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Abstract
Understanding and modelling heat transfer coefficient is essential for optimising the perform-
ance of high-temperature superconducting (HTS) devices. The heat transfer coefficient exhibits
highly non-linear behaviour with respect to temperature and is typically inferred from the proper-
ties of the cooling fluid. However, when the device is fully immersed in a liquid, the coefficient can
deviate significantly from conventional estimations, especially if the operating conditions do not
involve an extremely rapid temperature increase. This study presents a practical method for estim-
ating the heat transfer coefficient of HTS coils immersed in liquid nitrogen, based on an experi-
mental investigation of a prototype superconducting coil where precise temperature measurements
are not guaranteed. By analysing transient temperature evolution and material properties, the coef-
ficient is determined and validated through the comparison of measured and simulated device
voltage and current. The proposed approach only relies on experimental voltage and current meas-
urements, combined with known temperature-dependent material properties, to infer a global
heat transfer coefficient. The methodology is tested on helical HTS coils under transient light over-
current conditions and assumes an homogenised temperature rise along the winding. The estim-
ated coefficient may lead to curves that slightly deviate from classical models while preserving their
overall trend and physical significance. The proposed experimentally-based approach is conceived
as a relatively straightforward and experimentally robust alternative to the computational burden
of finite-element method simulations requiring reliable parameters, while overcoming the need
for direct temperature measurements, within the limits of compact windings immersed in liquid
nitrogen and subjected to mild transient conditions leading to distributed quench phenomena.

1. Introduction

To date, numerous projects investigate the potential application of superconducting devices into the
grids, with manufacturing companies aiming for widespread market adoption of power apparatus. These
systems must be designed to withstand fault networks conditions, as it might occur for superconduct-
ing power transmission cables [1–4] and generators [5], or to act to limit these situations, as in the case
of superconducting fault current limiters (SFCLs) [6–9]. This often corresponds to over-current condi-
tions, where the material, mostly high temperature superconducting (HTS) tapes, increases in temperat-
ure until transitioning to its normal state [10]. It is not only the case of extreme over-current events that
produce very rapid temperature transients, but often more light conditions occur, which can eventu-
ally lead to a transition over time. For proper design, adequate mathematical models must be developed,
generally validated through tests on prototypes [11, 12]. A crucial parameter for the thermal analysis and
modelling of HTS devices is the convective heat transfer coefficient h, which determines the efficiency of
heat dissipation and is pivotal for accurately predicting cooling performance, stability, and quench beha-
viour. However, its estimation is not straightforward, as the values available in the literature are typically
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obtained from experiments conducted exclusively on the cooling fluid, without considering the device
features. Indeed, in the case of a coil immersed in liquid nitrogen (LN2), the available generic curves
for convective heat transfer coefficient do not necessarily reflect the actual heat transfer behaviour of
the system [13, 14]. The interaction between the fluid and the solid surface, the coil’s geometry [15],
its orientation [16] and the presence of insulation layers [17], can significantly alter the effective heat
transfer coefficient, making it different from standard values obtained for specific cases and reported in
literature [18].

Finite-element method (FEM) quench simulations can provide detailed information on local tem-
perature gradients, normal-zone propagation and mechanical effects within superconducting windings.
However, such analyses require extensive computational resources and rely on a large number of mater-
ial, geometric and interface parameters whose accurate characterisation is often challenging, especially in
immersed and multilayered HTS coils. In detailed FEM approaches, the thermal and mechanical beha-
viour is strongly influenced by quantities such as local contact resistances, anisotropic thermal conductiv-
ities, insulation thickness variations and imperfect bonding between layers; these parameters are rarely
accessible experimentally with the precision needed to ensure model fidelity. As a consequence, fully
resolved FEM analyses, although powerful, may introduce uncertainties comparable to those they aim
to eliminate.

For power-engineering superconducting devices (e.g. SMES, SFCLs, WPT coils, or other compact
windings) the most relevant design quantities are often device-scale parameters, including the effect-
ive heat transfer coefficient, total dissipated power and average temperature rise under fault or overload
scenarios. In this context, lumped electro-thermal models can provide a suitable balance between phys-
ical accuracy and computational efficiency, enabling system-level assessments without the burdens associ-
ated with distributed FEM simulations.

The methodology presented here is therefore intended to characterise the overall electro-thermal
behaviour of an HTS coil immersed in LN2, rather than to resolve spatially dependent quench propaga-
tion. Compact windings under light over-current conditions are targeted in this study, where mechanical
stresses are considered minimal. Thus, the approach, based solely on terminal electrical measurements
combined with known temperature-dependent material properties [19, 20], offers an experimentally
robust alternative when the identification of device-scale thermal parameters is of primary interest. In
this sense, the method is complementary to detailed FEM modelling but targets a different and appro-
priate level of description for system studies where global thermal indicators govern stability and oper-
ating limits. Addressing coupled effects in large-scale systems with detailed FEM-based models, is inten-
tionally beyond the scope of this work.

Moreover, the convective heat transfer coefficient is highly temperature-dependent, particularly in
the transition range where the cryogenic fluid undergoes boiling; in this region, the coefficient exhibits
extreme non-linearity [21]. The proposed methodology is experimentally driven and applied directly to
the device under characterisation. This allows the model to inherently account for the phase change and
boiling behaviour of liquid nitrogen under operating conditions. This approach enables the effective rep-
resentation of the actual thermal exchange phenomena while preserving a simple and computationally
efficient model, which does not require additional calculations related to the thermodynamic state of the
cryogenic fluid.

Moreover, in a coil made of HTS tapes wound around a core and possibly co-wound with other
materials to provide electric insulation (e.g. covered with Kapton tape), or mechanical reinforcement,
the heat transfer between the HTS tapes and the LN2 occurs not only through convection but also via
conduction across the various interposed layers before reaching the bath. Unless one aims to model all
these heat transfer mechanisms in detail, a simplified thermal model is more conveniently expressed in
terms of a global heat transfer coefficient.

In principle, a customised curve for the heat transfer coefficient could be determined if the temperat-
ure distribution within the coil and the thermal power exchanged with the fluid were known. However,
while the dissipated power can be rather accurately deduced from current and voltage acquired signals,
measuring the temperature inside a superconducting device immersed in LN2 is challenging. For both
layer-wound and pancake-wound coils, placing temperature sensors onto the winding may affect the heat
exchange process and be poorly reliable given the difficulty in distinguishing between the HTS temper-
ature and the bath surrounding the sensors [22]. Furthermore, during transient events, the temperature
distribution evolves rapidly, making it difficult to capture real-time variations with sufficient accuracy.
Temperature estimation is particularly difficult in case of light over-current that only produce a small
deviation from the equilibrium value.
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Given the limitations of direct temperature measurements during transient operation, an alternative
method for estimating the temperature dependent heat exchange coefficient of an HTS coil (or appar-
atus) is required. This paper presents a novel approach for estimating the h–T curve, which is based on
the measured voltage and current at terminals and eliminates the need for direct temperature readings.
The proposed method is applied to estimate the h coefficient of a small HTS coil immersed in liquid
nitrogen (LN2) and operating under light overcurrent conditions. The method assumes a uniform tem-
perature T across the coil and follows an iterative procedure that refines an initial assumption of the
coil’s temperature evolution (T vs t curve) during an overcurrent event. Specifically, an initial estimate of
the T vs t curve is introduced (specified through proper parametrisation), ranging from the equilibrium
temperature of the LN2 bath to the critical temperature Tc of the HTS tape. Beyond Tc, the temperat-
ure is determined by comparing real-time resistance values (obtained from measured voltage and current
of the coil) with the preliminarily measured R–T curve of the coil. Using the full T–t curve, the heat
exchange coefficient is deduced, and the voltage across the coil is calculated through a standard electro-
thermal model. The temperature estimate is iteratively refined, through parameters tuning, by comparing
measured and calculated voltage values, until the optimal matching of experimental data is obtained.

The proposed methodology is particularly suitable for characterising power devices, where the
thermal behaviour can still be represented through equivalent parameters. It is indeed applicable to a
wide range of compact superconducting devices such as SMES units, SFCLs, and WPT coils. For large
or complex winding geometries (i.e. fusion or accelerator magnets), the identification of the dominant
heat exchange paths becomes less straightforward, and more detailed distributed or FEM-based thermal
models may be required.

To verify its effectiveness, the procedure has been applied to a helical HTS coil subjected to light
transient over-current conditions, considering the effective geometries and thermal insulation proper-
ties. In the literature, these tests are often carried out with high AC over-currents, where the transition
to the normal state is extremely rapid and uniform [23–25]. However, many devices can operate under
milder AC test conditions, where the device takes some time to reach its critical temperature. These are
less investigated, especially for layer-wound coils [26]. Understanding and modelling of the phenomena
occurring in such transition zone are not trivial.

The proposed method allows for the estimation of the heat transfer coefficient profile using only
voltage and current measurements, providing a practical and reliable alternative for characterising heat
transfer in simple or small-scale HTS systems. This approach is particularly valuable for optimising
cooling strategies in superconducting applications where conventional measurement techniques are
impractical.

The paper is organised as follows: the overall methodological approach for estimating the heat
exchange coefficient is illustrated in section 2, including the estimation of thermal power from overall
voltage and current measurements and the parametrisation of the T–t curve. The electrothermal model
used to calculate the coil’s voltage is presented in section 3. Section 4 illustrates the experimental setup
and its characterisation and, finally, the experimental results are discussed in section 5.

2. Heat transfer coefficient estimation

The methodological steps of the proposed method are summarised in the flow chart of figure 1. Overall,
the method allows the determination of the heat transfer coefficient using only voltage and current
measurements, avoiding the need for direct temperature sensors in critical regions of the superconduct-
ing coil. Under the assumption of a uniform temperature T across the coil, the heat transfer coefficient
h(t) between the coil and the liquid nitrogen during a given dissipative transient can be obtained from
the coil’s energy balance as:

h(t) =
Pth (t)−Cth (T(t))

dT(t)

dt
Sconv [T(t)−T0]

(1)

where Pth(t) is the thermal power dissipated by the coil during the transient and T(t) the temperature
profile. Cth(T) is the temperature-dependent thermal capacity of the coil [19, 20], Sconv the area of the
heat exchange surface, and T0 the equilibrium temperature of the liquid nitrogen far from the coil. The
whole coil is assumed to be at temperature T0 at the intransient starting instant t0.

Although thermal capacitance can be derived from material properties and the heat transfer surface
can be easily deduced from the actual coil’s geometry and constructive details, the power Pth(t) and the
temperature T(t) in equation (1) must be appropriately measured or estimated from experimental tests,
as discussed in detail in the remainder of this section. In particular:
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Figure 1.Work-flow diagram of the proposed methodology.

• The thermal power Pth(t) is estimated from measurements according to the procedure of section 2.1;
• The temperature profile T(t) is (see in section 2.2):

- Estimated from resistance measurements for T> Tc;
- Assigned through parametrisation for T0 < T< Tc.

The electro-thermal model is then run enforcing the heat exchange previously estimated and the res-
ults used to verify that the resulting temperature profile matches the estimated one. It is stressed that
identifying the parameters of this formulation that enable the best fit of the voltage profiles-and thus the
accurate extraction of the h(T) curve-is at the core of the proposed method.

2.1. Thermal power estimation
The instantaneous power dissipation Pth(t) of the coil is first computed by removing the inductive con-
tribution related to the magnetic stored energy from the total absorbed power,

Pth (t) = igen (t)

[
vmeas (t)− L

digen (t)

dt

]
, (2)

where the first term at the RHS is the total power obtained from the measured voltage vmeas(t) across
the coil and from the imposed current igen(t) and L is the equivalent inductance at the terminals of the
coil calculated through numerical procedures and experimentally validated as in [27]. However, using
this so calculated instantaneous power Pth(t) in (1) introduces fluctuations (due to the AC imposed cur-
rent profile) that would lead to unrealistic variations in the extracted heat exchange curve. To reduce
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fluctuations, the total energy Wth(t) dissipated in the coil due to Joule heating is first obtained by integ-
rating the instantaneous power over time from the initial time t0 as:

Wth (t) =

ˆ t

t0

Pth (t
′)dt ′. (3)

The raw energy curve Wth(t) still exhibits small oscillations due to the AC components of the power.
To eliminate this high-frequency fluctuations, a polynomial fitting procedure has been applied, yielding
the smoothed and monotonic energy profile Wth(t). The mean power dissipation is finally obtained by
numerically differentiating this smoothed energy profile in time:

Pth (t) =
dWth (t)

dt
. (4)

2.2. Parametric temperature assignment
As the time evolution of the temperature T(t) during the considered transient is not directly available
from the experimental tests, a parametric temperature profile T̃(t) is introduced. Aimed at this, we first
introduce the time instant tc at which the temperature reaches the critical value Tc. We now define two
distinct functional dependencies for the temperature over time, applicable before and after Tc, as follows:

T̃(t) =

{
TbelowTc (t) for t< tc,

TaboveTc (t) for t⩾ tc.
(5)

To estimate TaboveTc(t), the authors carried out dedicated tests on a straight sample of the same HTS
tape used for the winding, in which the tape resistance per unit length Rsample was measured from its
critical temperature Tc up to 300K. The curve Rsample(T) (resistance as a function of temperature) can
be used for deducing the time evolution of the temperature TaboveTc(t) starting from the instant during
the test in which the coil temperature is stably above the Tc. The details of this procedure are explained
in section 4. It follows that in the reconstruction problem (5), the functional dependence TaboveTc(t)
is directly deduced from Rsample(T), and the only part that remains to be assigned is the temperatures
between T0 and Tc. This time-dependent temperature profile can only be guessed.

To assign the guess temperature curve in the time interval from the initial instant t0 with T= T0 up
to the instant tc at which the coil reaches the critical temperature T= Tc, a spline method is chosen,
since it ensures both function’s continuity and smoothness. A third-order spline is selected, being
defined by four parameters, with three of them that can be deduced from the experiments as shown
below. Specifically, the temperature function TbelowTc(t) is defined as:

TbelowTc (t) = a1 + a2t+ a3t
2 + a4t

3 (6)

with a1,a2,a3,a4 the coefficients that identify the function. Assuming known the initial temperature
T0, the transition temperature Tc, and enforcing that the derivative of the whole temperature profile
T̃(t) is continuous at the instant tc, the four coefficients are determined solving the set of equations:

TbelowTc (t0) = T0

TbelowTc (tc) = Tc

dTbelowTc

dt

∣∣∣∣
t=tc

=
dTaboveTc

dt

∣∣∣∣
t=tc

dTbelowTc

dt

∣∣∣∣
t=t0

= dTguess

(7)

where dTguess is the derivative of the temperature profile at the initial instant, that is the only degree of
freedom needed to assign the spline function TbelowTc(t). Since TaboveTc(t) is known from experiments, it
results that the dTguess is the only parameter needed to assigned guess temperature profile T̃(t) over the
whole time interval of the considered experiment according to (5). Then, having defined a functional
dependence T̃(t) for temperature over the whole time-interval of the test, by applying (2), whereby
the time derivative of T̃(t) is numerically calculated, the estimated profile of the heat exchange coeffi-
cient h̃(t) is calculated for the superconducting device based on a guess of the single degree of freedom
dTguess as:

h̃(t) =
Pth (t)−Cth

(
T̃(t)

) dT̃(t)
dt

Sconv
[
T̃(t)−T0

] . (8)
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Since a one-to-one concordance is implicitly assumed for the temperature T̃(t), then the h̃(t) profile is
finally transformed into a h(T̃) profile.

To validate the assumption of dTguess and consequently the estimated heat transfer coefficient h̃(t),
the measured voltage profile and the measurement-deduced temperature profile above Tc are compared
with the corresponding values computed using the electro-thermal model, denoted as vsim(t) and Tsim(t),
respectively, both obtained assuming h̃(t) as convective heat exchange coefficient. This methodology is
schematically summarised in figure 1.

The agreement between the experimental and simulated profiles is evaluated using the root mean
square error (RMSE) method, which provides a measure of the average error over a time interval. The
RMSE for temperature and voltage is calculated as follows:

ϵT =

√
1

tf − t0

ˆ tf

t0

(
T̃(t ′)−Tsim (t ′)

)2
dt ′ (9)

and the RMSE for voltage is given by:

ϵv =

√
1

tf − t0

ˆ tf

t0

(vmeas (t ′)− vsim (t ′))2 dt ′. (10)

The estimated heat exchange coefficient h̃(t) is considered valid if both RMSE errors for temperature and
voltage satisfy predefined thresholds ϵT,th and ϵv,th:

ϵT < ϵT,th , ϵv < ϵv,th. (11)

This ensures that the experimental and simulated profiles are sufficiently close, thereby validating the
assumption of dTguess and the estimated heat exchange coefficient h̃(t). By systematically adjusting the
heat exchange coefficient and observing the corresponding RMSE values, an optimal matching is found,
ensuring a balance between model accuracy and computational efficiency.

3. Electro-thermal model

For calculating the time evolution of the voltage at the terminals and the temperature of the coil during
the considered transient based on the assumed h(T) dependence, an electro-thermal model consisting
of an electrical and thermal equivalent circuits was used, implemented in the MATLAB environment
[27]. The electro-thermal model adopted in this work is formulated as a reduced-order representation
aimed at capturing the dominant temperature dynamics relevant for system-level analyses, such as the
average winding temperature, the global heat exchange with the surrounding medium, and the charac-
teristic thermal time constants. This level of abstraction ensures computational efficiency and robustness,
avoiding the complexity of detailed 3D conduction models whose additional geometric resolution would
provide limited benefit for the operating regime considered.

The simplification is justified by the coil geometry: an HTS tape of approximately 230µm thick-
ness wound helically around a cylindrical G10 former, resulting in a radial build much smaller than the
axial length. The winding thus behaves as a thin cylindrical HTS surface with negligible radial gradients.
Under these conditions, both thermal and electrical quantities can be assumed nearly uniform along the
conductor. Joule losses dominate the thermal forcing during over-current operation, and the heat gener-
ation per unit length is effectively constant due to the homogeneity of commercial HTS tapes in terms
of critical current and structural uniformity, as confirmed by standard tape characterisation proced-
ures. Likewise, the boundary conditions are uniform along the tape surface, with the external interface
exposed to the LN2 bath and the internal interface in contact with the G10 support.

Given this combination of geometric thinness, material uniformity and homogeneous cooling, a
lumped electro-thermal representation provides an accurate and numerically stable description of the
coil’s global thermal evolution. This modelling choice aligns with the purpose of the work, which is to
integrate a realistic yet computationally lightweight thermal model into the broader system-level frame-
work, rather than to reconstruct localised or spatially resolved temperature fields.

Specifically, the electric model considers the entire cross-section of the HTS tape (Stape) to be divided
into N filaments. The filaments were considered as magnetically coupled conductors, and the calculation
of the resulting inductance matrix was described in [27].

The resistance of each filament was obtained as the parallel combination of the tape layers’ resist-
ances, considering the temperature-dependent properties of the individual materials; a sketch of the tape
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Figure 2. (a) Multi-filament equivalent electric circuit of the coil with multiple field-dependent resistor to capture the magnetic
field in different point along the tape and (b) equivalent thermal circuit considered in the combined electro-thermal model.

architecture provided by the manufacturer is shown in the next section. Specifically, the resistance of the
ReBCO layer is obtained through the power law, bounded by the normal state resistance [28]. The crit-
ical current and the n-value were obtained experimentally, through dedicated measurement discussed in
the next section (see section 4.1).

The circuit model of the winding results in n ohmic-inductive branches connected in parallel, as
shown in figure 2(a). This representation is obtained by discretising the superconducting tape into mul-
tiple parallel filaments across its width, thereby yielding a fully general modelling framework that is
independent of the specific coil geometry and can be systematically derived for arbitrary winding con-
figurations. Such a filamentary decomposition enables the model to capture the diffusive dynamics of
the current density within the tape cross section, allowing a non-uniform current distribution to develop
in response to the local electromagnetic conditions. By resolving the current sharing among filaments,
the model accurately reproduces the spatial redistribution of current during transient operation, which
directly affects both the local magnetic field distribution and the resulting electromagnetic losses.

Moreover, each of the parallel branches has m resistors in series. The resistors of a branch are
obtained by longitudinally splitting each of the filaments in m sections. Splitting the filaments in mul-
tiple (m) sections allows considering the dependence of the critical current on the local magnetic field
acting along the length of the wound tape of the coil. The magnetic field is numerically calculated at m
points (the centres of each longitudinal section) along the tape length (m= 10 in this study) using the
semi-analytical method described in [27], and introduced into the circuit model through appropriate
coefficients so that the magnetic field at the ith field point due to the jth filament current is:

Bij (t) = kij ij (t) (12)

where kij is the 3D magnetic field coefficient that relates the jth filament current ij(t) with the magnetic
field at the ith field point. The Ic(B) dependence reported in the Robinson Research Institute database
[29] was implemented.

A resistance Rgen was added in parallel to the coil to avoid an ill-posed numerical problem. The value
of Rgen is much higher (1 kΩ) compared to the tape resistances in the normal state hence it has no effect
on the numerical solution. Then, the actual experimental current igen has been imposed in the equivalent
circuit.

The equivalent thermal circuit coupled with the electric model is shown in figure 2(b), stat-
ing the energy balance and assuming that the time-varying temperature is uniform over the entire
coil. The thermal circuit accounts for the heat transfer to the liquid nitrogen bath through the non-
linear resistor Rsh,conv(T(t)), which depends on the temperature-dependent heat transfer coefficient as
Rsh,conv(T) = Sconvh(T).

7
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Figure 3. Experimental setup: HTS winding with wires for current supply.

Table 1. Parameters of the test coil and the applied current.

Parameter Symbol Value Unit (SI)

Number of turns N 10 /
Inner radius rint 60 mm
Twist pitch lp 13 mm
Tape length ltape 3845 mm
Thickness of G10 support δG10 10 mm
Critical current Ic 765 A
Power-law exponent n 31 /
Inductance L 7.6 uH
Peak current Imax 1160.9 A

4. Experimental setup

The experimental setup used in this work is shown in figure 3. It is based on the one described in [27,
30], designed to test layer-wound HTS coils at RSE S.p.A. The solenoidal winding is realised with a
SuNAM SLSS12600 12mm wide, 228 um thick HTS tape wound around a G10 cylindrical support. The
geometric characteristics of the coil are presented in table 1. In order to obtain all the parameters and
the informations needed to implement the procedure for h estimation described in section 2, the follow-
ing preliminary characterisation tests were preformed:

• Preliminary DC tests
• Preliminary AC test with subcritical current operation
• AC (light over-current) test.

4.1. Preliminary DC tests
This preliminary test was aimed at deducing the Rsample(T) curve of the tape, as well as the critical cur-
rent and n-value of both the tape and the coil. The resistance per unit length was measured on a straight
tape sample from the transition temperature onwards and it is shown in figure 4. This curve was used to
TaboveTc(t) as discussed in section 2.2 through the procedure described in section 5. The critical current
of the straight tape sample was determined through self-field measurements at the operating temperature
of liquid nitrogen (LN2), yielding a value of 771 A and a n-value of 41.

8
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Figure 4. Experimental trend of Rpul
sample over temperature carried out in a dedicated test on a straight sample of the same SuNAM

SLSS12600 tape.

Moving on to the test coil, a DC characterisation test was conducted to determine its average critical
current (Ic) (that is, the current producing an average electric field of 1 uV cm−1 at the windings ends),
which was found to be 765 A with n-value of 31 at LN2 temperature, as reported in table 1. The min-
imal difference observed between the critical currents of the straight tape sample and the winding indic-
ates that, for this specific device, the influence of the magnetic field on the superconducting behaviour is
rather limited. This finding is further supported by experimental data (relative to the tape used) available
in the referenced database [29].

4.2. Preliminary AC test with subcritical current operation
This test was aimed at obtaining the self inductance L of the coil, needed to estimate the inductive com-
ponent of the voltage as in (2). The inductance was deduced from ad hoc tests performed in under-
current regime, from which 90◦ phase shift voltage and current was obtained. The inductance was also
numerically calculated by means of the numerical approach of [27], obtaining a very good matching
with the experimental result.

4.3. AC (light over-current) test
This test is the one that emulates the light over-current regime, namely the peak current slightly
exceed Ic. The coil has been subjected to AC current at 50Hz, with the current amplitude progress-
ively increased until light over-current conditions were reached (current amplitude 1.5/1.6 times Ic).
A voltage-driven power supply was employed, and nine 50Hz current cycles were applied via the power
supply; however, it should be noted that, due to the typical limiting behaviour of superconducting wind-
ings during over-currents, the amplitude of the transport current tends to progressively decrease with
each cycle. This occurs because, if the heat input is sufficiently high, a rise in both temperature and
voltage across the winding is expected. Therefore, the current value reported in table 1 refers to the max-
imum peak reached during the test, typically during the first AC cycle, after which the coil temperature
starts to increase.

During each test, the voltage of the entire winding was measured using voltage taps soldered to its
ends. It is reported that, once the AC campaign tests had been concluded, a new DC critical current
measurement was performed, confirming that the winding was not damaged.

5. Implementation of the methodology and results

The results of the AC light over-current tests (with peak current exceeding Ic) were used for implement-
ing the h-estimation methodology described in section 2. The measured voltage and current are shown
in figure 5(a). From these profiles, the instantaneous power Pth(t) (depicted in figure 5(b) in violet) is
obtained through (2). It exhibits an oscillatory behaviour over time, as expected given the nature of
the alternating current excitation. These oscillations also affect the energy profiles Wth(t), calculated
according to (3) and shown with the continuous brown line in figure 5(b). This corresponds to the
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Figure 5. Profiles of: (a) voltage and current and (b) Pth(t), Pth(t) andWth(t) during the AC test. Pth(t) is used to estimate the
trend of h(T), while Pth(t) is used to calculate Tsample from the thermal model. In (c) the coil resistance estimated from measure-
ment (pink) and its fitted trend (red) with the estimated coil temperature (yellow).

total thermal energy dissipated by the superconductor from the start of the test is directly responsible
for the temperature rise in the winding and, consequently, for the superconducting-to-normal transition
of the tape. The fitted energy profile Wth(t) (dashed brown line in figure 5(b)) was obtained by means
of a polynomial fitting of Wth(t), necessary to suppress oscillations that would have caused issues in the
derivative of the function used to estimate the power. The smoothed power profile Pth(t) is obtained
from Wth(t) through (4), and is plotted with the dashed black line in the same figure.

It can be noticed that the injected current profile in the coil exhibits a peak slightly exceeding the
critical current value (765A), meaning that the superconducting tape operates in a regime of mild over
current conditions. However, a closer analysis of the current and power profiles (figures 5(a) and (b),
respectively) reveals that the majority of the power dissipation occurs in correspondence with the second
peak of the current waveform. This is an important observation because, despite the first peak being the
highest in magnitude, the tape remained partially in the SC state at that point, resulting in negligible
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Figure 6. Profiles of: (a) temperature and (b) heat transfer coefficient for different values of dTguess. The wording ‘OPT’ refers to
the optimal solution.

power dissipation. As expected, as long as the current remains below the critical threshold, power dis-
sipation is minimal, but once the over-current regime is reached, even slightly, the energy dissipation
process accelerates significantly. This explains why the second current peak (which is not the highest)
corresponds to the most significant power dissipation event, ultimately leading to a measurable temper-
ature increase in the winding.

From the measured resistance trend Rsample(T) depicted in figure 4, it was possible to estimate the
temperature profile from the moment the superconducting transition temperature Tc (found to be Tc

= 92K during DC characterisation tests) was reached up to the end of the transient phase. Specifically,
from the measured voltage and current, the coil resistance per unit length Rmeas(t) can be deduced,
which is shown with pink dots in figure 5(c). These values are fitted to obtain a continuous function
Rfit(t) and avoid divergent values of resistance occurring in correspondence of the current zero cross-
ing. Rfit(t) is shown in red in figure 5(c). By comparing Rsample(T) and Rfit(t) the temperature profile
TaboveTc(t) can be easily extrapolated. This estimated temperature evolution is represented in the yellow-
shaded region of figure 5(c), spanning from the instant tc to the end of the considered test and is inde-
pendent from the assumptions on TbelowTc and h. The same curve is also reported in figure 6(a). As dis-
cussed in section 2.2, the temperature profile in the interval between T0 and Tc was obtained through a
spline interpolation by assigning one parameter only (dTguess). The full range temperature curve (below
and above Tc) defined according to (5) is shown in figure 6(a) for different initial derivative assump-
tion. Specifically, the curve corresponding to an initial temperature derivative of 450K s−1 at the junc-
tion point tc is highlighted as a reference case.
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Figure 7. Voltage and temperature RMSE values for different choices of dTguess. The optimal value is found for dTguess =

871K s−1.

The estimation process has been guided according to (7). Since the injected current reaches its peak
value during the first cycle (see figure 5(a)), and the power dissipation primarily develops as a con-
sequence of this current increase, it is reasonable to expect a sharp rise in temperature during the first
current cycle. To accurately model this rapid temperature increase, the value of dTguess must be adjusted
accordingly, as demonstrated in figure 6(a). However, despite the initial variations in the assumed deriv-
ative values, all the estimated temperature profiles eventually converge to the experimentally determined
TaboveTc profile.

For each of these hypothesised temperature curves, it was then possible to derive a corresponding
non-linear heat transfer coefficient h profile according to (8). The various h profiles obtained from the
different temperature are illustrated in figure 6(b). A key observation is that the sensitivity of the estim-
ated heat transfer coefficient is particularly pronounced for lower initial derivative values, which corres-
pond to more linear temperature profiles and higher peak values of h. Specifically, when dTguess is small,
the temperature increases almost linearly until it reaches the superconductor critical value. Given that
the peak power dissipation occurs predominantly within the first two transient cycles, significant heat
removal is required to maintain an approximately linear temperature trend.

Conversely, steeper initial temperature rises lead to lower heat transfer coefficient values, aligning
more closely with those found in the literature. However, if the initial temperature increase is excessively
abrupt (such as in the cases where dTguess = 1050K s−1 as shown in figure 6(a)) the resulting h profile
becomes non-physical. This can be observed in the corresponding plots in figure 6(b) where extreme
temperature gradient assumptions result in unrealistic heat transfer coefficients that deviate significantly
from expected physical behaviour.

This preliminary analysis suggests that physically meaningful temperature and heat transfer coeffi-
cient profiles are obtained for dTguess values around 800K s−1.

It is worth noting that, although the proposed method does not explicitly model nucleate or film
boiling regimes, the resulting non-linear trend of the estimated heat transfer coefficient inherently
reflects the phase-change behaviour of LN2 during transient conditions. A detailed boiling analysis,
while valuable, is beyond the scope of this lumped-parameter approach and is suggested for future
investigations.

5.1. Validation through the electro-thermal model
To refine the estimation of the actual heat transfer coefficient profile, the study proceeds with the imple-
mentation of a detailed numerical model, following the workflow illustrated in figure 1 and discussed in
section 2. In particular, a parametric analysis was conducted using the electro-thermal model outlined
in section 3. This approach involved computing the RMSE between the experimentally measured and
simulated temperature and voltage curves, defined as ϵT and ϵv in (9) and (10), respectively. The RMSE
values for the considered dTguess points are reported in figure 7, highlighting the most relevant cases.

The optimal parameter choice was identified at a specific dTguess, corresponding to the condition
where the best agreement between experimental and simulated data was observed. For this case, the
resulting voltage, temperature, and h profiles are shown in figure 8. In particular, figure 8(a) demon-
strates a good match between the simulated and measured voltage signals, which gets nearly perfect
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Figure 8. Results for the optimal solution (dTguess = 871K s−1): (a) comparison of the measured and simulated coil voltage (in
black) and coil current (orange), (b) estimated and simulated temperature profile, (c) resulting h(T) function compared with the
one proposed in [18].

once the first current peak is passed. Similarly, figure 8(b) shows excellent agreement between the estim-
ated and measured (above Tc) temperature profiles, confirming the validity of the modelling approach.
Consequently, the effective heat transfer coefficient profile for this superconducting system is identified
as the curve presented in figure 8(c). The optimal h curve is compared in figure 8(c) with one of the
typical correlations commonly used in the literature and proposed in [18]. Both the peak value and the
overall trend show slight differences, with a more pronounced nonlinearity that highlights the abrupt
phase change undergone by liquid nitrogen, which in turn affects the effective heat transfer behaviour of
the device.

It is important to note that the RMS value remains relatively stable across the investigated parameter
range. The error is most pronounced in the initial segment of the voltage curve, which is highly sensitive
to variations in the critical current and the exponent n of the superconducting material’s voltage-current
characteristic.

The voltage waveform obtained from the simulations can be considered satisfactory, as it success-
fully reproduces the resistive behaviour of the coil within the temperature range estimated using the SP-
line approach, namely the range in which the heat transfer coefficient was derived through the proposed
method. This is the critical region, where the flux flow phenomenon dominates. The zero-crossings are
accurately captured, and the peak values of the voltage corresponding to the sinusoidal half-periods of
the imposed current show an excellent match with the experimental measurements.

As shown in the figure 8, in the time interval preceding the instant at which the temperature reaches
its critical value, the voltage exhibits a resistive behaviour consistent with that measured experiment-
ally, both in terms of waveform and peak amplitude. This represents the most critical operating region
for the validation of the model, since, in this regime, the simulated system reproduces the same energy
behaviour as observed experimentally, thereby confirming the accuracy of the implemented thermal-
electrical model.
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6. Conclusion

This study presented a combined experimental and numerical method of practical applicability for
estimating the heat transfer coefficient in HTS devices immersed in liquid nitrogen. The proposed
approach requires device current and voltage profiles, avoiding the need of temperature measurements
within the critical range, which are often challenging to obtain accurately in cryogenic environments.

The methodology was intentionally formulated at a lumped-parameter level, assuming a uniform
temperature distribution across coils with a rather simple design and focusing on light over-current
conditions rather than severe fault scenarios. These simplifying assumptions enable a computationally
efficient and experimentally driven approach, which is appropriate for system-level studies where global
thermal indicators govern stability and operating limits.

The results indicate that, while preserving their overall structure, the estimated heat transfer coef-
ficient may exhibits slight deviations from classical models due to specific geometrical and material
factors. These findings highlight the importance of evaluating heat transfer parameters directly on the
device rather than relying solely on generalised fluid-based measurements.

The methodology is applied to a test case, which comprise a helical HTS coil operating under light
transient over-current conditions. Mechanical stresses, localised quench propagation, and fault-condition
modelling were not included, as they fall outside the scope of this work and represent potential exten-
sions for future studies. It is worth noting that the model naturally exhibits a well-defined optimum for
dTguess and thus for the curve, corresponding to the most stable and accurate convergence. This char-
acteristic is, in fact, a strength of the approach, as it indicates that the numerical formulation is well-
conditioned and not significantly affected by the presence of local minima.

The results show that a specific trend of the heat transfer coefficient ensures the matching of the
temperature and voltage profiles, as testified by the minimum RMS values. However, while the temperat-
ure curve can be reproduced very accurately by the model, the voltage curve can be affected by a larger
error, especially in the firs part of the transient. An advanced electro-thermal model may better emulate
the system’s behaviour, and the proposed workflow can be enhanced by integrating genetic algorithms
or artificial intelligence tools. However, this comes at the cost of increased complexity and computational
burden, yielding only a modest improvement in accuracy.

Future improvements could involve coupling with advanced electro-thermal models or FEM-based
approaches to address localised effects, although this would increase complexity and computational bur-
den, moving beyond the practical scope of the present work.
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