe) is pumped. The jacket is part
of the first cryogenic envelop: it is vacuum separated by a spacer from a

CLASS: SOLIDS

Material
Geometrical attributes
Operational attributes

Transient 1D energy conservation

Object

Interaction Symbol

Connectors among components J

so @

Thermal by conduction

Operational attributes

so @

Thermal by conduction

Operating scenario

0 ©

Thermal by conduction

Initialization of components

J@)

Thermal by radiation

Solution of transient

so @

Thermal by convection

Post-processing

0 ©

Thermal by convection

ro Wl

Thermal through an
impermeable surface

S

~

Hydraulic and thermal by
FO . a permeable surface

S

Fig. 6. Schematic view of the class of Conductors, with attributes and properties, with the nested objects from the class of Strands and Fluids, and their possible
connections. The symbols to identify SOs, JOs and FOs are also reported, as well as the symbols for the connectors among them.
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Fig. 8. (a) Sketch of the cross section of the cable adopted for the ITER Toroidal Field Coil and (b) sketch of corresponding OPENSC? model. FO1 is the central
channel fluid, FO2 is the bundle fluid, SO represents the strand bundle and JO represents the jacket in the conductor model.

second corrugated pipe, around which the thermal and electrical insu-
lation is wrapped. This is constituted by Polypropylene Laminated Paper
(PPLP) lapped by a second cryogenic fluid, GNj, acting as a thermal
shield. Note that the direction of the GN; could be the same of the pri-
mary coolant or opposite to that, according to the cooling scheme of the
cable. A second cryogenic envelope made by two concentric corrugated
pipes, vacuum separated by a spacer, confines the GN; on the inner side
from the environment on the outer side. With respect to the cable lay-
outs shown in Fig. 2, we select here a case for which two different
cryogen fluids are simultaneously present. The transverse dimension of
the cable is of tens of centimeters, while the relevant length for such
cables should reach several hundreds of kilometers (but with several
cooling station along the line). Fault or transient conditions could induce
heat generation in the SC wires, while Joule heating is entering the cable
from the terminations. All along the cable, a parasitic load also enters
the cable by either convection/radiation or conduction.

The OPENSG? objective for the test against a HTS power-
transmission cables is to demonstrate the capability to correctly repro-
duce the temperature profile along a 0.1 km-long cable, the simplified
geometry of which is given in Table 2, during its standard operation,

accounting for radiative heating from the environment and the two
cryogens in counterflow. The numerical test should fail when the
behavior expected from a counter-current heat exchanger is violated,
and the conservation of the energy transferred by radiation from the
environment to the two cryogens fails.

The thermal-hydraulic modeling of such cable requires 1D models
for the different components, suitably thermally coupled along their
length. The new modeling ingredients that are necessary to exhaustively
capture the thermal-hydraulic behavior of such cable, if compared to
the previous test cases, include the need to model:

1) Simultaneously different cryogenic fluid within the same cable
model.

2) Simultaneously different flow directions for the fluids in the same
cable model.

3) The multi-wall cryostat configuration.

4) The heat transfer by radiation within different jackets to account for
the cryogenic envelope.
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Table 3
Test 1: geometrical and operation attributes of the selected ITER TF-like
conductor.

Parameter Unit Value

Strand perimeter wetted by bundle channel fluid (SO-FO2 m 3.728
contact)

Strand perimeter wetted by central channel fluid (SO-FO1 m 0.0
contact)

Jacket perimeter wetted by bundle channel fluid (JO-FO2 m 0.094
contact)

Jacket perimeter wetted by central channel fluid (JO-FO1 m 0.0
contact)

Jacket — strand contact perimeter (JO-SO contact) m 0.031

Bundle channel central channel wetted perimeter (FO1-FO2 m 0.028

contact)

h between strand and bundle channel fluid W/m?/ 1000

h between jacket and bundle channel fluid ;(V/mz/ 1000
h between jacket and strand 3/m2/ 500

h between bundle channel fluid and central channel fluid 5\1/ m?/ 1000
Friction factor bundle channel “ 0.02
Friction factor central channel 0.02

3. Development of a novel object-oriented tool

The OPENSC? tool has been developed following an object-oriented
approach, using Python as the programming language. The object-
oriented approach relies on the definition of objects as children of a
specific component class, from which they inherit attributes (that are
properties) and methods (that define what the objects should be able to
do).

The constitutive class for the OPENSC? tool is the class of CON-
DUCTORS, see Fig. 6.

3.1. Attributes of objects in the conductor class

The first attribute of each object instantiated by the Conductors class
(Conductor Object, CO), is the length of the conductor, taken along its
axis, which could differ from the axis taken along the different
conductor components. In fact, the strands, for instance, are twisted
before their insertion in the jacket, so that their axes are typically in-
clined with respect to the conductor axis. The second attribute of each
CO is the structure, defined by its basic components and their connec-
tions. The components are grasped as objects belonging in turn to two
different classes: the class SOLIDS and the class FLUIDS.

Two kinds of children objects can be derived from the class SOLIDS
and namely the Strand Objects (SO) and the Jacket Objects (JO). Both
SOs and JOs are characterized by their materials, the properties of
which are grasped from open-source material libraries, and by
geometrical attributes such as the cross section and the share of different
components on the cross section. The SOs could be modeled in fact as
pure SC material, like the LTS NbsSn and NbTi, or pure stabilizer
(copper, aluminum, ...) or as a mixture of SC materials and stabilizer, as
for the HTS tapes. In the latter case, the volume ratio between the
different constituting materials is specified as an attribute, and the
thermophysical properties of the mixture are computed as a mass
average (for the specific heat c,) or a volume average (for the thermal
conductivity k) of the properties of the original materials. Moreover, for
the JOs different materials (either structural and insulating, see Table 1
for example) are available. For any objects, the object angle 6 with
respect to the cable axis should be also specified. The method the class
SOLIDS prescribes to its objects is the compliance with the 1D energy
conservation law, see Section 3.2.

If operation attributes can vary between the different CO component,
it is reasonable that they can become attributes of the different
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components rather than of the whole CO. In the attributes qualifying the
thermal-hydraulic drivers, the possible presence of “external” heating is
included, either by specifying initial and final coordinates of the heating
zone along the object, the amount of heating power per unit length (in
(W/m)), and the duration of the heating, or reading suitable tables
specifying the same information. The attributes qualifying the electro-
magnetic conditions allow specifying a value of the magnetic field for
any SOs and JOs, along the respective axis, and the transport current for
any SOs. Both aspects are relevant to properly compute the current
distribution in the cable and its evolution, as reported in [60].

Children objects instantiated in the class FLUIDS are Fluid Objects
(FO). FOs are characterized by a specific medium, the properties of
which are grasped from CoolProp library, geometrical attributes such as
the cross section and the hydraulic diameter and hydraulic attributes
like the friction factor. The methods of the class FLUIDS are the 1D
mass/momentum and energy conservation laws.

Among the other attributes of the COs we find the connectors among
the different SOs, JOs and FOs, that can be chosen among different
possible alternatives, according to the actual topology of the conductor.
Any object of the SOLIDS class can be connected to any other SOs and
JOs by a conductive thermal coupling, and in that case the conductive
thermal resistance per unit length R ,,q between them, as defined in Eq
(1), must be specified.
Til

Ay D

Reona =

In Eq. (1), A’ in (m) is the contact area per unit length along the
conductor axis (resulting in a contact perimeter), r is the contact thermal
m2K

resistance in <7>, i stays for the generic SO and [ stays either for the

generic SO or JO connected to the i-th object.
As a main difference with respect to the SOs, the JOs can be con-
nected to other JOs also by radiative thermal coupling. In view of the
separation of the space scales, the heat transfer by radiation is assumed
to be local along the cable, i.e. each cable segment transfers heat by
radiation only to the facing segment. Furthermore, each JO acting as an
envelope for the innermost JOs is assumed to absorb all the reflected
radiation, while for all the innermost JOs, assumed to be at a compa-
rable temperature (no mutual connection by radiative heat transfer), the
effect of reflectance radiosity is accounted for. For all JOs, the grey-body
approximation is retained (the emissivity is assumed to be constant).
Under the above assumptions, the thermal resistance per unit length R4
comes from the linearization of the heat transfer by radiation and is
defined in Eq. (2) for the JOs encompassed within a JO acting as an
envelope:
loe 1
Aig; A'iFijopy

+17) x (T,,, +T))

Ry = (2

In Eq. (2), i stays for the JO object under consideration, A" in (m) is
the radiating area per unit length along the conductor axis, Fy;,, is the
view factor between the JO object under consideration and the one
acting as envelope, ¢; is the surface emissivity of the JO object, o is the
Stefan-Boltzmann constant, T;,, and T; are the temperature of the JO
object acting as envelope and of the JO object under consideration,
respectively.

Any object of the SOLIDS class can be connected to one or more FOs
by a convective thermal coupling, and in that case the convective
thermal resistance per unit length R, between them, as defined in Eq.
(3), must be specified.

1
Reow = Xy 3)

In Eq. (3), A’ in (m) is the contact area per unit length along the
conductor axis, h is the heat transfer coefficient in (ﬁ), i stays for the
generic SO or FO and f stays for the generic FO connected to the i-th
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Fig. 9. Test 1: spatial temperature profiles computed with OPENSC? (dashed lines) and 4C (solid-marked lines) at 5 s and 10 s after the beginning of the heating at t,,
in the case of given Vi, Ti, and p,,, for the FOs: (a) SO temperature and (b) corresponding relative error; (c) JO temperature and (d) corresponding relative error; (e)
FO1 temperature vs the “hole” temperature from 4C and (f) corresponding relative error; (g) FO2 temperature vs the “bundle” temperature from 4C and (h) cor-

responding relative error.

object.

The last connectors, i.e. those between different FOs, need for their
definition the additional attribute of the open surface fraction between
the objects: an open fraction equal to one would describe a fully
permeable interface between two FOs, while an open fraction equal to

zero would describe a fully impermeable interface between two FOs. In
the latter case, the two FOs are interconnected by the heat transfer
through the impermeable surface in between. In that case the thermal
resistance per unit length Rp; between them, defined as a series of
(convective and conductive) thermal resistances in Eq (4), needs to be

10
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Fig. 12. Space (a) and time (b) convergence plots for the Test 1 simulation.

In Eq. (4), i and [ stay for the generic FO objects in contact, h is the
heat transfer coefficient in (-¥), k and z are the thermal conductivity in
Q)] (%) and thickness in (m) of the impermeable interface between the FOs,

11
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Fig. 13. Sketch of a slotted-core HTS cable for fusion applications, with the SOs and FOs numbered. SO1-SO6 correspond to the HTS tapes stacks, all the other SOs
discretize on the cross section the slotted core of the conductor. JO1 is the jacket. FO1-FO12 model the side channels in the slots where the tapes are inserted, while
FO13 is the central channel. (b) OPENSC? sketch of a portion corresponding to 1/6 of the cable cross section.

respectively, under the assumption that it is thin, so that the approxi-
mation to the flat slab for the thermal resistance holds. In case the
connection between two FOs occurs through a permeable surface it is
much more complex, since the transfer of momentum and energy are
driven by the transfer of mass between the two objects, see [61] for more
details. While in principle the coupling among the different objects
could vary along their length, for the time being it is assumed that all the
couplings remain the same throughout the entire length of the CO.
Under this assumption, the effect of the contact resistance between
different objects can be easily assessed by means of dedicated para-
metric analyses, testing the data taken for any specific parameter of
interest in a suitably wide range.

The operational attributes for the CO are the type of transient and
duration of the transient that is under investigation, as well as the
operating scenario of the conductor. The Type of transient (Pure-hy-
draulic, DC-performance, AC-performance, Quench, ...) and operating
scenario allow switching on/off specific features of the model. If the
operation concerns specifically current scenarios, it is discussed in detail
in [60] and are outside the scope of this paper, the focus of which is on
the thermal-fluid dynamic model of the SC cables. The duration of the
transient allows setting the end time of the simulation, performed ac-
cording to the methods defined for the CO.

The object-oriented approach to the construction of the OPENSC?
code ensures that several COs can be defined in the same model and
simulated within the same simulation framework. Currently, multi-
conductor simulations with no interactions between the COs are
possible, as done in [62], where the different COs can also benefit of
different durations of their transients. Note, however, that the interac-
tion of different COs will call for a higher-level class of objects, say the
WINDING PACK class, to be addressed in the future.

3.2. Methods of objects in the conductor class

The methods defined for each instance of the conductor class include
the initialization of the components at their operating conditions and the
solution of the transient, defined by the operating scenario, together
with the post-processing of the results, see Fig. 6.

The specific method adopted in OPENSC? for the solution of the
transient for the SOs and JOs, when they become a part of a CO, assumes
that they are characterized by a single thermal-hydraulic variable, the
temperature T, that needs to be assessed during any transient evolution
of the CO through the 1D transient heat conduction equation. The model
for the SOs and JOs includes then a first part inherited from the class
SOLIDS, that is the basic 1D transient energy conservation law, i.e. the
left-hand side of Eq. (5) and Eq. (6) for any SOs and any JOs, respec-
tively. At the right-hand side of Eq. (5), the source term per unit length

12

Qoperation(t;X), (in (W/m)), is defined by the operating conditions and
scenario, while the other terms refer to all the possible connectors to the
other objects, components of the same CO, as summarized in Fig. 6. In
Eq. (6) the peculiar contribution of power entering the jacket from the
environment per unit length is also present, which refers to the coupling
to the class of objects ENVIRONMENT, characterized by the “environ-
mental temperature” as its attribute, together with the presence of a
fluid (air) and respective temperature.

or, 0 (0T, (T —=T) S (5 -T)
Aipicpi——Ai=— | ki=— | =Qoperation(t,
PiCp. o o < 0x) Qoperation (1,%) + ; Reondjs + ; Reond,ij
- (T~ T)
=1 R(‘onv,i,f
6)
o, [, 0T, o~ (T - T))
Aipicp,iE_Aia (krg) :Qenvir<1nnzmr(t7x) + vae'd"i(’" ([’x) + Z Reondi
=1 cond.i,s
N, N, 2
S(T1=T) A (0=T) A (T-T)
r Rmm{.,gj A rad,i.j =1 Rconv.i,f
(6)

In Eq. (5), i refers to the SO under consideration, s refers to the
generic SO connected to the i-th SO, j is the generic JO connected to the
i-th SO, f is the generic FO connected to the i-th SO. The variables t and x
are the independent variable time and curvilinear spatial coordinate
along the conductor axis, and p is the density of the media attributed to
the i-th SO. Note that, in the case the axis of the SO under consideration
is not parallel to that of the CO, A; = A, ;/cos(d), being A,; the
perpendicular cross section, and 4 the angle between the CO axis and the
SO axis. Finally Ny, Ny and Ns are respectively the total number of
initialized FOs, JOs and SOs. Similarly, in Eq (6), i is the JO under
consideration, s is the generic SO connected to the i-th JO, j is the
generic JO connected by thermal conduction or by radiative heat
transfer to the i-th JO, f is the generic FO connected to the i-th JO. For
SOs and JOs, adiabatic conditions are always prescribed at both
boundaries, as done for instance in [61,63].

As a main difference with respect to the SOs and JOs, the method for
each FO accounted for in the CO structure includes equations not only
for its average temperature on the cross section, but also for its average
velocity v and pressure p. A set of 1D equations describing the conser-
vation of mass and momentum for a compressible inviscid single-phase
fluid (Euler equations) is written together with an equation describing
the thermal energy conservation. This form has been selected for the
conservation laws since it allows an accurate description of the transient
behavior for gasses in cryogenic conditions, for which viscous
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Table 4
Test 2: Geometrical attributes of the selected slotted-core HTS cable for fusion.

Parameter Unit Value/Correlation

Cross section for SO1-6 (typel SO) mm? 12.8

Material of SO1-6 HTS

Cross section for SO9, 12, 15, 18, 21, 24 (type2 SO) mm? 21.06

Material of SO9, 12, 15, 18, 21, 24 Aluminium

Cross section for SO8, 11, 14, 17, 20, 23 (type3 SO) mm? 11.32

Material of SO8, 11, 14, 17, 20, 23 Aluminium

Cross section for SO7, 10, 13, 16, 19, 22 (type4 SO) mm? 8.61

Material of SO7, 10, 13, 16, 19, 22 Aluminium

Contact perimeter between SOs (typel to type3) mm 4.00

r between SOs (typel to type3) m?K/W 3x10°

Contact perimeter between SOs (type3 to type4) mm 4.34

r between SOs (type3 to type4) m2%K/W 5x10°

Contact perimeter between SOs (type2 to type4) mm 2.76

r between SOs (type2 to type4) m?K/W 5x10°

Cross section for JO mm? 139.7

Material of JO Stainless steel

Contact perimeter between typel SOs and jacket mm 4.0

r between typel SOs and jacket m?K/W o

Contact perimeter between type2 SOs and jacket mm 7.19

r between type2 SOs and jacket m?K/W 8.8x10™

Cross section of FO1-12 (typel FO) mm? 0.65

Material of FO1-12 SHe

Cross section of FO13 (type2 FO) mm? 19.64

Material of FO13 SHe

Contact perimeter between typel FOs and typel SOs mm 3.23

h between typel FOs and typel SOs W/m?/K Dittus-Boelter correlation:
h = k/D;0.023Re8Pr03

Contact perimeter between typel FOs and type2 SOs mm 4.3

h between typel FOs and type2 SOs W/m?/K Dittus-Boelter correlation:
h = k/D;0.023Re*8Pr03

Contact perimeter between typel FOs and type3 SOs mm 0.15

h between typel FOs and type3 SOs W/m?/K Dittus-Boelter correlation:
h = k/D;0.023Re*8Pr03

Contact perimeter between typel FOs and type4 SOs mm 0.0

h between typel FOs and type4 SOs W/m?/K 0.0

Contact perimeter between type-1 FOs and jacket mm 1.25

h between typel FOs and JO W/m?/K 0.0

Contact perimeter between type-2 FO and type-3 SOs mm 1.31

h between type-2 FO and type-3 SOs W/m?/K Dittus-Boelter correlation:
h = k/D;0.023Re*8Pr03

Contact perimeter between type-2 FO and type-4 SOs mm 1.31

h between type2 FO and type4 SOs W/m?/K Dittus-Boelter correlation:
h = k/D;0.023Re8Pr03

Friction factor for typel FOs ~ [0.316Re %% Re < 1e4
f= { 2.21Re” 0.4,Re > le4

Friction factor for type2 FO

1 oo ( € 4 2.51
\/f7 £10 3.7Dy Re\/f

dissipative effects are small, capturing at the same time the effects of p, T, substituting the original variable p,v,u, where u is the specific in-
pressure. This method is particularly suitable for SHe and GN». In the ternal energy of the fluid, as reported in Eq. (7). This approach has been
future, methods for uncompressible cryogens with a simplified modeling successfully applied both in Gandalf / THEA / SUPERMAGNET [63,64]
of the two-phase transition could be implemented to account for the and in Mithrandir / 4C [48,65], while in VINCENTA / VENICIA the fluid
LNo. enthalpy w [66] is preferred with respect to the temperature.

The original conservation laws are customarily manipulated to
obtain a set of equivalent equations in the non-conservative variables v,

dv; dv; 1dp; 1

5, it — == Ay
o Tk Tp o T p M
opi 20V Opi @ (M -T) = (-T) & (-T) | &
Py p v = F RN A
ot * PiCs Ox M 0x Ai * ; Rcund‘i.: * /:Zl Rcand,i:/' * ; Rm[x,if * ; prvre (7)

T, v o, 1 S(L-T)  n ([-T) & (G-T) &
EJFCD[T" ox Viox T Aipice F Z Reond,is - ; Reonaij i ; Ryixig B ; M

s=1

13



L. Savoldi et al.

Cryogenics 124 (2022) 103457

10 T
——FO1
—FO013
97—301 B
S04
—e—S017
g ° ]
o
2
c 7 T
)
Q
€
2 6 :
5+ —_—
4 \ ! ! \ ! ! i ! !
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Length along conductor (m)

Fig. 14. Test 2: computed temperature profiles of different SOs on the red line in Fig. 13a, at the end of the heating of SO1. The profiles computed for FO1 and FO13

are also reported.
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Fig. 15. Test 2: (a) Computed temperature profiles of FOs and SOs located symmetrically to SO1 at the end of the heating. (b) Relative difference for the couples of

symmetrical objects.

In the set of Eq. (7), i is the FO under consideration, s is the generic
SO connected to the i-th FO, j is the generic JO connected to the i-th FO,
f is the generic FO connected to the i-th FO through an impermeable
surface. Looking at the coefficients, c; is the sound speed, c, is the spe-
cific heat at constant volume, ® is the Gruneisen parameter and F is the
friction term defined in Eq. (8).

2 ric 2

F= ,. ®)

where fg;c is the friction factor and Dy, is the hydraulic diameter of the i-
th FO.
The connection to another FO through a permeable surface occurs

through the source terms Ay ,,Aj1v1e,Ap +v+e, re€spectively, driven by the
unbalance of pressure between the two connected FOs. If the pressure

unbalance <pf —pi) >0, the i-th FO receives mass, momentum and energy

14

from the connected FO f, while if the pressure unbalance (pf 7pl—) <O, the

i-th FO feeds the connected FO f with mass, energy and momentum. The
coupling terms among connected FOs are crucial to correctly reproduce
the thermal-hydraulic transients in ITER-like conductors for fusion, but
the actual permeable surface available for the mass / momentum / en-
ergy transfer between neighboring hydraulic channels is very difficult to
assess (also due to the presence of wrapping around the strands, that can
chock the flow among the channels), and needs to be calibrated. As a
final remark on the set of the equations for the FOs, the method
described by Eq. (7) is highly non-linear, since all the coefficients rep-
resenting thermophysical properties of the fluid are functions of both
pressure and temperature. A suitable numeric treatment for such strong
non-linearity deserves some attention, see below.

For the FOs the boundary conditions, in the form of operation at-
tributes, are specified according to the characteristic theory. For the
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FO1 SO

Jo1

FO2 J02 JO2

Fig. 16. Sketch of the 4-wall cryostat HTS SC cable adopted in Test 3 (top) and
the corresponding OPENSC? model (bottom). FO1 models the inner coolant,
FO2 the outer coolant, JO1 the inner cryostat (inner wall), JO2 the inner
cryostat (outer wall), JO3 the insulator & electric shield; JO4 the outer cryostat
(inner wall), JO5 the outer cryostat (outer wall), JO6 the outer insulation and
finally SO the SC wires + stabilizer.

Table 5
Test 3: Operational attributes of the HTS SC cable for power transmission.
Parameter Unit Value/correlation
Contact perimeter between m 0.584
environment and JO6
Contact perimeter between FO1 m 0.031
and SO1
Contact perimeter between FO1 m 0.063
and JO1
Contact perimeter between FO2 m 0.339
and JO3
Contact perimeter between FO2 m 0.402
and JO4
Contact perimeter between JO1 m 0.075
and JO2
Contact perimeter between JO2 m 0.151
and JO3
Contact perimeter between JO4 m 0.415
and JO5
Contact perimeter between JO5 m 0.490
and JO6
h between environment and JO6 W/ 5
m%/K
h between FO1 and SO1 W/ Dittus-Boelter correlation:h = k/
m’/K  D,0.023Re*8Pr03
h between FO1 and JO1 W/ Dittus-Boelter correlation:h = k/
m?K  D,0.023ReSPr03
h between FO2 and JO3 w/ Dittus-Boelter correlation:h = k/
m?K  D;0.023Re®8pr03
h between FO2 and JO4 W/ Dittus-Boelter correlation:h = k/
m?K  D,0.023Re8Pr03
h between JO1 and JO2 W/ From Eq. (2)
m%/K
h between JO2 and JO3 W/ 500
m%/K
h between JO4 and JO5 W/ From Eq. (2)
m?/K
h between JO5 and JO6 W/ 500
m%/K
Friction factor FO1 0.02
Friction factor FO2 0.02

conservation laws written in the non-conservative variables p and T, a
subsonic flow from an upstream volume (manifold) at given pressure
and temperature to a downstream volume (manifold) at given pressure
and temperature corresponds to two entering characteristics and one
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exiting characteristic. Two variables must be then specified at the FO
inlet, and one at its outlet. Several alternatives are available in
OPENSC2, among which:

Impose the inlet pressure p;; and temperature T;;, and the outlet
pressure Poy;
Impose the inlet v;; and Ti, together with peyr

Any of the above-listed choices can be attributed to a FO as a value
constant in time, or prescribing its time evolution in suitable tabular
form.

3.3. Numerics

Once the CO is built from the basic SOs, JOs and FOs, and the

methods (equations) associated to each of them and their connections
have been clarified, a suitable numerical solution scheme for the
resulting set of equations should be identified. In view of the presence of
several coupling terms between the constitutive equations for the
different objects, and, in the perspective of keeping the code flexibility
as high as possible, the possibility to simulate transients for which the
time-scale for the coupling between the equations is faster or compa-
rable to that of the transient driver should be addressed. That calls for an
implicit scheme for the coupling of the parabolic-hyperbolic system of
Partial Differential Equations (PDEs) describing the different cable ele-
ments. A vector of the solution unknowns U(t, x), function of the vari-
ables time t and curvilinear coordinate along the conductor axis x, is
built following the order used in the multi-solid multi-channels
Mithrandir M® [67] as shown in Eq. (12).
Utx)=[+ v pTs Ty Tyl (12)
where the index fi refers to the generic FO, si refers to the generic SO and
ji refers to the generic JO. The size M of the vector U then equals M =
3Ny + Ns + Nj.

The problem can be then written in matrix from as in Eq. (13):

a2 (

M—+ A
6z+

ou

K—) +SU=0Q 13)

ox Ox Ox

where the matrix S contains the coupling terms and Q the external
sources as defined by the operation attributes. For the time being, the
solution of the of PDEs in Eq. (13) is performed using a finite element
(FE) method in space, with local formulation and linear trial functions
and coefficients evaluated at the Gauss point (note that in this regards
the latter choice differs from what is done for instance in the M3 code
[67], but it is preferable in view of the large non-linearity of some of the
PDE coefficients). The spatial grid is static for the time being, but can be
either uniform or refined in selected regions — since the electrical model
has not been implemented yet, adaptive strategies, specifically useful in
the case of a quench simulation, have been not implemented yet as well.
A simple 1-step implicit (Euler) or semi-implicit (Crank-Nicolson)
scheme is adopted for the discretization in time, with linearization of the
non-linear terms performed simply by the frozen-coefficients technique.
These simple recipes are also currently implemented in [48] and, at least
for the spatial discretization scheme, also in [63]. They are well estab-
lished in the field and have already proven to be accurate enough for the
simulations of conductors for fusion applications. The linear system
resulting from the space and time discretization has a coefficient matrix
of size M x N, where N is the number of nodes in the spatial dis-
cretization, with a band structure of width 4 x M —1. The linear system
is solved with a direct method by back substitution of the banded matrix.

3.4. GUI

The GUI has been developed using Tkinter package from the
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Fig. 18. Linear power density distribution: (left axis) Power per unit length
transferred from the environment and outer insulation by convection, and
through the shells of the outer cryostat by radiation; (right axis) Power per unit
length transferred through the shells of the inner cryostat by radiation.

standard Python library, and its main features are summarized in Fig. 7.
The main menu popping up as the software starts the execution allows
setting the simulation input by loading the set of excel files that are used
to assign the different attributes of the CO and its SOs, JOs and FOs and
their connectors. Consistency of the input files can be checked by “Check
conductor topology” command. Excel files are also used to assign suit-
able times and locations of the diagnostics, to check and plot the solution
of the problem. The path for the output files can be intuitively assigned
following the suggestions of the menu in “Assign output path”. The
simulation control panel allows running, pausing, restarting and spot-
ting the simulations, while the “Interaction mode” allows plotting
spatial distribution of the solution, as well as evolution in time of
selected variables at selected locations. A user guide is available upon
selection of the “Help?” entry in the menu.

4. Model validation

The model validation is presented here following the three tests
identified and described in Section 2.
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. Test 3: computed temperature profiles at steady state along the different CO components.

4.1. Test 1

The cross section of ITER-like LTS-cable for fusion (see figure Fig. 8a)
identified as the first test in the TDD allows to assemble the corre-
sponding CO using 1 SO, 1 JO and 2 FOs, as shown in Fig. 8b. The SO
and JO are thermally connected by a conductive thermal coupling, and
both are connected to one of the FOs by a convective thermal coupling.
The two FOs are connected by a conductive thermal coupling through an
impermeable interface and by mass / momentum and energy transfer
through a permeable interface. The main features of the connectors
among the CO components, used in input also to the 4C code, are listed
in Table 3, together with the numerical parameters selected for the
simulations.

The computed results, for the operating conditions relying on given
inlet mass flow rate, Tj, and p,y, are reported in Fig. 9 for the spatial
distribution of the SO (Fig. 9a), JO (Fig. 9¢) and FOs (Fig. 9e and
Fig. 9g), together with the corresponding results computed by the 4C
code, showing no appreciable differences in any of the CO constituents
at any time during the transient.

The relative errors of the OPENSC? solution, with respect to the 4C
one, is reported in Fig. 9b, d, f, h for the different variables, respectively,
showing a maximum relative difference below 0.01 %. This difference,
which is higher that the machine precision, is due to the different recipe
adopted by the OPENSC? code in the evaluation of the PDE coefficients
(evaluated at the Gauss point in each cable element, versus the average
of the nodal values adopted in 4C). The time evolution of the pressure
and velocity in the two FOs, at the location corresponding to the center
of the conductor, is reported in Fig. 10a and Fig. 10b, respectively,
together with the corresponding evolution computed using 4C. Note
that, while the optical agreement is very good for the pressure distri-
bution in the conductor hole, the spatial distribution of the computed
velocity show a visible difference at the conductor inlet. This is due to
the different recipe adopted by the two software to evaluate the flow
distribution in the two fluid regions — that adopted by 4C is an
approximated one, which in fact forces the flow to redistribute among
the two regions from the inlet guessed value according to their actual
hydraulic impedance. Despite that, the average error throughout the
transient remains for all the hydraulic variables below 3%.

Also in the case of given pi,, Tin and poy the OPENSC? simulation
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returns qualitatively and quantitatively the same level of agreement
with the 4C results, as summarized in Fig. 11.

Detailed solution verification

As a side remark, beside the successful benchmark against the 4C
code, in the case of the computed solutions performed to comply with
Test 1, a detailed time and space convergence analysis has been per-
formed on the case of given pi,, Tin and p,yr. The outcome of the analysis
isreported in Fig. 12 in terms of an average relative error with respect to
the most accurate solution, among the unknowns of the entire solution.
For the space convergence analysis (Fig. 12a), the study performed with
two different constant time stepping returns a convergence order larger
than 1, as expected from a scheme that blends a 2nd order accuracy in
the SO and JO equations and a 1st order accuracy in the FO equations.
The time convergence analysis, performed for two different values of the
space element size, returns a 1st order convergence, as expected from
the Backward Euler scheme adopted for the time marching, see Fig. 12b.

4.2. Test 2

Following the analysis already performed in [57], the cross section of
the configuration sketched in Fig. 5 allows the assembly of the corre-
sponding CO using 24 SOs, 1 JO and 13 FOs, as shown in Fig. 13. The
geometrical attributes of the SOs, JO and FOs are collected in Table 4,
together with the connectors among the different CO components. The
six different SOs are directly connected to the two thin coolant channels
(FO1-FO12 in Fig. 13), and they are directly in (conductive) contact to
both the SOs modeling the bottom of the stabilizer core, under the slots
(S07,808,S019, SO11, ... in Fig. 13). The latter are connected through
a conductive resistance to the SOs separating the HTS tapes (SO9, SO12,
... in Fig. 13). The central channel for the coolant (FO13) is connected
by a convective resistance to the SOs modeling the inner part of the
stabilizer core. All the SOs on the outermost parts of the assembly are
connected to the JO by a conductive thermal resistance.

Table 4 also reports the constitutive relations adopted for the heat
transfer coefficients and friction factors of the FOs. Note that for all the
FOs the Dittus-Boelter correlation has been adopted for the sake of
simplicity, even though the range of Reynolds for the fluid there would
possibly require some correlations more suited for the laminar regime.
However, this choice has a negligible impact on the assessment of the
capability of the tool to model TH transients in such cable.

The simulation is performed heating SO1 and observing the slug
propagation along and across the conductor. Regarding the spatial dis-
cretization, 200 elements are used for the simulation of which 50 in the
heated (refined) zone, and the time marching proceeds with a constant
step of 0.05 s. The computed results for the tested transient are reported
in Fig. 14 for the SOs components lying on the vertical line reported in
Fig. 13a. The heated stack (SO1) shows the highest temperature across
the conductor, with thermal diffusion at the boundaries of the heated
zone, both downstream and upstream. From SO1, the heat propagates
by conduction across the cable and reaches the opposite side of the
cable, where the stabilizer element SO17 and the tape stack SO4 in-
crease their temperature simultaneously. The temperature of two FOs is
also reported: FO1, directly in contact with the heated stack, and FO13,
corresponding to the central channel. The computed temperature for
both reveals the heat transport by advection in the downstream direc-
tion, at different speeds though. The heat transport by advection allows
the pre-heating of the solid components by few tenths of Kelvin down-
stream of the heated zone, so that the flat temperature profiles at the
outlet of the conductor stand at a higher level than the inlet.

The capability of the model to correctly reproduce the symmetrical
propagation of the heat across the conductor cross section has been
checked, as reported in Fig. 15. The temperature relative difference for
the randomly selected couples of SOs and FOs located symmetrically
with respect to the heated SO1 is almost at the machine precision (10
12y confirming the positive results of Test 2.
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4.3. Test 3

For the Test 3, based on a single-core HVDC-HTS cable, the CO is
assembled as reported in Fig. 16: 1 SO, 6 JOs, and 2 FOs in counter-flow.
The SO and inner wall of the inner cryostat, which is modeled as a JO,
are separated by the inlet FO, which is thermally connected to both by
convection. The two walls of both cryostats, all modeled as JOs, interact
through radiation. The electrical and thermal insulant, modeled as a
single JO, is thermally connected by convection with the return FO, and
by conduction with the outer wall of the inner cryostat. The outer
insulation, the outermost JO, thermally interacts by conduction with the
outer wall of the external cryostat and with the external air at 300.15 K
and 0.1 MPa by convection with a given heat transfer coefficient. The
main geometrical parameters and features are reported in Table 2 while
operational attributes are collected in Table 5.

The CO is discretized in space using 200 elements. The steady state
operating condition for the conductor at hand is obtained as the arrival
point of a transient (time step of 10 s) where the different SOs and JOs
are initially at the temperature of the neighboring fluids (30 K for the SC
core and inner shell of the inner cryostat, 100 K for the outer shell of the
inner cryostat, the inner insulation and the inner shell of the outer
cryostat, respectively) or of the environment (the outer shell of the outer
cryostat and the outer insulation). The environmental load is applied
throughout the transient to the outer insulation layer, up to stabilization
of the temperature at the final steady state. The results are collected in
Fig. 17. A wide temperature range is shown along and across the
conductor. The two outermost components have a very small tempera-
ture variation along the cable, and the average difference between the
temperature of the outer insulation and outer shell of the outer cryostat
is ~ 0.34 K, enough to allow an integral parasitic power entering the
conductor of 8 kW. The parasitic heat is transmitted by radiation to the
inner shell and from there it is removed by the gaseous N9, which drives
also the temperature of the inner insulation and the connected outer
shell of the inner cryostat from the inlet value of 100 K to ~ 140 K at the
outlet (corresponding to the coordinate O of the cable, which is set at the
inlet of the inner channel). Only a small fraction (<1%) of the integral
parasitic heat arrives to the innermost portion of the conductor, where it
is removed by the GHe, causing a temperature increase along the SC core
of ~1K.

The test of the TDD is passed when the mass conservation law and the
first principle of thermodynamic are both satisfied. A focus on the
radiative heat transfer mechanism is proposed in Fig. 18 which shows
the total power per unit length entering the cable from the external
environment, which is then transferred by radiation through the inner
and outer surfaces of the JOs constituting the outer cryostat. The power
per unit length transferred by radiation through the inner cryostat turns
out to be about two orders of magnitude lower, due to the high efficiency
of the GN; thermal shield.

5. Open-source project and perspectives

The OPENSC? software has been developed to provide an accessible
tool to analyze the thermal-hydraulic transients in superconducting
cables for energy applications. The robustness of the implemented
methods has been demonstrated through a Test-Driven Development,
performing rigorous benchmarks whenever possible, which allowed
analyzing case studies relative to very different cable topologies and
applications.

OPENSC? is open-source and is made available to the community
under the AGPL v3 (Affero General Public License 3.0) or any other
version of it on the GitHub repository OPENSC2 (https://github.
com/MAHTEP/OPENSC2) and associated to a DOI (https://doi.org/
10.5281/zenodo.6409285) via the Zenodo open repository. In that
sense, it is accessible to anybody willing to use it and to modify it,
including the possibility to further open-source development by col-
leagues from other institution. On top of the transparency of the models
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and algorithms implemented in the tool, the open-source release will
enable researchers to customize the tool according to their specific needs
and independently verify the design of cables and magnets that, as far as
the fusion field is concerned for instance, are very often carried out with
public money and could then be subject to public reviews and checks.

The future development of OPENSC2 targets the multi-physics
simultaneous analysis of the current distribution within the cables,
that could trigger thermal-hydraulic transients due, for instance, to the
onset of AC losses, up to the loss or lack of capability to accomplish the
operating function. As far as the numerical aspects are concerned, the
actual static grid and uniform time stepping will be enriched with
adaptivity both in space and time, to allow a more accurate solutions
where steep spatial gradients are localized and when a fast variation of
the solution is detected. The tool, which is currently not parallelized nor
optimized in any sense, will also undergo an analysis to identify possible
optimization strategies for the solution algorithms.
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