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ARTICLE INFO ABSTRACT

Keywords: In the pursuit of optimizing superconducting generator systems, a comprehensive understanding of their electro-
Superconducting generators thermal behaviors is crucial. This study builds upon previous research on an 8-pole, 10 MW superconducting
AC Loss

generator by Inanir et al. (2022, Journal of Superconductivity and Novel Magnetism, 35(11), 3189) and focuses
on an in-depth electro-thermal analysis of the rotor coil system. The emphasis is on assessing the AC losses
experienced during transitory current changes. By simultaneously solving Ampere’s equation and the heat
conduction equation under specific boundary conditions, the research provides a detailed insight into the
interaction between electrical and thermal dynamics within the rotor coils. The paper highlights the importance
of temperature dynamics in various cooling and current conditions. The results demonstrate that achieving an
optimal balance in cooling, particularly with the use of liquid nitrogen, is critical for efficient operation. This
study not only advances the understanding of superconducting generators but also highlights potential strategies

Cooling of Coil system

for improving their reliability and efficiency.

1. Introduction

Superconducting generators hold great promise for reducing energy
losses and improving system efficiency, especially as the world’s energy
demands rise. Even though large offshore projects have already devel-
oped and implemented 15 MW class wind turbine generators utilizing
machinery made up of normal conductors, such as the Vestas V236-15.0
MW [1], superconducting generators still provide a number of advan-
tages that warrant further study and engineering [2]. These advantages
encompass enhanced efficiency and reduced weight, which are vital for
next-generation energy solutions. This work focuses on comprehending
the electro-thermal dynamics of the rotor system of a superconducting
generator, particularly under current variations, in order to overcome
the technological challenges and fully utilize these advantages.

Several studies have delved into the nuances of superconducting
generators, exploring their design [3-12], loss mechanisms [13-17], and
cryogenic cooling requirements [18-22] over the past few decades. For
instance, our previous work (Ref. [12]) made significant strides by
investigating the design of a 10 MW wind turbine generator and the
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alternating current (AC) loss analysis for its superconducting rotor coils.
Building on that foundation, the present paper intends to delve deeper,
focusing on the electro-thermal dynamics, particularly during transitory
changes in coil currents.

Historically, AC losses in superconducting tapes have been a focal
point of numerous investigations [22-28]. These losses, influenced by
magnetic fields, determine the thermal behavior of the system. An
imbalance or spike in temperature can potentially lead to quenching — a
state where the superconductor loses its zero-resistance property, jeop-
ardizing the entire system’s performance. Hence, understanding and
controlling these temperature dynamics is critical. However, while AC
losses have been extensively studied in isolation, fewer studies have
explored them in conjunction with electro-thermal behaviors during
current transients in large systems, such as the 10 MW superconducting
generator considered in our study. This gap, although seemingly narrow,
is significant in practice. It determines the real-world viability of these
generators in dynamic grid scenarios where load changes and system
transitions are frequent.

Our earlier work, which examined the design and AC loss analysis of
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the superconducting rotor coils of a 10 MW wind turbine generator,
provided a remarkable contribution in terms of the loss mechanisms in
such systems [12]. The present work seeks to expand on that foundation
by delving further into the electro-thermal characteristics, particularly
during transitory variations in coil currents. The originality of this study
lies in its comprehensive integration of insights from various domains to
present a detailed analysis of the electro-thermal interactions within
superconducting generators.

By addressing the fragmented nature of existing literature on cooling
methodologies and expanding on our previous findings, this paper
provides a holistic view of the electro-thermal dynamics in super-
conducting generators. Our approach not only enhances the under-
standing of these systems but also highlights potential strategies for
improving their reliability and efficiency.

2. Modeling

In the realm of superconducting generator systems, understanding
the electro-thermal behaviors is pivotal to optimizing and harnessing the
full potential of the technology. This section elucidates the foundational
modeling aspects implemented for the electro-thermal analysis of a 10
MW superconducting generator’s rotor system, highlighting the key
methods and assumptions utilized.

The central aspect of our study revolves around the thermal analyses
related to AC losses when transitory changes in magnetic field gener-
ating direct current (DC) occur within the rotor coils. The crux of these
analyses is built upon the electromagnetic insights presented in
Ref. [12], which investigated an 8-pole superconducting generator with
a steady-state DC current traversing through its field winding. Such
systems’ efficiency is intrinsically linked with the critical current in the
field winding and the AC losses, further influencing the heat these losses
produce.

Given the prevalence of a significant self-field or external magnetic
field in many superconducting coils, one must consider the limitations
placed by the magnetic field’s structural anisotropy on the coil’s critical
current. The heat and AC losses generated by the time increasing and
decreasing current loss substantially influence cryogenic designs, and
their quantification relies on the distribution of current and magnetic
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fields. Therefore, the prime focus of this modeling exercise is to accu-
rately estimate the heat produced as the generator rotor’s DC current
stabilizes, and subsequently devise methodologies to effectively dissi-
pate this heat.

Fig. 1 provides a detailed two-dimensional (2D) cross-sectional
visualization of the superconducting racetrack-type "pancake" coil
stacks that form a critical part of the rotor system in a 10 MW super-
conducting generator. The design highlights the strategic placement of
the coils in the xy-plane, optimized for a current flow predominantly in
the z-direction. This orientation is essential for the functioning of the
generator, as it pertains to the occurrence of AC losses during transitory
magnetic field changes that influence the system’s thermal dynamics.

The figure depicts each coil as a distinct element within the stack,
separated by insulation layers to prevent electrical shorts and to assist in
maintaining structural integrity. The spacing between the coils is also
indicative of the channels through which liquid nitrogen is circulated,
playing a pivotal role in the cooling mechanism. This cryogenic envi-
ronment is vital for sustaining superconductivity by removing the heat
generated due to AC losses, which is directly related to the critical
current and the magnetic field’s influence on the coils.

The A-V formulation underpins the electromagnetic assessment of
the superconducting segment. The principal equations under this
framework include [29-32]:

1
—(V x V xA)=J 1)
/'{Olur
0A
__ o 2
J e +Js (2)
where J; = —6V¢ represents the coil’s source current density and ¢ is

the electric scalar potential. Eq. (3) elucidates the electrical conductivity
for superconducting tapes within the A-V formulation, stemming from
the non-linear current-voltage interplay [31,32],

_J(B,T)(|E| "
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where J.(B,T) is the field and temperature dependent critical current
density, E.=1 x 10~* V/m is the electric field criterion, and n is the non-
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Fig. 1. 2D cross-sectional view of the superconducting racetrack-type pancake coil stacks in a 10 MW generator’s rotor system. The illustration represents the coils
placed within the xy-plane, with current flow oriented in the z-direction. The arrangement facilitates cooling through a liquid nitrogen channel flowing in the xy-

plane, integral to the electro-thermal management of the system.
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linear current-voltage exponent. Here, =107 is initially assumed for
the t = O solution, thus avoiding singularity.

The relationship between the electric field (E) and the magnetic
vector potential (A) gets encapsulated as:
E= _"ai: - Vo C))

The boundary condition reflecting periodicity of the generator for
electromagnetic analysis is provided in Ref. [12].

The thermal behavior over the coil’s cross-section is based on

dT

Go(T) dat v'(kp(T)VT) =Q 6
where T is temperature, whereas k,(T) and Cy(T) are the temperature
dependent thermal conductivity and specific heat capacity at constant
volume, respectively. The experimentally reported values for these
physical parameters [33,34] for Rare-Earth Barium Copper Oxide
(ReBCO) materials were adopted in this work. We note that the present
study specifically addresses superconducting coils with insulated turns,
a distinction that is pertinent given the prevalent use of non-insulated
coils in the field. This insulation between turns is a critical factor that
influences the thermal and electromagnetic behaviors of the coils, and it
is accurately accounted for in our thermal analysis framework. How-
ever, the discrete structure of superconducting coils is often sidelined in
both electromagnetic and thermal analyses. However, for a precise
thermal analysis, it is indispensable to accurately detail the thermal
characteristics of the superconducting second generation (2G) ReBCO
materials composing the coils. ReBCO tapes consist of a copper sub-
strate, a hastelloy ferromagnetic layer, and a superconducting layer.
These properties have been incorporated into the thermal analysis of
superconducting coils as described below [35]:

_ Pecu(T)pu(T) (heu + hu)

PN (T + prha, ®)
O s
6y(1) = pee Do Conl D+ Conco Mo .
ky(T) = Ky cu(T)hcy + Kot (T)hir + Ky vso (T)hysco ©

hey + hy + hygeo

where pcy(T) is the temperature-varying resistivity of the oxygen-free
high thermal conductivity (OFHC/OF) copper forming the stabilizer of
the 2G-coated conducting ReBCO tapes, whereas py(T) is the
temperature-varying resistivity of the Hastelloy FM substrate, and
pysco(T) is the temperature-dependent resistivity of the super-
conducting layer. The heigths of the copper stabilizer (h¢,), hastelloy
layer (hy), and the superconducting layer (hygpco) in each tape are taken
as 40 pm, 50 pm, and 1 pm, respectively. Thermal conductivity, specific
heat values of high-temperature superconductor (HTS), copper, and
Hastelloy substrate were extracted from Ref [36].

Instantaneous AC loss due to varying magnetic field and current is
obtained by considering the product of the electric field electric field E
and current density J:

tmax

Q= / /J.EdA dt (10)

tmin A

where tn,j, is the time when the instantaneous current starts to be
applied, tpay is the time when the current reaches the DC state and dA
corresponds to the elementary area of the HTS coil.

The electromagnetic fields surrounding the superconducting strip
influence its critical current density. The field dependence is given by
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[37]:
J
J(B)=— a1
(1 4 \/32B+a232>
0
The thermal dependence is represented as [35]:
T, - T)
Jo(Bx,By, T) :JC(BX,By)(Ci)é 12)
(Tc - Tref)

Here T.= 90 K is the critical temperature, T;e=77 K is the temper-
ature at which the coils are operated and §=1.5 is the temperature
exponent. For the thermal boundary condition and coiling, considering
the surface cooling via liquid nitrogen [38],

—n-q= 70.05(Tcoil - TLNz) 42

expression is utilized wherein n is the normal of the surface and q is the
heat flux. As a thermal isolation boundary condition for the outer en-
velope through which the fluid channel flows:

-nq=0 14

In our comprehensive analysis of electro-thermal dynamics within
superconducting generators, particularly a 10 MW rotor coil system, we
adopted a modified approach using the COMSOL Multiphysics finite-
element method (FEM) software with AC/DC and Heat Transfers Mod-
ules, leveraging its advanced FEM capabilities. We ventured beyond
standard methodologies, opting for an A-V formulation to deeply
explore the complexities involved. Our strategy involved a pragmatic
assumption of continuous current flow over the superconducting tapes, a
departure from considering their discrete nature, to streamline our
simulations. As for the meshing technique, a delicately chosen mix of
"mapping" for coil stacks and "triangular" for liquid nitrogen regions,
was designed to attain a balance between detailed accuracy and
computational resources. The overall mesh comprised 148,882 ele-
ments, carefully designed to balance detailed accuracy with computa-
tional efficiency. We ensured meticulous grid convergence, adhering to
stringent tolerances. Crucially, our results underwent a rigorous vali-
dation process, benchmarked against the renowned H-Formula,
enhancing the credibility of our findings. We ensured grid convergence
with stringent tolerance levels, setting a relative tolerance of 1 x 107
and an absolute tolerance of 1 x 107'°. However, we candidly
acknowledge the inherent limitations due to our simplified assumptions
and chosen meshing approach, which, while efficient, might slightly
skew the model’s representational depth.

We also made a simplifying assumption by considering the current to
flow uniformly over the surface of the ReBCO superconducting tapes,
which formed the basis of our coil design. This assumption, while
streamlining the analysis, was carefully balanced against the need for
accurate representation of the electro-thermal behavior in the super-
conducting generator’s rotor system.

3. Results and discussion

Our research offers a comprehensive analysis of the thermal dy-
namics within superconducting coil systems, underscored by a focus on
pivotal aspects that impact their performance. This encompasses an
examination of the efficacy of liquid nitrogen as a cooling agent and its
rates of application, which play a vital role in the stability and efficiency
of the coils. In addition, we delve into the intricacies of temperature
distribution within the system, exploring how spatial and temporal
temperature gradients can influence the overall functionality and safety
of the system. Our simulations can shed light on these critical factors,
offering detailed insights and a deeper understanding of their interplay.
Subsequent sections will elucidate these findings, presenting the derived
data and its implications for the design and operation of advanced
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superconducting applications.

The current increase, denoted as I, is represented by the equation
Iinc(t) = Iy (1 —€™¥%) where I, represents the value of the applied DC
current and 7 represents the time constant associated with the rate of
current increase. Conversely, the current decrease, denoted as Ig., is
expressed by the equation Iy (t) = Ipe ¥/". These specific current
waveforms were selected to simulate the transient conditions that the
rotor coil system of a 10 MW superconducting generator might experi-
ence during typical operational scenarios, such as startup and shutdown
processes. In real-world applications, superconducting generators
frequently undergo periods of rapid current changes, and these tran-
sients can significantly impact the thermal and electrical performance of
the system. By modeling the current increase and decrease using expo-
nential functions, we can closely mimic the dynamic response of the
rotor coil to these changes, providing valuable insights into the electro-
thermal behavior under realistic conditions.

To verify that our numerical analysis method and models give
physically correct results, we implemented several validation steps
tailored to our unique 10 MW generator cooling strategy. Due to the lack
of directly comparable experimental or theoretical evidence in the
literature for this particular design, we focused on fundamental physical
principles and numerical robustness. We performed a mesh refinement
study to ensure solution independence from mesh size and conducted a
time step sensitivity analysis to confirm output stability across different
time steps. We rigorously checked that our model adhered to conser-
vation principles for energy and charge. A comprehensive sensitivity
analysis was carried out, varying key parameters to ensure the model
responded as expected to input changes. Additionally, we critically
examined our results for physical reasonableness, ensuring they did not
violate any known physical laws or constraints. In verification analyses,
we adhered to the H-Formulation for superconducting coils, which
provides a standardized method for calculating electromagnetic prop-
erties in superconducting tapes, thereby ensuring the accuracy of our
predictions for critical current densities and magnetic field distributions.

Parameters assumed in the simulations, including those relating to
current increase and decrease, are tabulated in Table 1 for reference and
clarity in understanding the diverse elements under consideration in the
thermal performance of the superconducting coil system. Discussions
and interpretations of the simulated results are subsequently presented
to facilitate a comprehensive understanding of the thermal behavior and
characteristics of the system under varying conditions.

The numerical model of heat transfer phenomena in our study is
depicted in Fig. 1, which provides a detailed 2D cross-sectional visual-
ization of the superconducting racetrack-type pancake coil stacks
forming a critical part of the rotor system in a 10 MW superconducting

Table 1
Parameters employed in the calculations.

Quantity Description Value

(Unit)

Ic (A) Critical current of HTS tapes 600

Wsc (mm) Width of HTS Tapes 12

hsc (pm) Thickness of HTS Tapes 100

D (mm) Rotor winding average diameter 2738

L (mm) Effective length of Generator 1682

N Number of Turns in Each Coil 196

d (mm) Distance between coils 10

Jeo (A/m?) Critical current density at 77 K I./(wsc hsc) 2.5 x
100

op (S/m) Permeability of the cavity 1

7 (s) Current increase and decrease rate 20

E.(V/m) Characteristic electric field 1x107*

n Non-linear E — J relation exponent 22

By (T) Critical current density parameter 0.36

parametresiParameter of the critical current density
p Critical current density parameter 1.2
a Critical current density parameter
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generator. The model encompasses various analysis regions, including
the superconducting coils, insulation layers, and liquid nitrogen cooling
channels. The coils are modeled as racetrack-type pancake coils, con-
sisting of multiple layers of HTS tape. The model includes the thermal
properties of the HTS tape, such as the copper substrate, Hastelloy
ferromagnetic layer, and superconducting layer (Egs. (6)-(9)). Insulation
layers are placed between the superconducting tapes to prevent elec-
trical shorts and provide structural integrity. These layers also add
thermal resistance, influencing the overall heat transfer within the coils.
LN, channels are incorporated into the model to provide effective
cooling. These channels flow through and around the coils, absorbing
heat generated within the superconducting material. The heat transfer
within the superconducting coils is governed by the heat conduction
equation (Eq. (5)). Convective heat transfer boundary conditions are
applied to the outer surfaces of the superconducting coils to simulate the
cooling effect of liquid nitrogen (Eq. (13)). We employ Eq. (13) As a
thermal isolation boundary condition for the outer envelope through
which the fluid channel flows.

We began our analysis by examining the thermal behavior of the coil
system with no liquid nitrogen flow (vx=0, vy=0). According to our
simulation results, the system can withstand approximately 14 s of
current increase before entering a "quench" state, where the temperature
surpasses the critical transition temperature of 88 K for superconducting
tapes. This quenching process initiates at the top left corner of the up-
permost coil in the stack of 10 coils and then propagates throughout the
entire system.

Upon the introduction of liquid nitrogen flow, we observed extended
quench times of approximately 22 s and 46 s for flow rates of vx<=2 m/s,
vy=2 m/s and vx=4 m/s, vy=4 m/s respectively. These values are sig-
nificant when compared to the 14 s quench time at zero flow, high-
lighting the efficacy of liquid nitrogen in delaying quench initiation. The
numerical analysis results show that the presence of liquid nitrogen
modifies the thermal environment of the coils. Specifically, the tem-
perature rise observed in Fig. 2 follows a quadratic trend, meaning the
temperature increases at a rate proportional to the square of the time.
This behavior is less pronounced with the liquid nitrogen flow,
demonstrating its cooling effect. Quantitatively, without liquid nitrogen
flow, the system reaches a quench state rapidly, within 14 s. However,
with liquid nitrogen cooling at vx=2 m/s and vy=2 m/s the quench time
is extended to 22 s. At a higher flow rate of vy=4 m/s and vy=4 m/s, the
quench time further extends to 46 s. These extended times indicate that
the cooling provided by liquid nitrogen significantly reduces the rate of
temperature increase, delaying the onset of quenching.

These deviations can be ascribed to a localized thermal runaway near
the quench transition, where the heat generated from AC losses exceeds
the cooling effect of liquid nitrogen, resulting in the temperature spike
observed [39]. As the system approaches the quenching condition, the
temperature distribution becomes increasingly uneven due to the cur-
rent sharing transition between the superconducting and normal state
regions of the HTS tape. This transition is influenced by external mag-
netic fields and current density, which may lead to the anomalies
detected.

Additionally, the observed temperature increase within the coils,
even with the liquid nitrogen flow, indicates that heat flux is concen-
trated in specific areas. This concentration of heat may be due to the
geometric arrangement of the coils or the distribution of the electro-
magnetic field, which affects the local cooling effectiveness. These
findings are particularly relevant to superconducting generators, as
uneven temperature distribution can lead to thermal hotspots, reducing
the overall efficiency and reliability of the system. Future improvements
in the cooling system design and the layout of HTS tapes should address
these issues to mitigate thermal risks and ensure uniform temperature
management across the entire superconducting generator. By opti-
mizing these aspects, it will be possible to enhance the performance and
durability of superconducting generators.

In our exploration of the thermal dynamics within the rotor coil
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Fig. 2. Heat dissipation in rotor coils: Temperature distribution over the superconducting coils for (v, vy, t) of (a) (0, 0, 14 s), (b) (2 m/s, 2m/s, 22 5), and (c) (4 m/s,

4 m/s, 46 s).

systems of a 10 MW superconducting generator, we have placed
particular emphasis on understanding the interaction between magnetic
field distribution and coil temperature profiles. Through our founda-
tional modeling, we have simulated the conditions wherein magnetic
field lines deviate from the ideal axial orientation, particularly around
the edge coils. This deviation is visually represented in Fig. 3, which
showcases the magnetic field distribution around the superconducting
racetrack-type "pancake" coil stacks placed within the xy-plane, with
current flowing in the z-direction and liquid nitrogen flowing in the xy-
direction for cooling.

The trajectory of the magnetic field lines near the edge coils, as
depicted in Fig. 3, reveals a marked divergence from the axial orienta-
tion. This is particularly evident in coils No. 1 and No. 10, where the
field lines show a concentrated deviation and a subsequent increase in
the magnetic field’s perpendicular component. This intensification leads
to a reduction in the critical current density of these coils, as the
superconducting material’s ability to carry current without resistance is
diminished in the presence of a stronger perpendicular magnetic field.

The impact of the increased perpendicular magnetic field component
is further corroborated by temperature distribution analyses. The
outermost coils (1 and 10) exhibit significant temperature changes due
to the self-field effect of neighboring coils, leading to a higher rate of
heat generation and a reduction in critical current density as the tem-
perature rises. Fig. 4 provides a detailed view of this asymmetrical
temperature distribution, which aligns with the alterations in the mag-
netic field observed in Fig. 3.

Moreover, our simulations have shown that the inner coils, partic-
ularly coils 5 and 6, experience initial heating when subjected to a

B [T]

e \' 8

Iu 4 6
—
\+ , 4
e A
v =

12

Fig. 3. Cross-sectional visualization of the magnetic field distribution in a stack
of racetrack-type pancake coils used in a superconducting generator. The ar-
rows indicate the direction of the magnetic field lines, with the color gradient
representing the field intensity measured in teslas (T).

nitrogen flow velocity of 5.66 m/s (vy=vy=4.0 m/s). Specifically, the
temperature on the surface of these coils rises from an initial value of 77
K to approximately 85 K within the first 10 s of operation. This initial
heating can be quantitatively linked to the decrease in the critical cur-
rent density as the temperature increases. The numerical results indicate
that the critical current density decreases by approximately 15% for
every 5 K rise in temperature. As the current magnitude increases, the
temperature continues to rise, reaching a peak of 95 K at the 20-second
mark, which leads to the formation of thermal zones at the ends of the
inner coils. These thermal zones, initially confined to small areas,
expand in width over time due to the continuous increase in temperature
and the redistribution of the heat flux within the coils.

Our findings emphasize the necessity of a balanced cooling mecha-
nism and the importance of considering both internal and external
factors, such as neighboring coil self-fields and induced magnetization
currents, which significantly influence temperature profiles across the
coils. As shown in Fig. 6, the temperature distribution across the coils is
heavily affected by these factors, leading to asymmetric heating patterns
and localized hot spots. The critical current density maps in Fig. 7
further illustrate how the magnetic field distribution impacts thermal
behavior, with regions of lower critical current density correlating with
higher temperatures. This comprehensive understanding of the interplay
between thermal and magnetic dynamics provides valuable insights into
the design and operation of superconducting generators, highlighting
the need for precise control of cooling mechanisms to ensure stable and
efficient performance.

In our study, we closely examine the rate at which the electrical
current increases and decreases, focusing on how these variations in
current influence the overall performance and stability of the super-
conducting generator system, particularly in terms of electromagnetic
and thermal responses. Fig. 4 presents the temperature distributions in
the rotor coils at every 10 s assuming a time constant 7=20 s, which
characterizes the period of current increase, for adopting velocity field
vx=Vy=>5.0 m/s. Notably, the temperature remained stable throughout
the system’s current activation, without surpassing the superconducti-
vity transition temperature. The highest temperature rise occurred in the
top (10th) coil, peaking at approximately 77.6 K around t = 20 s. This
can be attributed to the combined influence of self-fields from neigh-
boring coils, which intensified the perpendicular component of the
magnetic field penetrating the coil, thereby increasing current
penetration.

As the order of the applied current increased, the heat generated in
the inner coils was efficiently removed by the liquid nitrogen flow
initially (t =10 s). However, from t = 20 s onwards, thermal zones began
forming at the ends of the inner coils, with their width expanding over
time. This phenomenon may be linked to the decrease in the critical
current density of the superconducting tapes as the temperature
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Fig. 4. Temperature distributions on the rotor coil cross section of the superconducting generator in 10 s intervals during each current increase.
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increases. The analysis reveals that the critical current density decreases
by approximately 15% for every 5 K rise in temperature. As the tem-
perature of the coil surface rises from 77 K to 85 K within the first 10s,
and further to 95 K by the 20-second mark, the critical current density
drops significantly. This reduction in critical current density results in
localized heating and the formation of thermal zones at the ends of the
inner coils, which expand over time due to the continued temperature
increase and redistribution of heat flux within the coils. This detailed
understanding underscores the direct relationship between temperature
rise and the decrease in critical current density, explaining the observed
thermal behavior in the superconducting coils.

In the outermost coils, the temperature on the coil surface increased
with time as the current magnitude grew, eventually decreasing from t =
60 s onwards. This behavior can be attributed to the rapid response of
the outermost coils as the current approached the DC state.

We deduced that the outermost coils (1 and 10) show prominent
temperature changes, predominantly due to the self-field of neighboring
coils. Coils 5 and 6, being internal, manifest almost identical tempera-
ture profiles, hinting at the possible magnetic shielding from the
external coils. The coils’ centers experience less emphasized tempera-
ture variations than their edges.

The temperature distribution can be mathematically represented as:

T(r,t) = To + AT(r) x F(t) (15)

where T(r, t) is the temperature at the point r = y/x? + y? and time t, Ty
is the initial temperature, AT(r) is temperature change function at the
point r. F(t) in Eq. (15) is temporal variation function of temperature
change and it represents how temperature changes over time. In this
model, AT(r) captures how the temperature varies across different
points in the coil, reflecting the influence of spatial factors such as
proximity to other coils and magnetic shielding effects. F(t) captures
how the temperature changes over time due to factors like heat gener-
ation and dissipation. Separating these variables allows us to analyze
and understand the effects of spatial distribution and time variation
independently, which is useful for identifying the underlying causes of
temperature changes and optimizing the thermal management of the
superconducting coils.

Fig. 5 offers a more detailed view of the electro-thermal behavior of
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Fig. 5. Temperature distribution along the horizontal bisector of the top (10™)
coil in approximately 10 s intervals during the current increase when the time
constant is 7=20 s.
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the outermost (10th) coil. The 1D plot of temperature change along the
horizontal bisector of this coil reveals an asymmetrical temperature
distribution. The temperature increase is higher at the end closer to the
neighboring coils, potentially due to the self-field effect caused by these
neighboring coils. Interestingly, the temperature in the coil first
increased and then decreased as the current increased, suggesting a
complex interplay of factors.

Temperature variations within the coils were also linked to flux
motion and current changes. At t = 10 s, the temperature rise was
initially lower, as shown in Fig. 5, where the average coil temperature
increased from 77 K to 77.5 K. However, by t = 20 s, the temperature
increased more significantly to 78 K due to intensified flux motion. This
increase in temperature is quantitatively linked to the critical current
density reduction, which decreases by approximately 1.5% for every 0.5
K rise in temperature, as represented by the Eq. (13). As the temperature
increased, the critical current density further decreased, resulting in
diminished self-magnetic fields. The numerical analysis indicated that
magnetic flux preferentially escaped from areas with lower critical
current density, leading to a stronger decrease in the screening field in
high-temperature regions [40]. This phenomenon is particularly evident
when the self-magnetic field diminishes, causing magnetic flux to escape
preferentially from areas with lower critical current density, as high-
lighted in the high-temperature regions. Furthermore, fluctuations in
current at the ends of superconducting coils above the critical current
could cause temperature instabilities, particularly in the end regions.
This effect underscores the critical relationship between current fluc-
tuations and temperature stability within the superconducting coils.

We compared the temperature distributions in the increasing and
decreasing current cases in Figs. 4 and 6. For decreasing current, tem-
perature differences in the outermost coil cross-section were observed to
be 0.2 K higher than in the inner coils, primarily due to the higher self-
field exposure of the outer coils. Notably, in the decreasing current case,
temperature distributions appeared to be more homogeneous on the coil
surfaces after t = 60 s, compared to the increasing current case. This
behavior may be attributed to thermal losses caused by magnetization
currents induced on the coil surfaces during current reduction, which
were relatively higher than self-field losses. Overall, the temperature
gradient between the center and edges of the coils was lower in the
decreasing current case, and the calculated temperature was slightly
lower than in the increasing current case.

From Fig. 6 we note that a more homogeneous temperature distri-
bution is observed during the decreasing current scenario. The unifor-
mity in this case might stem from the greater thermal losses induced by
magnetization currents. This can be modeled by:

T(T'7 t) = Tinidal — AT(r) X F(t) (16)

Where AT’(r) represent the temperature function and AF’(t) time
function during decreasing current conditions. In the same way, by
separating the spatial distribution function AT (r) and the time function
F(t), one can independently analyze the effects of spatial and temporal
factors on the temperature distribution. This separation simplifies the
complex interaction between space and time, allowing us to model the
thermal response more accurately under varying current conditions.

We further explored the effect of liquid nitrogen flow rates on tem-
perature distribution in the coil system (Fig. 7). Our simulations
revealed that, after a certain threshold of 5.0 m/s, the flow rate of liquid
nitrogen had a limited impact on temperature distribution. Even for
different flow rates up to 17.5 m/s, there were negligible differences in
electrical behavior, especially under adiabatic conditions. Based on the
results of our analysis, a liquid nitrogen velocity of vx=10 m/s and
vy=10 m/s was found to be particularly effective in achieving stable
temperature distribution, suggesting that this flow rate is appropriate for
our system’s cooling requirements. Although higher velocities did not
significantly improve cooling efficiency, they also did not detrimentally
affect the system. Therefore, while this velocity is not strictly "optimum"
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Fig. 6. Temperature distributions in superconducting rotor coils for decreasing current conditions for the same time constant (=20 s).
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in a universal sense, it represents a practical and efficient choice based
on the specific conditions and requirements of our coil system. The
chosen velocity ensures adequate cooling while maintaining electrical
and thermal stability, making it an appropriate selection from our range
of considered conditions.

The introduction of a cooling mechanism such as liquid nitrogen
introduces another layer of complexity to the model. The flow rate of
liquid nitrogen, particularly after a certain threshold (5 m/s), seems to
exhibit negligible effects on temperature distribution (as per Fig. 7). The
cooling effect of liquid nitrogen is primarily due to its high heat capacity
and low boiling point, allowing it to absorb significant amounts of heat
from the superconducting coils. Initially, increasing the flow rate en-
hances cooling efficiency by increasing the rate of heat transfer from the
coils to the coolant through rapid convection. However, beyond a
certain threshold (approximately 5 m/s), the heat transfer process rea-
ches a point where further increases in flow rate provide diminishing
returns, as the heat transfer coefficient stabilizes and no longer signifi-
cantly impacts the overall heat transfer rate. Additionally, the thermal
resistance between the superconducting material and the liquid nitrogen
means that once the flow is sufficient to overcome initial resistance,
further increases do not substantially enhance cooling. This indicates
that the system’s temperature distribution becomes less sensitive to
additional flow rate increases, highlighting the importance of identi-
fying an optimal flow rate that maximizes cooling efficiency without
unnecessary energy expenditure. This understanding is critical for
designing efficient and cost-effective cooling systems for super-
conducting generators.

To incorporate this effect, the temperature function is augmented
with a cooling term:

T(r,t) = To + AT(r) x F(t) — C(v) @7)
C(v) in Eq. (17) is the cooling function based on the velocity v of liquid
nitrogen. This cooling effect is assumed to be uniformly distributed
throughout the coil system, hence it does not vary with r or t. The pri-
mary role of C(v) is to account for the reduction in temperature due to
the cooling capacity of the liquid nitrogen at a specific velocity. From
Fig. 7, it is evident that the relationship between the flow rate and
temperature, especially the nonlinear behaviors observed, can be
captured by this cooling function in the following form:

T(r,t) = To + AT(r) x F(t) — C(v) 1s)
where a and b are constants derived from fitting the data, Vitical is the
critical velocity where temperature effects stabilize. The form of C(v) as
given in Eq. (18) is chosen based on the physical observation that the
cooling effect increases with the flow rate but tends to plateau beyond a
certain critical velocity (Veritica): The hyperbolic tangent function
effectively models this behavior as it smoothly transitions from a linear
increase to a plateau, representing the diminishing returns in cooling
efficiency at higher velocities.

By fitting the data from Fig. 7, we can determine the constants a and
b, which scale and shape the response curve, respectively. The param-
eter Veritical represents the velocity at which the cooling effect starts to
level off, indicating the point beyond which further increases in flow
rate do not significantly enhance cooling. This functional form captures
the nonlinear relationship between the flow rate and temperature
reduction, providing a clear and physically meaningful model for the
cooling term C(v).

In our model, F(t) in Egs. (15) and (17) is formulated to represent the
time-dependent thermal dynamics within the superconducting coils.
This function captures the transient thermal behaviors in response to
electrical variations, reflecting how temperature changes over time due
to factors such as current fluctuations and flux motion. The temperature
distribution T(r,t) is defined to map the spatial and temporal tempera-
ture variations across the coil, which is essential for assessing cooling
efficiency and thermal responses under different operational conditions.
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The temperature distribution correlates with the visual temperature
profiles in figures like Fig. 4, depicting practical heating and cooling
patterns observed in the system. The notation F (t), evolving into
AF (T), signifies the specific changes in the thermal profile, highlighting
the complexity of cooling dynamics. These notations are used to indicate
the progressive nature of thermal changes as the system evolves under
operational conditions. The absence of direct plots of F or Fis due to our
emphasis on integrated results like temperature distributions, which
provide a more comprehensive understanding of thermal management
in superconducting systems. By focusing on the combined spatial and
temporal temperature distribution, we can offer a clearer picture of the
overall thermal behavior, including the effectiveness of the cooling
strategy and the system’s response to varying electrical inputs. This
integrated approach ensures that we capture the full scope of thermal
dynamics, enabling more effective analysis and optimization of super-
conducting coil performance.

Fig. 8 illustrates the maximum temperature (Tpx) values across the
coil cross-section for various liquid nitrogen velocities during increasing
current activation. Maximum temperatures increased with liquid ni-
trogen flow rates, but a saturation point was reached above a certain
value. Beyond this saturation point, maximum temperatures fluctuated
between 78.0 K and 79.5 K. The fluctuations observed around ¢t = 30 s,
when the current increase rate was highest, may be attributed to the
delay in heat penetration compared to the magnetic field. The initial
temperature starts at 77.5 K for the 5.0 m/s flow rate due to the reduced
cooling efficiency at this lower velocity. In the simulation, the slower
nitrogen flow leads to less effective heat removal before current acti-
vation, resulting in a slightly higher thermal equilibrium compared to
higher flow rates.

The behavior of Ty shows a lowest value at 10 m/s, where cooling
is most optimized, effectively balancing heat generation and dissipation.
Conversely, Tmq peaks at 7.5 m/s due to insufficient cooling during
rapid heat generation, leading to localized temperature spikes. The
irregular dependence of Tnma on flow velocities arises from complex
interactions in the simulation, such as fluid dynamics and coil geometry,
which result in non-linear cooling efficiency.

The complex dependence on vy and vy can be attributed to several
factors:

a) The fluctuations observed around t = 30 s, when the current increase
rate was highest, may be due to the delay in heat penetration
compared to the magnetic field. The thermal response of the coils
takes time to adjust to the changes in current and magnetic fields,
leading to these temperature oscillations.

b) As the liquid nitrogen velocity increases, the cooling efficiency im-
proves, reducing the maximum temperature. However, after a
certain point, the improvement in cooling becomes marginal, leading
to a saturation effect. This is why the maximum temperatures do not
significantly decrease beyond certain flow rates (e.g., vx=vy=15 m/
s).

c) The coils may thermally be coupled, and the temperature distribu-
tion is influenced by the interactions between neighboring coils. The
nonlinear behaviors observed in the plot, especially the peaks and
troughs, result from these thermal interactions and the dynamic
changes in current and magnetic fields.

d) The adiabatic conditions assumed in the analysis mean that heat is
not exchanged with the surroundings, which can lead to more pro-
nounced temperature fluctuations as the system tries to reach
equilibrium.

Our cooling strategy analysis can be substantiated by the empirical
approach detailed in Ref. [41]. This study demonstrates an effective
rotating cryostat for isolating rotor components and employing a cryo-
genic cooling system directly integrated into the HTS coils. Their
method of cooling HTS coils along with the rotor’s metal parts provides
enhanced thermal stability, especially in cryogenic supply system
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Fig. 8. Maximum temperature (Tyax [K]) values in the coil cross-section during the field increase for different liquid nitrogen flow rates.

contingencies, aligning with our findings on the necessity of efficient
cooling in superconducting generators. This parallel validates our
simulation results and highlights the practicality of our proposed cool-
ing techniques in real-world applications.

4. Conclusions

In conclusion, our research provides a detailed understanding of the
thermal dynamics within the rotor coil systems for a 10 MW super-
conducting generator, particularly in relation to different cooling rates,
current variations, and temperature distributions. Critical insights
include:

a) Quench State Without Cooling: A superconducting system reaches a
"quench" state when it loses its superconducting properties and
transitions to a normal conductive state, resulting in a sudden in-
crease in heat production. Without liquid nitrogen flow, the heat
generated within the coils cannot be efficiently dissipated, causing
the system to reach this quench state in approximately 14 s. This
highlights the crucial importance of effective cooling mechanisms to
maintain system stability and prevent thermal runaway.

Cooling Efficiency and Flow Rates: Liquid nitrogen flow removes
heat from the superconducting coils. As the flow rate increases, the
cooling efficiency improves because more heat is transferred away
from the coils. However, beyond a certain threshold (e.g., 5 m/s),
further increases in flow rate result in diminishing returns in cooling
efficiency. This is because the system reaches a point where addi-
tional flow does not significantly enhance heat removal, indicating
an optimal range for cooling performance.

c) Optimal Liquid Nitrogen Flow Rate: The identified optimal liquid
nitrogen flow rate of vy=vy,=10 m/s leverages effective cooling while
avoiding rapid temperature fluctuations. At this flow rate, the system
remains within safe temperature limits, balancing cooling efficiency
and energy consumption. Higher flow rates do not substantially
improve cooling performance and can lead to unnecessary energy
use, making this rate the most practical for maintaining system
stability.

Temperature Sensitivity: The temperature profiles across the coils
are sensitive to both internal and external factors. Internal factors
include the self-fields of neighboring coils, which can cause

b

=

d

—
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temperature variations due to their magnetic influence. External
factors, such as induced magnetization currents, also affect temper-
ature distribution. These factors create complex thermal dynamics
that require careful consideration in system design to ensure uniform
temperature management.

Mathematical Modeling: The mathematical models developed in this
study accurately represent the temperature distribution and fluctu-
ations within the coils. These models are valuable for predictive
analyses, allowing for the simulation of thermal behavior under
various operational conditions. By using these models, we can opti-
mize the system’s thermal management strategies, enhancing its
performance and reliability.

Balanced Cooling Mechanism: Achieving a balanced cooling mech-
anism is crucial for the efficient operation of superconducting sys-
tems. Excessive cooling, indicated by higher flow rates of liquid
nitrogen, can inadvertently lead to faster temperature rises due to the
complex interactions between magnetic fields, flux motion, and
critical current density. This emphasizes the need for a carefully
calibrated cooling system that maintains thermal equilibrium
without overcooling, which could destabilize the system.

—

e

These results provide a foundational understanding to improve the
design and operation of superconducting generators. By tailoring cool-
ing systems and understanding the behavior of these coils under various
conditions, we can enhance the efficiency, longevity, and safety of these
advanced energy systems. Future work could delve deeper into opti-
mizing the cooling process and exploring the nuances of different
superconducting materials. The findings from this study are significant,
with implications extending beyond the realm of superconducting gen-
erators, potentially guiding advancements in related superconducting
technologies.
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