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Analysis of the Evolution of Accidental Transients in
the Cooling of a MgB»,-LHs Hybrid Power Cable

Laura Savoldi
Lorenzo Cavallucci
Giovanni Mangiulli

Abstract—The safe and reliable operation of superconducting
cables is critically dependent on efficient cooling strategies, and
this point becomes even more relevant when hybrid cables cooled
by liquid hydrogen (LH>) are considered. This study analyzes the
evolution of accidental transients in the cooling of a submarine
30-km hybrid cable made of MgB,, capable to transfer 10 kA at
30 kV and a mass flow rate up to 1 kg/s of LH> at 20 K. Three
key failure scenarios are examined: a loss-of-flow accident (LOFA),
a loss-of-coolant accident (LOCA) and a loss-of-vacuum accident
(LOVA). For each of the accidents, the phenomenology leading to
the cable cooling deterioration is first discussed and the qualitative
or quantitative evolution of the thermal-hydraulic transient in an
unprotected situation is presented. The diagnostics most suited
to detect the accident are then identified. This work, the first of
its kind, suggests instrumentation to detect the occurrence of the
different scenarios to protect the investment associated with the
future hybrid power cables. The analysis shows that the loss of
flow is easy to detect and the operators can reduce the cable power
without any loss of LH,. The LOCA is more severe, as it requires
fast detection that could be achieved using optical fibers, whereas
overpressures and opening of relief valves are difficult to avoid
especially for large ruptures. The LOVA is the most severe among
the accidents investigated here, as it is difficult to detect without
optical fibers.
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1. INTRODUCTION

HE global transition toward a carbon-neutral energy sys-
T tem is one of the main drivers of innovation in both elec-
tricity transmission and hydrogen infrastructure, enabling the
exploration of novel technological solutions. Among them, hy-
brid superconducting (SC) power Magnesium-diboride (MgB5>)
cables cooled by liquid hydrogen (LH>) are an attractive option
for offshore renewable integration, long-distance power deliv-
ery, and large-scale hydrogen transport [1], [2], [3], [4]. Such
systems address simultaneously two critical challenges: efficient
electrical transmission with negligible resistive losses and the
transport of hydrogen at its maximum volumetric energy density.

In this context, among other running projects [5], [6], the
design of a submarine 30-km hybrid cable in MgBs, operating
at 30 kV and 10 kA with up to 300 MW of electrical transfer,
and simultaneously carrying LHs mass flow rates of 0.6-1 kg/s,
has recently been designed to integrate offshore wind and solar
plants in the Adriatic Sea [7]. A sketch of the hybrid cable and
connected auxiliaries is shown in Fig. 1. In this configuration,
LH; acts both as the coolant and a transported commodity, with
the cryostat structure ensuring minimal thermal loads and the
possibility of reel-lay deployment [8] in submarine environ-
ments. Preliminary thermal-hydraulic and thermo-mechanical
analyses have confirmed the feasibility of such systems un-
der nominal operating conditions [7], and a dedicated study
has allowed the proper design of the electric and cryogenic
auxiliaries [9].

However, while steady-state operation is well understood, the
response of MgBs—LHs hybrid cables to off-normal conditions
remains largely unexplored. In any cryogenic infrastructure,
accidental transients represent a major safety and reliability
concern. Events such as Loss-Of-Flow Accidents (LOFA), Loss-
Of-Coolant Accidents (LOCA), or Loss-Of-Vacuum Accidents
(LOVA) can compromise the cable cooling capacity, leading to
local overheating, and potentially triggering the loss of super-
conductivity (quench). The implications are particularly critical
in hybrid cables, where the cryogen is not only essential for
maintaining superconductivity, but also represents a chemical
energy carrier for sale. The deterministic investigation of fault
conditions is rarely encountered in the context of SC cables,
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TABLE I
MAIN GEOMETRIC AND OPERATIONAL DATA OF THE CABLE (TAKEN FROM [7])

Parameter Unit Value
Inner diameter of the inner CC mm 126.2
Outer diameter of the inner CC mm 145
Inner diameter of the outer CC mm 198
Outer diameter of the outer CC mm 220
MLI thickness mm 2.5
Inlet pressure MPa ~7
Outlet pressure MPa 5.5
Inlet temperature K 25
Parasitic heat load W/m 2
Nominal mass flow rate kg/s 1

with very few exceptions in the field of fusion cables [10], where
also some combined probabilistic and deterministic assessments
have been performed [11], [12]. To the best of our knowledge,
no detailed systematic work has addressed the detailed evolu-
tion of accidental transients in LHs-cooled SC systems so far.
Understanding these accidental transients is fundamental not
only for cable integrity and protection schemes, but also for
quantifying investment and operational risks associated with
the deployment of such infrastructures. Moreover, suitable di-
agnostics and fault management strategies must be tailored to
the specific phenomenology of each accident.

The present study addresses the mentioned lack of knowledge
by analyzing the evolution of accidental transients in the cryo-
genics of a submarine MgBo—LHs hybrid cable - the electric ac-
cidents are not considered here as they are specifically addressed
in [13]. Using the design specifications of the recently proposed
30-km cable as a case study (see geometrical and operating
conditions in Table I [7]), three representative accidents are
examined: a LOFA, a LOCA, and a LOVA. While the LOFA can
be triggered by a partial or total failure of the pump, the LOCA
can be initiated by a crack of the inner corrugate cryostat (CC)
wall, allowing the outflow of part of the coolant in the vacuum
volume between the inner and outer walls, see Fig. 2(a). The
ingress of seawater in the vacuum volume (corresponding to a
LOVA) is the consequence of a crack in the external CC, see
Fig. 2(b). Note that the simultaneous rupture of the inner and
outer CCs is not considered in this analysis.
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Fig. 2. Sketch of a submarine hybrid cable in fault conditions (a) due to a
LOCA, with the outflow of LH2 or (b) to a LOVA, with an inflow of seawater.

For each case, the phenomenology leading to cooling deterio-
ration is described, the qualitative or quantitative evolution of the
unprotected transient is assessed, and the most suitable sensors to
diagnose the accident are identified. The severity of the accident,
evaluated in terms of increase of the heat load on the cryogen,
is then judged. By providing the first integrated assessment of
accidental cooling transients in MgBo—LHs hybrid cables, this
study contributes to the safe design and future deployment of
those infrastructures.

II. LOSS-OF-FLOW EVENT

The investigated LOFA is initiated by the partial or total failure
of the circulation pump, located upstream of the hybrid cable in
the LH5 tank. Although a dedicated sensor should detect the
malfunctioning of the pump, it is common engineering practice
to confirm the malfunctioning by additional and different sensor
signals to avoid spurious dump of the current driven by false-
positive signals. A reduction of the flow by 10% to 99% of the
nominal value is investigated, adopting a simplified version of
the OPENSC? software [14], solving the 1-D Euler-like set of
equations along the cable axis, written in (1)-(3) for the non-
conservative variables velocity v, pressure p and temperature 7.
The time scale for the mass flow rate reduction, related to the
pump inertia, has been investigated parametrically in the range
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Fig. 3. Evolution of the inlet (blue solid) and outlet (red dashed) hydrogen
velocity and evolution of the outlet temperature (green line, right axis) during a
25% partial LOFA.
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In (1)-(3) p is the LHs density, ¢ is the Gruneisen parameter,
D is the hydraulic diameter, f'is the Fanning friction factor (see
[7] for details), ¢ is the speed of sound in the fluid and C,, is
its specific heat capacity. A, is a source term describing the
parasitic heat load along the pipe and S,,, is a flow sink used to
model fluid loss in the LOCA analysis (see Section III) and set
to zero in the case of LOFA, where the integrity of the corrugate
pipe containing the LH» guarantees the fluid confinement.

The transient evolution of the velocity at the cable inlet and
outlet is shown in Fig. 3 for a reduction of the original flow by
25% , from 1 kg/s to 0.75 kg/s. The effect of the reduction of
the inlet mass flow rate measured at the outlet follows that at
the inlet on a timescale related to the propagation of the speed
of sound in LHos, i.e., few tens of seconds, independently on
the pump inertia. The sharp-looking outlet evolution is just a
semilogarithmic-scale artifact. On the much longer timescale
related to the cryogen transit time in the inner cryostat (order of
10* s), the reduction of the mass flow rate induces an increase in
the outlet temperature (right axis in Fig. 3). For the considered
nominal mass flow rate, a LOFA with a reduction of the flow
below 70% of its nominal value will end up with the cryogen
boiling at some point along the cable (possibly close to the
outlet), resulting in a pressure increase. For lower nominal values
of the flow rate as considered in [7], the quench of the cable could
occur before the saturation temperature is reached, as the device
is operated at a larger pressure [7]. In all cases, the increase of the
outlet temperature signal, when following the reduction of the
mass flow rate, would allow for an unambiguous identification
of the loss-of-flow event, possibly confirming the measurements
coming directly from the pump, and trigger a proper intervention
such as the current transfer to a parallel backup transmission
line to avoid any consequences. As in engineering and safety
terminology, accident typically denotes an unexpected event that
results in significant damage or loss of the device functionality, a
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sections at the starting time of the accident.

Loss-of-Flow event ending with just an overheating of the outlet
hydrogen without boiling or quench should be just categorized
as an incident (LOFI), which refers to an abnormal or undesired
event that does not cause major consequences. As the heat load
on the cryogen will remain as in nominal condition, and the
integrity of the cable should be preserved, it is likely that the
event, that has a low severity, will not eventually cause any
accidents.

III. LosS-OF-COOLANT ACCIDENT

The LOCA initiating event considered here is a 0. 1-mm-width
crack in the inner cryostat over a length spanning from 0.01 m
to 100 m. The width of the rupture has been selected to simulate
a crack that propagates along the cable, as the inner cryostat is
protected against external agents and a “hole-like” rupture seems
unrealistic to occur. Once the crack has occurred and propagated
along the cryostat, the cryogen is expected to undergo fast
decompression from its subcooled state. No heat transfer occurs
in the fast movement of the fluid, so that a quasi-isentropic
expansion can be assumed. The LHjy is expanding through the
rupture, see Fig. 4, from a pressure level of 0.5-0.7 MPa through
the Multi-Layer Insulation (MLI) to an ambient at lower pressure
(namely, an evacuated environment). The velocity at the rupture
outlet v,,,; can be evaluated using (4) as long as the fluid remains
in subcooled conditions, with v;, being the velocity of the fluid

entering the rupture.
2 2

vz, vU:
%Lt + Pout hout = én + pinhin (4)

In (4) v;, can be neglected with respect to v,,; while the
density pcan be considered constant as long as the fluid remains
subcooled, so that p,u: = pin. Note that this formulation as-
sumes that the cryogen remains in a single-phase liquid state
during the fast depressurization. In practice, some degree of flash
evaporation may occur when the LHs interacts with the MLI
material, but this effect is neglected here, as modelling it would
require a dedicated two-phase framework and the dominant
contribution to the mass outflow is governed by the upstream
subcooled expansion. h;,and h,,: are the specific enthalpies,
again at both sides of the rupture. Once the fluid has flown
through the cryostat, it reaches the interface with the MLI, which
we choose to model as a porous medium. For continuity reasons,
the mass flow rate i, exiting the rupture, computed as in (5),
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Fig.5. Mass flow rates exiting the corrugate from (4)—(5) for different values
of the outlet pressure (continuous lines) and passing through the MLI from (6)
(dashed lines) for a rupture size of 1 cm? and three alternative locations along
the pipe: inlet (blue lines), middle (green lines) and outlet (red lines).

must match that passing through the MLI, which can be derived
from the Darcy equation in (6) once the permeability K and
porosity ¢ of the MLI are known:

7hout = C’d poutArupturevout (5)
Pout — Pvacuum _ Mout Vout (6)
tymLr K ¢

In (5), Cy is a discharge coefficient accounting for the ir-
reversibility in the expansion, and is set equal to 0.7. In (6),
the pressure gradient across the MLI having thickness ta/rr
is computed assuming Pvacuum < Pout» and Hout is the fluid
viscosity. Due to a lack of measurements of the MLI porous
properties in the available literature, we assume a permeability
K ~ 10'? m? and a porosity ¢ ~10% . Under these conditions,
for a rupture area of 1 cm?, the outlet pressure from the rupture
is computed in Fig. 5 at three different locations along the cable
as the interception of the line representing the mass flow rate
computed using (4) and (5) with the line representing the mass
flow rate computed from (6). The resulting outflow of hydrogen
in the vacuum chamber is ~ 30 g/s independently on the LOCA
location. The LH; outflow scales linearly with the rupture size
Ayrupture, as shown in (5). The computed outflow is then fed in
input to the cable transient thermal-hydraulic model in the form
of the source term S,,, appearing in (2) and (3).

Fig. 6 shows the pressure evolution of the LH after a 1 cm?
mid-cable LOCA, with a leaking mass flow rate of 30 g/s and
a parasitic load kept near its nominal value (Table I). Only the
first few tens of seconds are reported, since the leak occurs into
a closed volume that quickly pressurizes, reducing the outflow.
The depressurization wave in Fig. 6 propagates at the speed
of sound toward both cable ends and lowers the inlet pressure
(the outlet pressure is assumed constant through a control valve,
ensuring a value above the storage-tank saturation pressure; see
Fig. 1). The fluid loss raises the LHs temperature downstream
of the break because less coolant remains available to absorb
the parasitic heat, which itself increases as the vacuum volume
pressurizes. The maximum temperature rise would occur at the
outlet, on the timescale of the fluid transit time. For large,
unprotected leaks, the heat load may even drive the hydrogen
to boiling. Simulations indicate that, for a mid-cable loss and
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Fig. 6. Spatial profile of the pressure difference with respect to the initial
condition, following a 1 cm?2 rupture at the mid-point of the LH2 cryostat with
a 30-g/s leakage, at different times from the initiating event of a LOCA.

a parasitic load of ~2 W/m, boiling at the outlet would occur
for outflows of ~500 g/s, roughly half of the nominal mass flow
(not shown). Quantitative estimates are difficult because LOCA
degrades the vacuum, rapidly increasing the parasitic heat load
and raising pressure along the entire cable. For major LOCAs,
the annulus pressure can reach the mbar range, at which point
molecular gas conduction becomes dominant and parasitic loads
can grow by 1-2 orders of magnitude, making this accident more
severe than LOFI. For small leaks, getters can help mitigate
hydrogen accumulation in the annulus. Compartmentalizing the
annular space is another effective measure: it limits the rise
in parasitic load to the affected section and shortens the leak
duration by accelerating local pressurization.

To protect the system, relying only on the temperature and
pressure measurements at the inlet and outlet is suboptimal, as
they respond only on the coolant transit-time scale. A faster,
distributed detection method can instead be provided by Fiber
Bragg Grating (FBG) sensors, co-wound with the spacer, and
isolated from the cryostat walls. With a palladium-nanoparticle
coating, FBGs become directly sensitive to hydrogen and can
detect a leak even before a thermal signature develops. FBGs
in this configuration act as differential sensors, identifying lo-
cal deviations from the nominal thermal profile, while their
spatial resolution provides approximate leak location, which
is useful for troubleshooting. Acquiring FBG measurements
during operation would allow detecting the onset of a fault
condition as early as possible, well before global indicators such
as fluid temperature or vacuum pressure respond. This enables
the control system to smoothly ramp down the current, vent
the coolant, and warm up the cable safely. Moreover, as FBGs
are strain-sensitive, any abnormal deformation also appears as
a deviation from the baseline.

For continuous temperature profiling rather than discrete
monitoring, Distributed Temperature Sensing (DTS) could be
used [15]. However, DTS operation at ~20 K is challenging
due to reduced and nonlinear Raman/Brillouin sensitivity [16],
coating embrittlement, and the need for careful calibration under
vacuum with minimal conductive heat transfer [17]. These issues
become more severe for long fibers (thousands of meters),
where attenuation, mechanical reliability, spatial resolution and
signal-to-noise constraints further limit the performance.
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IV. LOSS-OF-VACUUM ACCIDENT

For the analysis of LOVAs, a crack of azimuthal length
Ly with a longitudinal length Lj is assumed to occur to the
CC outer wall. The subcooled seawater entering the evacuated
annulus undergoes a depressurization to the triple point pressure,
following an isentropic expansion with flash evaporation. If a
simplified Homogeneous Equilibrium Model is adopted, the
vapor quality = can be derived from (7), where s; 7p, Sq 1P
are the values of the specific entropy of the saturated liquid and
vapor, respectively, at the triple point pressure, s;,, is the specific
entropy of the seawater and s,,,;, that of the two-phase mixture
entering the cryostat:

Sin = Smiz = (1 =) s, 7p + 284, 7P (7

The value of x from (7) allows computing the inflow velocity
using (8) in the absence of flow chocking, being h;, 7p, hg 1P
the specific enthalpy values of the saturated liquid and vapor,
respectively, at the triple point pressure and v,,;, the inflow
mixture velocity:

1 1
hmie + 5 Upiw = (1= 2) hi 7P + Thy 1P + S0,

®)

hin =

Given the seawater conditions (0.5 MPa, 288 K) the inflow
never reaches the speed of sound, i.e., it is never choked flow.
The inlet mass flow rate in the cryostat 7i2;,,is evaluated using
a formulation similar to (5), but with the two-phase mixture
density and velocity. The contact of the mixture with the cold
MLI and inner wall possibly leads to formation of a growing
(non-coherent) ice layer that releases its latent heat of solidi-
fication (A; ~ 0.3 MJ/kg) in the annular region over a length
corresponding to that of the rupture. The formation of an ice
plug (with snow-like porosity) of the incoming water for the
estimated mass flow rate occurs on the timescale T;cepiug, that
can be computed as in (9).
Ticeplug ~ pzce‘/.annulus (9)
Min
where p;.. is the ice density and V.14 1S the annular volume
of the vacuum which is filled with ice, having the same axial
length of the rupture. During the filling time, it can be shown

that the average power released to the inner cryostat per unit of

length grcan be evaluated using (10):

Asmin _ As min
Ly

QF = = As Cdpmi:rvmixLG (10)

7'iceplugLL

resulting, for Ly in the range 0.1 to 1 mm, in qF ~3x10%—
3 x 103 W/m.

I__ ____________________ 0

E Outlet pressure
LI 0 Pressure @ Flow meter
_____ A 7ém‘perfal‘ure T Voltage
---- Optic Fiber
O Vacuum pressure Getter

Sketch of the instrumentation proposed to detect the cooling accidents in the hybrid cable.

From the two sides of this ice plug, direct sublimation occurs,
which can be qualitatively described by the Hertz-Knudsen law
in (11):

V2rmRT

where 72" is the sublimated mass flux (in kg/(mzs)), T is the
temperature of the environment facing the ice (say, 150-180 K)
psat(T) is the saturation pressure for the ice at a temperature
T, and R is the water vapor constant (~461 J/(kgK)). The
sublimation occurs on a timescale evaluated through (12):

piceLL vV 2t RT
2psat (T)

where 2A4,,,u1us 1S the total area of the ice plug facing the
vacuum. The timescale for the sublimation, with its correspond-
ing absorption of the latent heat Ag, turns out to be much
longer than that of the formation of the ice plug, especially in
the case of long cracks. The seawater behavior when entering
the cryostat could be modeled as periodic: in each pulse, the
ice is first formed, and then sublimated, and the average heat
load per unit length over an entire cycle remains of the same

m” ~ Psat (T) (11)

’ picevannulus
sublimation ™~ 7 =
m 2Aannulus

12)

order of magnitude of q}w. On top of this, one should account
for the heat entering by conduction through the ice, which is
neglected here as it should be smaller than the contribution
related to the latent heat. As this event would possibly cause
the largest heat load increase on the cryogen, it can be ranked
as the most severe in the present analysis. In a situation where
the annulus is compartmentalized, the most critical LOVA case
corresponds to a rupture occurring in the last compartment at
the end of the cable, where the operating conditions are closer to
the saturation temperature. Applying again the model in (1)—(3)
with the parasitic load computed in (10) over a length Ly, the
transient evolution following a LOVA close to the outlet has
been investigated. No major perturbation of inlet and outlet
thermodynamic conditions is computed on the sound speed
scale, and the outlet temperature starts revealing an increase
only when the heated cryogen reaches the cable outlet. Local
saturation conditions are reached whenever the rupture cross
section Lg x Ly exceeds 100 cm? (not shown). The timescale
to LH5 boiling can be of few seconds, making a prompt detection
a key issue. The local raise in the fluid temperature can be best
monitored and timely detected by optical fibers, that could be
twisted around the SC cable in the inner cryostat, whereas other
solutions such as temperature sensors would imply feedthroughs
and cabling issues. To prevent additional damage to the cable
from overpressure due to boiling, safety relief valves should
be installed at the ends of the line. Additional intermediate
relief locations may be required depending on the pressure-loss
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TABLE IT
EXPECTED EFFECTS OF THE INVESTIGATED ACCIDENTS ON THE
THERMAL-HYDRAULIC VARIABLES (\\, = fast decrease, /* = increase, <>
no change)

(N = FAST DECREASE, /* = INCREASE, <> NO CHANGE)

LOFA | LOCA | LOVA
Inlet pressure Y N\ ©
Inlet mass flow rate N o o
Outlet temperature 7 7 7
Outlet mass flow rate N N o

distribution along the cable, to avoid cryogen entrapment and
ensure compliance with standard cryogenic safety practice.

V. DISCUSSION AND CONCLUSION

Fig. 7 summarizes the instrumentation layout proposed in
this work to detect the different cooling-related accidents in the
hybrid MgB2—LHj cable, highlighting the complementary role
of inlet/outlet thermo-hydraulic measurements and distributed
optical-fiber sensing for early fault identification.

The analysis of loss-of-flow, loss-of-coolant, and loss-of-
vacuum events for a hybrid cable highlights a clear progression
in accident severity. Table II condenses the main results of the
transient analyses by mapping each accident scenario to its
observable effects on inlet pressure, mass flow rate, and outlet
temperature.

LOFIs are relatively easy to detect, allowing operators to
safely reduce the cable current without any loss of LH, and of
the device integrity. In the simplified scenarios considered, LOFI
detection canrely on inlet pressure and mass-flow measurements
(Fig. 7), followed by the fast reduction of outlet mass flow on the
sound-speed timescale (double arrows in Table IT), and finally by
outlet temperature changes on the LHj transit timescale (single
arrow in Table II).

LOCAs are more critical, since their early detection depends
on the rapid drop of inlet pressure and outlet mass flow, while
temperature increases appear only later. As overpressure events
and relief-valve activation are difficult to avoid, especially for
large ruptures, a fast, distributed sensing system is required.
FBGs placed in the vacuum space outside the MLI can provide
early warning by detecting local temperature rises, cable motion,
or hydrogen presence when appropriately coated.

LOVAs are the most severe events studied, as they can impose
the highest heat load on the LH5 channel. They cannot be reliably
detected on short timescales using inlet/outlet thermo-hydraulic
signals (Table II) and could go unnoticed unless optical-fiber
monitoring is installed inside the inner cryostat to detect local
temperature deviations along the cable.

Future work should address not only fault detection times
but also the response time of protection systems (e.g., current
diversion to a back-up line). Real-world complexity also calls
for examining a broader range of accident scenarios, including
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alternative rupture geometries (e.g., hole-type failures), simulta-
neous faults, and undetected cooling failures leading to quench.
The large pressure and temperature excursions associated with
such events could represent a major driver for further improving
the cable safety systems.
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