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Abstract

An overview of the main peculiarities of the models currently available in literature for the
thermal-hydraulic analysis of the cooling of the HTS power transmission cables, mainly in
nominal operating conditions, is performed. Several models address specific issues such as the
temperature distribution along or across the cables, and their pressure drop, typically with a
simplified approach. The verification and validation of the models has not been systematically
addressed so far. From the analysis of the available literature, the lack of a general model,
capable to address thermal-hydraulic transients for the cooling of the different possible cable
designs, with capability to catch both the behaviour of the cable solid components and different
cryogens, is highlighted. The main ingredients that such general thermal-hydraulic model should
not miss are presented, also based on the know-how on, and comparison to, similar tools for LTS
cables for nuclear fusion applications.
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Nomenclature

Symbol Meaning Unit
cross section m2
specific heat Jkg iK™t
dimensionless specific heat at constant volume ~

friction factor <

gravity acceleration ms~2
convective heat transfer coefficient Wm=2K~!
magnetic field Am™t
current A
thermal conductivity Wm lK-?

dimensionless mass flow rate ~

QO a TV XTI I x~mr e - oa

mass flow rate kg st
dimensionless mass ~
mass kg
pressure Pa
wetted perimeter m
linear heat transfer rate wWm
dimensionless heat transfer rate ~
heat transfer rate w



Q volumetric heat transfer rate
T radial spatial coordinate

t dimensionless time

t time

T dimensionless temperature
T temperature

u specific internal energy

v velocity

% voltage

\4 volume

w specific enthalpy
w dimensionless dissipated power
x axial spatial coordinate

Greek letters

Symbol Meaning Unit
o thermal diffusivity m2s1
¢ zone length fraction ~
p density kgm™3
T shear stress N m™2

9 inclination of the cryostat rad

Subscripts and superscripts

Symbol Meaning
| or
Il along
1 across
c critical
ch channel
cond heat transfer by conduction
conv heat transfer by convection
Cu copper
ext external or environmental
f liquid
frm former
fg two-phase
g vapor
h hydraulic
HTS High Critical Temperature Superconductor

i,j index for channels or solid components



in Inlet, innermost or incoming

int internal node
] Joule heating
Nyg last volume element
out outlet, outermost or outgoing
p constant pressure
PPLP insulation layer
rad heat transfer by radiation
rl return line
sh shield
sl supply line
sol solid component
tot total
v constant volume
wall tube wall
n generic segment, layer or node

1. Introduction

In the framework of the European Green Deal call for
“supplying clean, affordable, and secure energy” (1), the path
towards a clean energy transition is set with the boost of smart
energy systems, providing high efficiency also in the
generation and transportation of electricity, and a higher
environmental sustainability (2). High critical temperature
superconducting (HTS) Alternate Current (AC) and Direct
Current (DC) transmission cables (SCTCs) and lines (SCTLs)
could bring a clear size advantage and low total electrical losses
for high-capacity transmission. They have the potential to
address the need for more sustainable and efficient
transmission, compared to solutions based on standard
conductors (3).

The sustainability advantages of the HTS lines in terms of
limiting the environmental (health and visual) impact and the
destruction or alteration of the natural landscape, are clear (4).
Despite the current capacities are still low, the SCTLs offer
intrinsic advantages, for instance an easier and faster
installation of the Superconducting (SC) cables, if compared to
traditional resistive transmission ones. As pointed out in (3),
the global design of SCTLs includes a pressurized coolant and
refrigeration or compression stations along the line, as also the
gas pipelines do. However, their typical transverse dimension
of few tens of centimeters is smaller than that of gas pipelines,
and the operating temperature is different (typically 15 K to 70
K, depending on the kind of HTS material considered). Despite
the fact that several utilities around the world have already
demonstrated their technical feasibility, no long SCTLs are
currently in operation. High capacity connections in urban
environments are so far the main application for HTS AC
lines, while HTS DC, that lines could be used for high power

transmission over long distances, have been mainly adopted so
far as a high-power link alternative to connect neighbouring
asynchronous power systems (5).

The length of the proof-of concept superconducting lines, or
of the lines already in operation, spans from few hundred
meters up to 1-2 km. In South Korea, in the Shingal Project a
1km-long, 23kV AC HTS line has entered “commercial”
operation in Yongin since late 2019 (6). That followed the
successful demonstration of stability and operation condition
of the two AC and DC cables in the real power grid in the Jeju
island (7). In the city of Ishikari in the Hokkaido Island, Japan,
two SC DC power transmission lines (one 500 m long and the
second 1 km long, respectively) were successfully tested in
2015 and 2016 (8,9). In St. Petersburg in Russia a 2.5 km high-
voltage DC SCTL is planned to enter operation into the city
electric power system (2,10,11), and a full-scale transmission
line has been recently tested, to confirm the design
performance (12). In the German city of Essen, within the
Ampacity Project a 1 km-long medium-voltage (10 kV) AC
HTS line has been installed and successfully operated since
2014 as a connection of two electric substations, replacing a
conventional high voltage system (13—15). In China, a 100 m-
long 35 kV DC line was successfully tested in Tianjin (16),
while a 1.2 km-long 35 kV AC SCTL is expected to enter into
operation during 2021 (17). In the United States, the 600 m-
long high-voltage AC SCTL is in operation since 2008 within
the Long Island Power Authority Project (LIPA), originally
aimed at demonstrating the commercial readiness of the system
(18,19). HTS DC cables have a large retrofitting capability, and
they have the potential to be used to integrate renewable energy
sources with lines having a length of hundreds of kilometers.
Unfortunately, projects like the Tres Amigas Project (20),
betting on a long-length HTC DC high-power lines to “unite



the nation electric power grid” from the east to the west coast
in the United States, are still looking for funding and have not
become operational yet. The HTS DC SCTCs are also
envisaged in applications to future all-electric ships (21,22) and
aircraft (23), to meet the increasing electrical power demand at
high power density.

Despite the fact that high-power HTS AC transmission or
distribution systems have already proven their feasibility for
dense urban areas and their present Technology Readiness
Level (TRL) is estimated at 7 in (5), HTS AC cables have not
widely entered the market yet. The same is a fortiori true for
the HTS DC transmission systems, for which a TRL of 5 is
estimated in (5) based on their limited testing within integrated
systems. To reach the market maturity (TLR = 9) and
penetration of the technology by the next few years, a
substantial cost reduction has to be addressed, as well as the
improvement of the system safety and reliability. For both
aspects, the availability of reliable numerical models for the
design, optimization and performance assessment in normal
and off-normal conditions appears of paramount relevance
(24). The development of numerical modeling in support of the
HTS development, however, is still lagging somehow behind.
Note that the proper cooling and, as a consequence, the
thermal-hydraulic modelling, of the SCTCs and SCTLs is
mandatory, since the capability to cool the SC material below
the critical pooint with the lowest possible cryogen flow rate
and pressure loss is enabling for the technology.

In the neighbouring field of nuclear fusion, the development
of (low critical temperature, LTS) SC cables and magnets has
been accompanied, in fact, over the past 25 years by the parallel
evolution of numerical tools capable to capture the main
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Figure 1. AC HTS cable design: single-core single-phase (a)
and three -cores, each with one phases (b).

features of such cables (25). Also for HTS SCTCs and SCTLs,
the design and experimental tests should go along with the
development and validation of numerical models, capable to
capture the normal, as well as off-normal (fault currents, over-
voltages,...) operating conditions. Such models should not
only capture the steady state and transient electric behavior of
the cables/lines, but they should also describe their (coupled)
thermal-hydraulic behavior, as pointed out in (5). Once
validated against experimental data, the numerical tools
describing the thermal-hydraulic operation of the SCTCs and
SCTLs could become an asset to flexibly design solutions with
a high level of credibility.

The aim of this work is first to present a review of the
numerical tools and models available for the thermal-hydraulic
(cooling) analysis of AC and DC SCTCs, rewriting the models
in terms of a common and unique nomenclature. For each
model the level of approximation is described, highlighting if
and how it has been validated against experimental data or
anyhow benchmarked. The review leads naturally to identify
the design needs that are still not covered by available models
for a flexible and comprehensive thermal-hydraulic description
of SC transmission cables and lines, which is the second aim
of the paper.

The paper is organized as follows: different layouts are
described for the HTS cables typically used for power
transmission. Then, the review of the thermal-hydraulic
models developed for them is introduced, moving from the
most simplified models to the most complex. When the review
is completed, the focus is shifted to the main features that a
flexible thermal-hydraulic model should have, to help the SC
power cable technology to move forward towards maturity.

2. Structure of HTS transmission cables

2.1 Layout

Given a target operating condition, the design of an HTS
cable is the result of the trade-off between electrical efficiency,
thermal and pressure losses in the cryostat and coolant line, and
the use of superconductive material, with the aim of containing
the system cost, guaranteeing at the same time a sufficient
margin to off-normal operating conditions. From the
topological point of view, all HTS transmission cables present
a cable core made by one or more layers of HTS wires on a
stabilizer former, then dielectric and insulation layers and a
cryostat.

The structure of a typical HTS AC can first be classified
according to the number of phases within the cryogenic
envelope: a cable layout such as that of Figure 1a contains a
single phase on a single-core, while the cable in Figure 1b
contains three separate phases, each on its core. An AC SCTL
with three separate cryogenic envelopes is suitable for high
voltage conditions, while the presence of the three cores within
a single cryostat (Figure 1b) is suited for low-medium voltage
conditions, see also below. At low voltage, the three-phases,
each made by several HTS layers, could also be concentrically
wound around the “former” (either constituted by the coolant
tube as in Figure 1a or by a copper cylinder, not shown). In the
coaxial three-phases cable (see Figure 2) an electrical insulator
is interposed among the HTS layers constituting the different
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Figure 2. Three-phases coaxial HTS cable design.

phases. In all above-mentioned cases (single-phase, three-
phases, either in coaxial configuration or on separate cores), a
magnetic shielding is also present. The cryostat typically
presents two concentric flexible (corrugated) tubes, separated
by vacuum through a spacer. The buffer zone can be partially
filled with layers of low emissivity insulation material, to
increase the level of thermal insulation.

On the side of the HTS DC cables, there are still not defined
standards for selecting their structure. In their basic
configuration, however, various samples built and tested do not
differ much from AC cables. Different configurations allow
coping with the voltage level of the line: the two poles can be
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Figure 3. Single-core HTS cable design: warm dielectric
design cable (a) and cold dielectric design cable (b).

separated in two different cryogenic envelopes in the case of
high voltage, or twisted inside the same envelope at medium
voltages, or arranged in coaxial configuration at low voltages
(206).

Another interesting feature that allows a classification of the
HTS cables concerns the location of the dielectric, that can be
either within the cryostat (cold dielectric, CD) or outside of the
cryostat (warm dielectric, WD), as sketched in Figure 3 for a
single-core case. The same concept can also be applied to a
three-cores case, see Figure 4. In the WD architecture, the
dielectric insulation, applied on the cryogenic envelope, is
often made by cross-linked polyethylene (27) and remains at
the ambient temperature. WD cables, with higher losses if
compared to CD configurations, are suited for medium-voltage
applications (28). In the CD configurations, typically
PolyPropylene-Laminated Paper (PPLP) layers are adopted, at
least for AC HTS cables. The insulation remains at the
operating temperature of the HTS tapes/wires and the coolant
laps it (“lapped insulation”). In view of the high voltage that
could be reached by transmission lines, the dielectric strength
of the cables needs attention. Note that in the lapped insulation
the cryogen itself contributes to the dielectric strength of the
cable.

As regards the superconducting material, the trend is
moving from BSCCO toward second-generation (2G) HTS
materials such as YBCO and MgB> (29): for YBCO, the
reduction of HTS strand cost is still challenging, while, for
MgB., the cryostat cost is crucial.

2.2 Cooling options

The cooling system of a SCTC includes a cooling station,
the cable terminations and the cryostat with the coolant
feeding lines. Note that, beside the coolant injection in the
cable, terminations are components of particular interest, since
they host the transition from HTS wire to copper leads and
from cryogenic to room-temperature conditions. That implies
that terminations typically cope with the shrinkage of the
cable, and related stresses (26).

The coolant flows in the cable to provide the needed
cooling against parasitic heat inflows and AC losses. A
circulation pump or cold compressor, according to the type of
cryogen, is installed in the circulating loop to ensure the
desired flow rate and pressure. The cryogenic cooling system
can operate either in an open loop or in a closed loop. In the
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HTS cables.

first case, when the cryogen is liquid nitrogen (LN>), a bulk
LN, storage tank with a periodic refilling is used as the
primary cooling source as reported in Figure 5, while in the
latter cryocoolers are typically used. When the cable length is
up to 2 km, the (cheaper) open loop configuration is preferred.
When the cable length increases, the amount of LN» in the
tanks becomes too large and a closed loop is typically adopted.
As far as the cooling configuration is concerned, the
cryogenic system, including the cold circulator, can be located
either at one or at both cable ends. If it is located just at one
cable end, the coolant typically passes through the cable only
once (supply side). An external feedback line brings then the
coolant back to the cryoplant. In the case the length of the
cable is sufficiently small, or a second cryogenic system is
present at the other end of the cable, the return coolant can
flow back inside the cable, either concentrically within the
same core or within the other cores in case of a multi-core
configuration with WD, see for instance Figure 2. In the case
of CD, the use of cryogen can be twofold: from the one hand,
it accomplishes the mission of keeping the HTS at the rated
temperature in a dedicated channel. From the other hand the
cryogen can contribute to enhance the dielectric strength. The
two functions could be accomplished by two different
cryogens as in some recent applications (29), see below.
Since 2G HTS materials have critical temperatures of
~90 K, the operating temperatures typically fall in the range of
50-70 K for transmission cables, to support the rated operating
current in a compact design and/or to have a sufficient
temperature margin in the case of unexpected heat loads and
fault currents. Cooling is accomplished through cryogenic
liquids such as liquid nitrogen (LN>) in the temperature range
of 65-77 K and pressure range of 0.3-1.5 MPa, which is the
most commonly used coolant for SCTL operations due to its
abundance, reduced cost, high electrical insulation, and large
thermal capacity. However, in some cases the use of LN is not
suitable because of the need of a lower operating temperature,
so that helium in gaseous phase (GHe) can be adopted.
Furthermore, the use of GHe is typically envisaged in the SC
cables in shipboard applications, where it is adopted and
recommended to avoid the risk of asphyxiation in the event of
a breach due to the confined space of such applications.
Unfortunately, one of the drawbacks of using GHe as a coolant
is its low dielectric strength, which can limit GHe-cooled
SCTCs to low-medium voltage applications (30). A hybrid

configuration has been recently proposed within the European
Project Best Paths (29), where the GHe acts only as the coolant,
while the LNy is used as a part of the dielectric system.

3. Thermal-hydraulic models for HTS transmission
cables

In this review, the models available in the published
literature addressing the cooling of the SCTCs and SCTLs are
reviewed, first translating them in terms of a common
nomenclature, that allows for a thorougout comparison among
them. The need for modeling one or two hydraulic channels for
the coolant flow, or the arrangement of the layers across the
cable depends on the specific cable layout under investigation,
as shown in the previous sections.

The models are classified on the basis of the simplifications
they perform on the spatial scales: both the transverse and
longitudinal scales can present interesting features to analyze.
For instance, the analysis of the temperature gradients across
the cable section could reveal criticalities on the SC
temperature, especially in faut conditions, while the analysis of
the cryogen flow along the cable helps in evaluating the
pressure drop and the global energy balance, mainly in normal
operation. In the following sub-sections, different thermal-
hydraulic models are presented, grouped in: one-dimensional
(1D or 1D+) models, including pure radial and pure axial
models or radial models for the solids coupled to axial model
for the cryogen; two-dimensional (2D) models and three-
dimensional (3D) models.

As far as the time scales are concerned, they span from the
current faults one to that of the transit time within the cable.
Accordingly, for each of the available models, the suitability to
deal with fast transients such as current faults, rather than
addressesing the operation of long cables in steady state, is
commented.

3.1 Simplified 1D or 1D+ models

Very few zero-dimensional (0D) fully-lumped models have
been adopted to describe the overall cable temperature
evolution of HTS cable; among them, the model in (32) just
solves a simple global heat balance for the coolant for a tri-
phases co-axial cable in fault conditions, to compute the outlet
and operating temperature.

Several 1D models along the cable length have been
developed in the past 20 years. They take advantage of the
spatial scale separation within the SC cables, where the
longitudinal dimension is 3 to 5 orders of magnitude larger
than the transverse one. That allows lumping the cable
properties (HTS tapes temperature or coolant temperature for
instance) across the whole cross section in a single variable.

A simple 1D longitudinal model only for the fluid (LN>)
of a cable with the supply and the return lines within the same
cryostat is proposed in (33) for steady-state conditions. The
supply and return lines for the incompressible coolant are both
accounted for, and the heat transfer through the interposed
insulation is considered. The SC temperature is not computed,
but model also accounts for the electrical dissipation and
parasitic heat entering the cable, see Eq. 1.
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In Eq. (1) m is the mass flow rate, c,, is the specific heat at
constant pressure (assumed constant), T is the temperature
(subscripts sl and rl refer the supply and return lines,
respectively), x is the axial spatial coordinate, g (x) is the heat
rate per unit length transferred between the two streams
(positive for the supply line and negative for the return line,
respectively), g, is the heat rate per unit length due to electrical
dissipation and viscous friction, and g, the parasitic heat rate
per unit length from the environment (only to the return line).
The effect of the dielectric thermal conductance on the
longitudinal temperature distribution are computed for a
2.5 km-length cable with a counter-flow cooling, and similarly
it is done in (34) on a 1 km-long cable.

In (35), a 1D longitudinal thermo-fluid dynamic model is
proposed to describe the steady-state behavior of different
cryogens used as coolants in forced convection within SCTLs.
The manipulation of 1D mass, momentum and energy
conservation equations results in a couple of steady-state non-
linear ordinary differential equations (ODE) in the independent
variables density and temperature, as reported in Egs. (2). Note
that the coefficients are mainly derivatives of thermodynamic
functions that can be easily computed from the analytical
formulations of the thermophysical properties of the fluids. A
variety of coolants can be used, since their thermophysical
properties are calculated from analytical formulas as function
of temperature and density, following the approach in (36). The
solid components (HTS tapes, cryostat, insulation) are not
considered directly, but their thermal effect on the cryogens is
taken into account, allowing for the heating of the coolant
mimicking Joule heating from the HTS tapes and parasitic
heating from the environment.
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In Egs. (2), mg = pv is the specific mass flow rate (constant
in time and space), p is the density, v is the velocity, p is the
pressure, w is the specific enthalpy, Q ; and Qe are the
internal volumetric heat generation and the external heat source
per unit volume, respectively, g is the gravity acceleration, 9
is the inclination of the cryostat with respect t the horizontal
direction, P is the wetted perimeter, Ay, is the cross section in
which the fluid flow through and, finally, 7 is the shear stress,
computed using correlations as, for instance, that in (37). The
equations are solved by a fourth-order Runge-Kutta (RK)
algorithm. That scheme, fully justified by the pure advective
nature of Egs. (2), does not however allow a trivial extension
to include any equations describing the heat conduction in the
solids, which is diffusive in nature, as well as to include any

time dependence. The model was used to address design
analyses for the cooling of SCTCs.

A more complex model, also accounting for the solid
components within the cable, is presented in (38). A
longitudinal 1D transient for the enthalpy variation in the
subcooled LN, as reported in Eq. (3a), is coupled in fact to a
longitudinal 1D transient conduction model for the
Jformer/HTS tapes and HTS shield/stabilizing layer for any of
the three phase in an AC cable (as that in Figure 1b) in Eq. (3b).
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Eq. (3a) refers to the coolant: t the time, V is the coolant
volume and @ the heat rate. Eq. (3b) refers to the (n — th) solid
component under consideration (copper former or HTS tapes)
k is the thermal conductivity, ¢ the specific heat, Q;;, and Q¢
are the heat rate per unit volume entering and exiting the
component, respectively. The coefficients for the solid-
components in Eq. (3b) are assumed constant. The pressure in
the coolant along the cable is also modelled as in Eq. (4). That
allows evaluating the coolant temperature, knowing its
pressure and enthalpy, through the commercial package
GASPAK (39).

dp

222 @
dx f dh

In Eq. (4), f is the Fanning friction factor (a dimensionless
parameter for the evaluation of the distributed pressure drop in
a conduit) and d; the hydraulic diameter. The model was
applied to analyse the transient temperature distributions in
HTS cables after a fault. The computed temperature evolution
was compared to experimental data finding a reasonable
agreement at certain locations along the investigated cable.

A similar 1D longitudinal model for the solid components
is presented in (40) to analyze fault conditions in the “Asahi
cable” (41), with a similar lay-out as in Figure 1b. Again, 1D
time-dependent heat conduction equations as Eq. (3b) are
considered in the longitudinal direction separately for the
Jformer / HTS tapes and for the shield elements.

Qinurs = Qyurs (%a)
. - cond .
Qout,urs = QfTsSppLp — QO™ (5b)

The volumetric source/sink terms are given in Eqs (5) for
the HTS layer. Q |urs Keeps into account the Joule heating by

fault currents in the conductor, QR .pp is the heat
transferred by conduction between the HTS layer and the
insulation, Q°°"V is the heat transferred by convection between
the HTS layer and the fluid. (Similar source/sink terms, mutatis
mutandis, are written for the shield element). The heat released
to the coolant is modeled by suitable convective heat transfer
coefficients, obtained through the well-known Dittus-Boelter
correlation. For the coolant, a local enthalpy balance is
computed at each time step. The global pressure increase in
time is evaluated by a simple 0D model, which accounts for the
evaporation of LN» due to faults. A very similar model, with



equations for more solid components and a slightly different
cable layout is proposed in (42), and solved by Finite
Differences Method (FDM). It is applied not only to assess the
effects of short-circuit accidents on a three-cores AC cable, but
also to the analysis of normal operating conditions.

In (43) a CD cable, constituted by one inner and one
annular LN, channels with a copper former, the HTS and the
shield/insulation, is considered. Along the conductor, a simple
1D steady-state enthalpy balance is considered for both fluid
channels. Since, however, in the terminations parasitic heat and
Joule heat enter the cable through the copper current leads, the
modeling of the terminations is considered of paramount
importance and it is added to the cable model.

A completely different simplification of the spatial scales
involved in the analysis of the SCTCs and SCTLs is done in
several other models that discard the spatial distribution along
the cables to concentrate on the radial temperature distribution
across the cable section.

A 1D transient conduction model for a CD cable with a
copper former (see Figure 4.b) is written in (44), considering
only the radial direction and a constant thermal conductivity,
see Eq. (6), where r is the radial spatial coordinate and « is the
thermal diffusivity (constant in each layer of the cable).

10T 0*T 19T @
_— = —— 4 =
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At the interface with the coolant, a convective boundary
condition is imposed. The volumetric source term @ is
computed by an electro-magnetic coupled analysis,
highlighting the importance of such multi-physics analysis,
well-known in the field of SC cables for nuclear fusion
applications (45). The model is applied to the assessment of
the temperature profile across the cable in case of normal and
off-normal (fault current) operating conditions. A 1D transient
model for the temperature in the radial direction for a similar
cable is also presented in (46), aiming at evaluating the
temperature distributions in the HTS cable layers under normal
operating conditions.

A 1D steady-state radial conduction model for each layer
of the coaxial AC cable in Figure 2 is proposed in (47), for the
analysis of the operating regime, see Eq. (7), where the
superscript (1) is referred to a generic layer.
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Note that the source term due to AC losses is included here,
while the conductivity k is assumed constant in each layer (7).
The solution of the differential problem is achieved by means
of the FDM. The model is used to check the safe operation of
the cable, with the LN, temperature in the inner cryostat not
exceeding 78K, in normal operation and fault current
conditions. A similar model, proposed in (48), allows
considering different HTS layout, with or without a separate
retun line for the LN, coolant, modeling a steady-state enthalpy
balance for the fluid in the longitudinal direction. The pressure
losses along the supply and return lines are computed using the
Darcy-Weisbach constitutive relation for the pressure drop, by

suitable definition of the friction coefficients.

Putting together the need to control the temperature
gradient across the cable and the temperature evolution of the

©)
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coolant along the cable, the authors of (49) propose, for the
analysis of the coaxial AC cable design of the Ampacity project
(13), a 1D + 1D model. A steady-state 1D radial heat transfer
conduction model (with constant thermal conductivity) for
each layer (i.e., inner tube, 3 layers of HTS with interposed
PPLP, and the copper screen) is coupled to a 1D axial transport
model for an incompressible coolant, as reported in Eq. (8).

wall,ll .
dellrl - hSlI”l”dSllrl(Terl - TSl.Tl) Qext
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¥
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In Eq. 8, h is the convective heat transfer coefficient, d is
the effective diameter of the channel and TV%! is the wall
temperature along the cable. The minus sign at the Right Hand
Side (RHS) holds for the return line rl in the corrugated
annulus. The first term at the RHS accounts for the heat transfer
at the inner side of the annular channel, and the latter for the
specific external heat load g,,; per meter along the cable length
on the outer side of the annular channel. Note that for the 7l the
flow is in the negative x direction. The conduction models are
matched at the interface between the different layers imposing
continuity of the temperature (no contact thermal resistances)
and of the heat flux. In this way the 3D thermal-hydraulic
problem of the cable is simplified in a 1D (radial) + 1D (axial)
problems. The resulting model is able to evaluate the steady-
state temperature distribution along and across the cable,
accounting for heat transfer by conduction and convection
across the cable, considering at the same time the advection
along the cooling channels. Note that the source terms in Eq.
(8) do not explicitly account for, e.g., AC losses, but they could
be easily included in the external load. As far as the hydraulic
model is concerned, the pressure losses occurring both in the
inner tube (supply line) and in the annular duct (return line, see
Figure la) are again calculated using the Darcy-Weisbach
constitutive relation. The model has been used to simulate the
operating range of the Ampacity cable as a function of mass
flow rate, inlet temperature and outlet temperature of the
coolant. In both (47) and (49), the authors show that the
temperature is uniform in the SC layers, while temperature
gradients are faced in the insulation layers, in view of their
reduced thermal conductivity, as expected.

Another interesting 1D + 1D model is presented in (50),
where a radial fransient model for the solid components is
coupled to an axial 1D model for the fluid flow, which includes
a transient mass/momentum and energy conservations laws for
a compressible fluid. The model is utilized to evaluate the
recovery time after a fault and quench of a co-axial three-phase
cable. The evolution of the temperature gradient along the
cable is computed until the steady-state operation is recovered.

A detailed investigation of the pressure drop along different
configurations of the cooling systems of a tri-axial cable (with
both internal and external return lines) is reported in (51),
where major losses are obtained by an ad-hoc Computational
Fluid Dynamic (CFD) modelling and minor losses account for
cable bending and snake path. A network model for the
configuration with an internal return line is developed.
Diffusion nodes, related to solid components (HTS layers,
stabilizer, insulation), are connected each other and to junction
nodes, which account for the fluid. The expanded 1D network
is then solved using the commercial software SINDA/FLUINT
(52). The model is used for design purposes to compute and



compare the thermo-dynamic trajectories of the fluid pressure
and temperature along the cable for the different
configurations.

Although remaining in the 1D category, the thermal-
hydraulic model presented in (53) is very interesting. In fact
the model, developed in the MATLAB Simscape environment,
solves the energy conservation law for the different solid
components (HTS, insulator and steel layers), as well as
transient mass and energy conservation laws for the LN»
coolant, see Egs (9).
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In Eq. (9b), u is the specific internal energy, M is the mass
while Q is the total heat rate transferred between the fluid and
the tube wall. The subscripts in and out refer to the inlet and
outlet, respectively. Exploiting the available 3-Zone Pipe block
model, the cable is discretized in segment, and Egs. (9) are
written for each pipe segment (). The time derivative in Eq.
(9a), accounts also for possible two-phase flow and
compressibility effects as shown in Eq. (10) for the generic
cable segment i:
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In Eq. (10), T is a zone-length fraction (i.e., the space

occupied by a specific phase), while f, fg and g represent the
liquid, the two-phase and the vapour states, respectively. The
flow is assumed to be fully developed. A boundary-following
model predefined in Simscape allows tracking the aggregation
state (liquid or vapour) of the coolant within the cooling
channels. The source term for the energy equation, Eq. (9b), is
capable to capture the heat transfer in single or two-phase flow
by mean of suitable correlations. A simplified steady-state
momentum conservation law is also written for the entire
conductor length. The model in (53), benchmarked against a
CFD simulation, is coupled to an electric model which
accounts for the SC properties of the HTS tapes, and it is
applied to a case study where a sudden cryostat vacuum loss
induces cryogen boiling and two-phase flow. The global
coupled model appears very flexible, with the only clear weak
points of being tested only for nitrogen coolant and of relying
on a commercial software.

3.2 2D models

A simplified physical model for the analysis of the cooling
of the SCTCs, which combines principles of classical
thermodynamics and heat transfer, is developed starting from
the 3D (or 2D axy-symmetric) differential equations describing
the transient thermal-hydraulic behavior of the cable. The cable
cross section is discretized in elements as reported in Figure 6
for an axy-symmetric configuration, and the equations are
discretized in space using a 3D (or 2D) cell-centred Finite

Inner cryostat

Electric
insulation

Cable cover

Electric
insulation

A
- i-th VE

Outer cryostat CO0MNL YT layer  Former Coolant Supply
Return
Figure 6. Schematic representation of the VEM discretization
of an HTS cable. The solid circles identify the VE centre, the
arrows show the contribution to the heat transfer.

Volume (FV) scheme. The heat fluxes coming from the
neighbouring cells are integrated for each volume, resulting in
the so-called Volume Element Model (VEM), quite popular for
the HTS cables for power transmission.

A VEM was first proposed by Souza et al. in (54) for HTS
DC cables for naval applications (which are gas cooled, see
above), both for steady-state and transient conditions. The
reference configuration of the cable is reported in Figure 6. It
can be noted that all the layers are concentric, neglecting the
channels spacers by the assumption that they are small enough
not to affect the thermal behavior of the cable. Separate
Volume Elements (VEs) are attributed to each layer (except to
the vacuum layer, which is ignored). After the integration of
the energy conservation law in each VE, a set of coupled ODE
in the form of Eqgs (12)-(13) is found, applying an explicit
numerical scheme.
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Eq. (12) and Eq. (13) are written for the (1) fluid channel and
solid layer/component, respectively. The index i refers to the i-
th VE in the longitudinal (axial) direction. The coefficient c,, is
the specific heat at constant volume. The subscripts in and out
are related to the incoming and outgoing fluxes of the i-th VE,
respectively, while ] refers to the heat generation rate in the SC.
The coupling terms at the RHS of Eqgs. (12)-(13) hide the
conduction, convection and radiation thermal exchanges,
which are suitably considered, see Figure 6, taking into account
different operational, environmental and design conditions by
theoretical and empirical correlations. More in detail, for the
coolant in Eq. (12), the advection along the channel is
accounted for in the last term, while the term Q<3;*Y.;, accounts
for the heat rate transfer by convection between the fluid



(subscript ch) and the solid elements coupled to it (subscript
sol) through suitable correlations for the heat transfer
coefficients. In the equation for the solid elements (Eq. (13))
the term QC”""d accounts for the thermal conduction along the
cable, while the term Q5p™%,; accounts for the heat transfer by
convection, and finally the term Q, accounts for the heat
transfer by conduction and/or radiation across the cable. This
is the first model where the parasitic heat from the environment
is computed directly modelling the radiative contribution
according to the Stefan-Boltzmann formulation, and not just
assuming a constant value of the heat flux entering the cable.
The properties of the coolant (GHe in (54)) are function of
temperature and pressure. The specific heat and thermal
conductivity of the solid components are also considered as
functions of the temperature. For the resulting set of ODE, the
Newton-Raphson and RK methods are used for the steady-state
and transient numerical solution, respectively. The capability
to also capture accurately the temperature gradients around a
hot spot is enabled by the use of a static non-uniform spatial
grid along the axis. In (55) the same model is applied to
investigate the cool-down time of the cable, with various GHe
flow rates. The work in (54) is extended also in (56) and (57)
to include a 1D equation for the pressure drop along the GHe
cooling channels, the differential form of which is reported in
Eq. (14).
pv?
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The coolant density p in Eq. (14) is computed as a function of
the local temperature and pressure, while the coolant velocity
v is obtained from the mass flow rate given in input. The
friction factor f is selected from correlations to properly
account for the different kinds of channels present on the HTS
cable (central tube, annular channel, ...). With the capability of
computing the pressure drop, the evaluation of the pumping
power has been introduced in this model, which can be used
for the design of the cables.

The dimensionless formulation of the VEM, first presented
in (58), has been further developed in (24). Egs. (12) and (13)
have been re-written in dimensionless form, as shown in Egs.
(15) and (16), respectively:
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where T represent the dimensionless temperature, £ is the
dimensionless time, Q is the dimensionless heat transfer rate,
i is a dimensionless mass flow rate (2™ = mc,/hA), M
and ¢, are derived from the mass and the specific heat at
constant volume, respectively, both made dimensionless by
proper scaling to reference quantities. In Eq. (15) for the

coolant, the power to overcome friction is hidden in the term
W, which represents the dimensionless power dissipated by
friction.

The model was calibrated (emissivity of the insulation
layer, for instance) and validated against experimental results
coming from the test of a 30 m-long YBCO cable at Florida
State University (59). The mathematical formulation, for
dimensionless temperatures, is translated into a constrained
optimization problem, where the constraint is set on the
cryostat cross section, which is kept constant. The objective
function is the minimization of the sum of the cryogenic
cooling power Qry, and pumping power Wi, computed in
dimensionless form in Egs. (17) and (18), respectively.
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With this model, the authors of (24) were able to compute
the optimal operating and design parameters, and namely the
GHe flow rate and the ratio between the annular space for GHe
flow and the vacuum space. A different model of the same HTS
cable, and namely a 2D model of the turbulent flow via
Computational Fluid Dynamics, CFD, is presented in (60) by
the same authors of (59) but limited to the cable terminations,
aiming at better understanding the thermal aspects related to
the complex structure of those regions.

In (61), the layout of a cable cooled by LN, is addressed
using the VEM model to predict both its steady-state and
transient behavior. The model was applied to a cable of the
Electric Power Research Institute (EPRI) (62). The power
generation within the cable is considered there by properly
accounting for the current-voltage characteristic of the HTS
tapes. When a loss of superconductivity takes place, heat is
generated in any conductive layer within the cable. The model
was applied to the investigation of the effects of varying flow
rates and coolant flow directions, including the possibility of
having counterflow of the coolant in the two channels,
achieving the evaluation of the maximum cable length for
reliable operation.

The VEM is shown to be easy to combine with a Finite
Difference Time-domain (FDTD) electric analysis in (63) for
the analysis of transient conditions such as short-circuits, cable
energizations and lightning surges. At each time step the FDTD
model computes the current in each cable segment, which is
used to compute the Joule losses on the conducting layers,
considering the temperature-dependent resistivity of the
different layers and an approximation of the SC characteristic.

The radial discretization adopted in the VEM (57) for the
HTS DC cable cooled by GHe is also adopted by (64) to
identify different regions in a 2D Finite Element Method
(FEM) model implemented in COMSOL Multiphysics. The
GHe turbulent flow is modelled with CFD using a simple k-¢
turbulence closure. The model, validated against steady-state
experimental data (59), has been used to perform transient
analysis for different off-normal operating conditions (vacuum
break, cryocooler failure, cryocooler and gas circulation



impeller failure), allowing the test of possible mitigating
strategies.

The model presented in (65) and further developed in (66)
relies on a 2D axysimmetric transient conduction equations for
the solid components of a three-phases coaxial HTS cable (as
in 2). The corresponding Partial Differential Equation (PDE),
reported in Eq. (19), is written assuming all material properties
as constant, and it is coupled to the transient advection equation
for the uncompressible fluid (LN>) in the supply and return
line. The fluid is assumed inviscid, see Eq. 20.
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In Eq. (20) P the cryostat perimeter, A the cross section and
G124 is the external radiation rate per unit of length (considered
just for the return line). The subscripts sl|rl denote the supply
or return line, respectively, while frm|Cu stands for the
former or copper, when the supply or return line are
considered, respectively. At the Left-Hand Side (LHS) of the
equation, the positive sign is used for supply line, while the
negative sign is adopted for the return line. The set of equations
is solved using the FDM and it has been applied to investigate
the temperature increase of the cable after a fault transient. The
model was able to show that the heat propagation inside the
cable takes place on a time scale much longer than that of the
fault itself, driven by the diffusion time in the different material
layers, coupled to the advection time throughout the supply and
return line. In (66), the model is further developed by
introducing an Alternative Direction Implicit (ADI) technique
for the numerical solution of the FD problem. The evaluation
of the pressure drop along the entire cable is also added,
motivating the adequacy of a global (as opposed to local)
evaluation for the pressure drop by the reduced variation of the
coolant density in the operational space for the LN,. A
remarkable peculiarity of the model in (66) is that it is offered
to the scientific community as an open-source tool.

A 2D FEM model, coupling the fluid and the solid regions
through an energy balance, has been applied in (67) for
different three-phases SCTCs in normal operation in steady-
state condition, showing again that the radial discretization for
the temperature could be useful only for the insulation region.

3.3 3D models

In (68) a time-dependent 3D FEM pure thermal analysis of
an AC three-phase HTS SCTC is reported, where the coolant
is accounted for only as a boundary condition for the copper
shield layer of the cable. The analysis is performed on a very
short length of the cable because of its computational cost,
since the entire cable cross section is considered in the
simulations. The evaluation of the dynamic thermal stability of
the cable aimed at identifying the intervention conditions of
the protection system in case of off-normal operation such as,

for instance, fault currents. Note that, even if the model is 3D,
it refers to an axysimmetric configuration, for which a 2D
analysis would have returned the same results: the need for a
3D model is not justified.

Recognizing the relevance of heat transfer and fluid flow
dynamics of the coolant (LN>) flowing in a DC CD cable
configuration, the authors in (69) address the LN, flow pattern
for a case when the cable core is eccentric within its cryostat-
tube. The use of a 3D model is justified in this case by the lack
of any symmetry. The commercial FV software FLUENT was
used to evaluate the effect of the eccentricity of the cable core
on the pressure drop and the temperature distribution in a DC
high-voltage cable. Some non-negligible differences with
respect to the pressure drop computed for the same cable if it
was concentric were found.

4. Discussion

The review above shows how many different models, from
very simple to very complex, have been developed for the
analysis of thermal-hydraulic transients for HTS cables for
power transmission, though with different scopes. A summary
of the models along the timeline is reported in Figure 7,
showing that, rather than progressively switching from 1D to
2D models, a blending of different models coexists in the last
decade. The most used models include some (at least) macro-
discretization of the cable cross section, to capture transverse
gradients (mainly identified in the insulation layers).
Moreover, the capability to capture variations of HTS and
cryogen temperature along the cables by longitudinal energy
transport equations is included in most models. As far as the
thermophysical properties of the coolants are concerned,
typically the LN, flow 1is assumed single-phase and
uncompressible. The latter assumption, which could be
reasonable for the LN case, is typically adopted also in the
case of GHe, for which compressibility effects may, however,
play a role. As far as the thermophysical properties of the solid
components are concerned, constant properties of the former
and insulation are usually considered, in view of the small
temperature variation allowed or expected in normal operating
condition. For the HTS layers, a simplified recipe in the
evaluation of the power possibly dissipated by Joule effect is
adopted in few models. Most models neglect in fact the relation
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Figure 7. Schematic representation of the timeline of the
development of the thermal-hydraulic model reviewed in the paper,
with the detail on the type (dimensionality) of the models.



between the magnetic field (H), critical current (I;) and
temperature (T). The parasitic load from the environment is
typically included in the form of a given constant value. From
the numerical point of view, as far as the spatial discretization
is concerned, only static spatial grids (but not necessarily
uniform) have been adopted in the models analysed here.
With the additional know-how that comes from the
experience gained in the modelling of LTS cables for fusion
applications, see (25,45,70,71) and reference therein, the
features that could ensure robustness and flexibility to a
comprehensive model for the HTS SCTCs are summarized
below.
e Capability to solve the transient energy conservation law
for each different solid component along and across the
cable axis, lumping each component in a separate thermal
element. The thermal coupling between the different
thermal elements should be flexible to account for different
cable topologies and should account for conductive and/or
radiative mechanisms. While pure 1D radial models are not
suitable for that, 1D longitudinal models accounting for
different components in a lumped way, as well as 1D+1D
and 2D models, could successful implement this feature.
Capability to solve the transient mass, momentum and
energy conservation laws along the cable axis for each
different coolant channel (1D), assuming a uniform
thermal-fluid-dynamic state across the channel cross
section. In fact, the hydraulic behaviour of the cable in the
large majority of the cases of interest can be satisfactory
modelled with reference to the average velocity on the
channel cross section. Similarly, the heat removal and
transfer can accurately rely on the average coolant velocity
and on its average temperature on each cross section. The
thermal coupling to the different thermal elements
describing the solid components (bullet above) should
account for convective mechanisms through suitable heat
transfer coefficients / correlations, possibly cross-checked
by dedicated experimental or numerical tests, as done for
LTS cables for fusion. 1D longitudinal models accounting
for the thermal coupling to the neighbouring solid
components can be suited for the analysis of the transient
behaviour of the coolant channels, when a 2D modelling of
the cable is not pursued.
Capability to consider the peculiarities of different
plausible cryogens. Since the two major players are LN,
and GHe, the conservation laws should be formulated to
account for some simplified model for the transition from
liquid to vapour phase in the case of LN, and to include
compressibility effects in the case of GHe. These features
should enable a more accurate evaluation of the pressure
drop along the cable.
Capability to simulate different operating conditions, in a
wide temperature range. That implies the need for including
the temperature dependence of the material properties, as
typically done for the LTS cables to cope with the non-
linearities of the properties in the temperature range of
normal and off-normal operation (quench conditions).
Inclusion of a sound description of the AC losses in the
HTS tapes/strands, and of an appropriate description of the
voltage current (V-I) curve for the resistive transition of the
SC materials. Note that the coupling to a (leastwise

simplified) electro-dynamic model for the cable is
advisable at least for AC cables in normal operating
conditions, in view of the presence of AC losses.

Inclusion of parasitic heat from environment by radiation
with an appropriate formulation, as that adopted already in
the models based on the VE formulation (54). Note that
radiation from the environment has never been considered
relevant in LTS devices such those adopted for instance in
the nuclear fusion field. For them, the contribution from
the environment is typically neglected, mainly because the
fusion cables are typically inserted into cryostats with a
thermal shield at cryogenic temperature.

The inclusion also of a simplified model of the cryogenic
system at the terminations of the cable, could help coping with
transient situations where the inlet coolant conditions can
deviate from the nominal values. In the case of the LTS cables
for fusion, a lumped 0D modelling of the largest part of the
auxiliaries has been proven to be adequate to provide reliable
boundary conditions to the thermal-hydraulic simulations of
the cables (72).

As far as the numerical aspects are concerned, the overall
model should be able to cope with very long cable lengths,
keeping the computational cost as low as possible. This need
typically discourages the adoption of fully 3D models. The
VEM, applied to 2D models, appear a robust and flexible
method for this application. However, adaptive (as opposed to
static) non-uniform spatial grids should be considered to
capture steep-gradients region (such as local quench fronts)
travelling along the cable, as an alternative to the switch to
higher-order spatial discretization or to local high-order
interpolation recipes. An adaptive time stepping should allow
capturing the different time-scales involved in the cable
operations in a computationally-effective way.

The robustness of the model with the peculiarities
highlighted above should be proved through a clear and
transparent Verification and Validation (V&V) process (73).
An open-source tool, with open model and open data, would
help with an effective validation of the implemented models
(larger database availability), allowing at the same time a wide
sharing of model improvements. Furthermore, an open-source
tool would very well fit in the framework of the Open Science,
promoted by the European Community (74), and already
pioneered by some researchers (66) in this field.

5. Conclusions

The SCTCs and SCTLs can have different layouts and their
operation is typically characterized by a very tight temperature
(and pressure) range, especially if the cheaper LN, is adopted
as cryogen. As today, a model able to reliably describe the
cooling, i.e. the transient thermal-fluid behavior, of the SCTCs
in normal and off normal conditions, capable of coping with
different cable layouts and different cryogens, is not available
to the best of our knowledge. The relevant ingredients of such
model, reflecting the best peculiarities of already available
models, have been identified and complemented with
additional features that comes from the experience in the
adjacent field of the LTS cable modelling. A model capable to
take into account all the pointed features, once suitably verified
and validated, should be able to support the design, tests and
development of SCTCs, which are needed to bring this



technology to its technology maturity, contributing to the
energy transition. In this framework, the openness of the
numerical tools, models and data would be beneficial.
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