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1 TASK DESCRIPTION

This effort in this Task synergistically interacts with 5.2.4 and 5.2.5. by using the results of the
tasks to refine the models and feed the model optimizations to improve the designs of hardware
components developed in 5.2.5.

As the HTS technology components are still under development, prototype testing to validate the
designs and capture their attributes to aid in model development and refinement is essential. The
task will take advantage of the infrastructure at FSU-CAPS to facilitate the proposed component
technology development and prototype testing and validation with the systems view in focus. In
particular, this task will focus on generating scalable electrical and thermal models for HTS
cables that can be used in systems analysis to quantify the benefits, risks, and identifying
potential challenges that needs to be tackled for successful implementation of HTS cables on
AES. This task will also involve collecting and maintaining the relevant data on HTS cables that
would be necessary to update the electrical models developed as the technology matures and new
design features are added. There are many efforts underway throughout the world on developing
HTS cables for terrestrial utility applications and some of the development can directly be
implemented for HTS cables for Navy MVDC system applications. This task will review the
ongoing development to assess the relevance to the Navy of various design features of the
superconducting components and cryogenic system components and collecting and maintaining
the data necessary to create electrical models.

2 YEAR ONE DELIVERABLES

e Domain-specific high-level electrical and thermal models of HTS cables.

3 APPENDIX OF REPORTS SUBMITTED

A. Summary of Year 1 efforts

B. Paper - Experimental and model based studies on current distribution in superconducting
DC cables

C. Book Chapter - Gaseous Helium Cooled Superconducting Power cables

D. Presentation - Effects of Longitudinal Variations in Critical Current and n-Value of
Individual Tapes on the Performance of Superconducting Cables

E. Presentation - Study of Gaseous Helium Cooled HTS Cable System Components Using
Thermal Network Models

F. Presentation - Cryogenic Thermal Modeling of Helium Gas-Cooled Superconducting
Cable System Components

G. Paper - Effects of Longitudinal Variations in Critical Current and n-Value of Individual
Tapes on the Performance of Superconducting Cables

H. Paper - Thermal Modeling of Gaseous Helium as a Cryogen for High Temperature
Superconducting Cable Components
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SUMMARY OF YEAR 1 EFFORTS

The ESRDC Task 3.1.5 focuses on quantifying the benefits and assessing the risks involved in
using high temperature superconducting (HTS) MVDC power cables for shipboard applications.
These goals are accomplished by generating both the electrical and thermal models of HTS
cables, validating the models with existing experimental data, and extracting pertinent cable
parameters for comparison with the conventional copper cables with similar power ratings. The
electrical and thermal models will also be used to conduct other ship systems studies to
understand the impact of HTS power cables on the rest of the ship system that arise from the
special electrical and thermal characteristics of HTS cables.

The effort of 2014 was a continuation of the modeling work started in 2013 on analysis of risk in
HTS cables attributed to the way they are manufactured [3_1 5 reference 1]. The focus was on
short cables (30-50 m long) used onboard Navy ships that encounter large variations in load
currents including situations where the load currents could reach the design limits of the cables.
HTS power cables are fabricated using a large number of superconducting tapes, usually in
multiple layers that form parallel networks for current transmission. Uniform distribution of
current among the tapes of the cable is essential to ensure reliable operation of the cables. Non-
uniform current distribution causes reduction in the rated capacity of the cable and leads to
higher losses and cable failure.

Different parameters of superconducting cables such as differences in the resistance of soldered
contacts of the tapes to the terminations of the cable, critical current variations among individual
tapes and along the length of each tape, index (n) value of superconducting tapes, radial and
longitudinal temperature gradients are identified as the primary reasons for non-uniform current
distribution. Most of the listed parameters have natural statistical variations of characteristics
resulting from the complex structure of second generation high temperature superconducting
(2GHTYS) coated conductors that are manufactured in batch process involving multiple steps. The
dominant reason for non-uniform current distribution in short cables (< 50 m) is the difference in
contact resistances at the ends. All the variations in tape characteristics, the contact resistances,
and the variation of contacts with aging have statistical fluctuations. The models developed
aimed at understanding the role of the variations in each of the individual parameters listed
above and more importantly their combined effects on the risks encountered in using a
manufactured HTS cable and devising operating protocols that would minimize and mitigate the
risks. Monte Carlo methods combined with mathematical models were used to analyze the
combined effect of the cable and superconducting tape characteristics on the risks that result
from a non-uniform current distribution among the tapes in a cable.

Cryogenic thermal modeling effort adopted the thermal network approach based on the similarity
between electrical and thermal fields. Heat transfer was modelled using thermal resistances
(resistors), heat capacities (capacitors), temperature differences (voltage sources), and heat
fluxes (current sources). Tools for electrical circuit analysis based on Kirchhoff’s Laws and the
superposition principle were used to analyze thermal networks. Lower computational effort
compared to finite element models that facilitates quick parametric and time dependent studies is
the motivation for developing the thermal network approach.

The effort on assessing the benifits of HTS cables compared a bipolar HTS cable (based on the
technology of the gas-cooled cable developed at CAPS). The studies showed that an HTS cable
weighs approximately 7 kg/m including a flexible cryostat while an equivalent copper cable
would weigh either 61 kg/m or 122 kg/m, depending on the designed current rating of 3 kA or 6



kA, respectively. Modelling of the electrical characteristics showed that the capacitance per unit
length of the HTS cable is comparable to the XLPE cable, the inductance and the resistance are
substantially lower. The cable parameters extracted are being used to understand the voltage
transients caused by a single rail to ground fault in an ungrounded system such as a shipboard
system.

The results of the efforts on the electrical and thermal models were presented at international
conferences and published in IEEE Transactions on Applied Superconductivity. Two additional
paper(s) are under preparation. The investigators of ESRDC HTS Cable efforts have been invited
to write a book chapter on the technology and applications of helium gas cooled HTS cables
[reference 2_a book chapter].

Reference 1:

Venkata Pothavajhala, Chul H. Kim, Lukas Graber, and Sastry V. Pamidi, “Experimental and
model based studies on current distribution in superconducting DC cables,” IEEE Transaction on
Applied Superconductivity Vol. 24, 2014, 4800505

Reference 2:

Sastry Pamidi, Chul Han Kim, and Lukas Graber, “Gaseous Helium Cooled Superconducting
Power cables,” A chapter in Superconductors in the Power Grid, Editor: Christopher Rey,
Woodhead Publishing (in print).

4 INTERNATIONAL CONFERENCE PRESENTATIONS IN 2014

1. Venkata Pothavajhala, Chul H. Kim, Lukas Graber, and Sastry V. Pamidi, “Effects of
Longitudinal Variations in Critical Current and n-Value of Individual Tapes on the
Performance of Superconducting Cables,” Presented at Applied Superconductivity
Conference 2014, Charlotte, NC, Dates: August 10 through 15, 2014

2. Darshit R. Shah, Chul H. Kim, Lukas Graber, Sastry V. Pamidi, Juan C. Ordonez, “Study
of Gaseous Helium Cooled HTS Cable System Components Using Thermal Network
Models,” Presented at Applied Superconductivity Conference 2014, Charlotte, NC,
Dates: August 10 through 15, 2014

3. Nick Suttell, Chul H. Kim, Lukas Graber, Darshit R. Shah, Juan C. Ordonez, Sastry V.
Pamidi, “Cryogenic Thermal Modeling of Helium Gas-Cooled Superconducting Cable
System Components,” Presented at Applied Superconductivity Conference 2014,
Charlotte, NC, Dates: August 10 through 15, 2014

5 PUBLISHED WORK IN 2014

1. Venkata Pothavajhala, Chul H. Kim, Lukas Graber, and Sastry V. Pamidi, “Effects of
Longitudinal Variations in Critical Current and n-Value of Individual Tapes on the
Performance of Superconducting Cables,” IEEE Transaction on Applied
Superconductivity (in press)

2. Nick Suttell, Chul H. Kim, Lukas Graber, Darshit R. Shah, Juan C. Ordonez, Sastry
V. Pamidi, “Thermal Modeling of Gaseous Helium as a Cryogen for High
Temperature Superconducting Cable Components,” IEEE Transaction on Applied
Superconductivity (in press)
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Experimental and Model Based Studies on Current
Distribution in Superconducting DC Cables

Venkata Pothavajhala, Student Member, IEEE, Lukas Graber, Senior Member, IEEE,
Chul Han Kim, Member, IEEE, and Sastry Pamidi, Senior Member, IEEE

Abstract—Current distribution among tapes in superconduct-
ing cables has been studied as a function of variations in contact
resistance, individual tape critical current, and index (n)-value
of individual tapes. It has been shown that besides contact re-
sistances, variations in other superconducting parameters affect
current distribution. Variations in critical current and n-value
become important at low contact resistances. The effects of col-
lective variations in contact resistances, individual tape critical
current, and n-value were studied using Monte Carlo simulations
method. Using a validated mathematical model, 1000 cables were
simulated with normally distributed random values of contact
resistances, individual tape critical current, and n-value. Current
distribution in the 1000 simulated cables demonstrated the need
for selecting tapes with a narrow distribution in the supercon-
ducting parameters to minimize the risk of catastrophic damage
to superconducting cables during their operation. It has been
demonstrated that there is a potential danger of pushing some
tapes closer to their critical current before the current in the cable
reaches its design critical current.

Index Terms—Current distribution, direct current, mathemati-
cal model, Monte Carlo method, superconducting DC cable.

I. INTRODUCTION

IGH TEMPERATURE superconducting DC cables have

the advantages of high current density and low losses
compared to non-superconducting cables [1]. Studies also show
that superconducting DC distribution systems are feasible and
offer a reduction in cost [2]. The attractiveness and feasibility
of DC superconducting transmission was studied and published
recently by the Electric Power Research Institute [3]. Other
potential applications include DC superconducting submarine
power cables [4], and DC electric railway lines to increase the
transportation capacity [S]-[7].

Superconducting power cables are fabricated using a large
number of superconducting tapes, usually in multiple layers
that form parallel networks for current transmission. Uniform
distribution of current among the tapes of the cable is one of the
important issues to ensure reliable operation of the cables and
to devise risk mitigation techniques [8]. Non-uniform current
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distribution causes reduction in the rated capacity of the cable
and also leads to higher losses [9]. Current sharing is also
an important issue in resistive superconducting fault current
limiters [10], [11].

Efforts are underway to understand the reasons for non-
uniform current distribution by mapping the circumferential
magnetic field using hall sensors [12]. Different parameters of
superconducting cables such as differences in the resistance of
soldered contacts of the tapes to the terminations of the cable,
critical current variations among individual tapes and along the
length of each tape, index (n) value of superconducting tapes,
radial and longitudinal temperature gradients, are to be consid-
ered in understanding non-uniform current distribution. Most
of the listed parameters have natural statistical variations of
characteristics resulting from the complex structure of second
generation high temperature superconducting (2GHTS) coated
conductors that are manufactured in batch process of multiple
steps. The dominant reason for non-uniform current distribution
in short cables (< 30 m) is the differences in contact resistances
at the ends. All the variations in tape characteristics, the con-
tact resistances, and the variation of contacts with aging have
statistical fluctuations. It is necessary to understand the role of
the variations in each of the individual parameters listed above
and more importantly their combined effect on the current
distribution in a manufactured cable. This will help in assess-
ing the risk in operating high power density superconducting
DC power cables and to devise methods to mitigate the risk.
Superconducting AC power cables will be affected by similar
issues, but the focus of this paper is superconducting DC cables
fabricated from 2G HTS tapes. The role of these variations
is magnified in cables cooled with gaseous helium because
the lower heat capacity of helium gas and the much higher
power densities supported by the cables operated in 50-60 K
temperature range [13]. The goal of the effort described in the
paper is to assess the role of the combined statistical varia-
tions in cable characteristics in non-uniform current distribution
manifested by pushing some individual tapes closer to their
respective critical current before the current in the cable reached
its design critical current. Monte Carlo methods combined with
a mathematical model are used to analyze the combined effect
of some cable and tape characteristics on current distribution
among the tapes in a cable.

Experimental results on a simple network of parallel super-
conducting tapes were used to validate the developed mathe-
matical model that was used to simulate and analyze current
distribution in a set of 1000 tapes with statistical variations in
some critical parameters.

1051-8223 © 2013 IEEE
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Fig. 1. (a). Equivalent circuit of the experimental setup. Tapel, 2, and 3 are 2
GHTS tapes and a copper tape arec in a parallel network. Sh1, Sh2, Sh3, Sh4
are calibrated shunts (b). The experimental setup used.

II. EXPERIMENTS ON DISTRIBUTION OF
CURRENT IN 2G HTS CABLES

The experimental setup consisted of three 2GHTS tapes
produced by SuperPower Inc. and one copper tape in a parallel
network [Fig. 1(b)]. The copper tape was used to replicate the
copper conductor used in HTS cables to serve as stabilizer
providing an alternative path for the current during a quench.

Each superconducting tape is 100 cm long, 4.2 mm wide
and 0.1 mm thick with non-ferromagnetic hastalloy substrate
and copper stabilizer. The copper tape has the dimensions of
12 mm x 0.2 mm. A standard caliberated shunt was attached
at one end of each tape to measure current through individ-
ual tapes [Rgp1 — Rspa in Fig. 1(a)]. Voltage taps were also
attached on each HTS tape with a separation of 40 cm to
measure the voltage drop across each of the tapes. The electric
field criterion of 1 pV/cm was used to to record the invidual
critical current, . of the tapes. Additional voltage taps were
attached to enable measurement of the contact resistances and
the resistance of the copper plate connecting the tapes.

A. Measurement of Critical Current

The critical current /.. of each tape was measured using the
I-V plots and the using the 1 ;#V/cm electric field criterion.

B. Measurement of Index (n) Value

The n-values were determined from the experimental slopes
of the respective log(V') — log(I)-graph by approximating the
equation V' oc I™.

C. Measurement of Contact Resistances

The contact resistances of the solder joints in a cable are
usually not equal for all of the tapes because of differences in
solder joint quality and aging [14]. After measuring the critical
currents and the index value of each tape, all the tapes were

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 24, NO. 3, JUNE 2014

TABLE 1
CHARACTERISTICS OF TAPES USED IN EXPERIMENT

Index (n) value

Tape Critical current [£5%] Contact resistance
1 98 A 37 60 pQ
2 110 A 35 80 uQ
3 107 A 39 90 uQ
4 (Copper) - - 140 pnQ

connected in a parallel network as shown in Fig. 1(b), and
current was ramped up to 600 A. The contact resistances of
three 2G HTS tapes and the copper tape were calculated using
the voltage drop across the contacts and the current obtained
using the respective shunt resistance.

D. Measurement of Current Through Individual Tapes

The resistances of the shunts used were measured in an open
bath of liquid nitrogen (LNs) to get accurate values of the
currents through tapes. It was observed that there was about
7% decrease of resistance of the standard shunts from room
temperature to LN temperature. The newly obtained values of
shunt resistances were used to calculate the current across each
tape in the network.

III. MATHEMATICAL MODEL OF THE CABLE

A mathematical model was developed to calculate the current
through individual tapes in a parallel network given the total
current, individual tape I.s, n-values, and contact resistances.
For the model, the number of superconducting tapes was
limited to due to the limitations of the number of non-linear
equations that can be solved simultaneously. The validity of the
model was verified using the experimental results.

The values of contact resistances, critical currents and the
index numbers were taken from the experimental data and then
the mathematical model was used to solve for currents in indi-
vidual branches. The voltage across each HTS tape was mod-
eled using the electric field criterion and the critical current as:

I n
s(})

where F. is the electric field criterion, [ is the length of cable,
I is the current through the tape, I. is the critical current,
and n is index value. The following equations were solved
simultaneously with the help of the scientific computing
software package Maple 16 for obtaining the individual branch
currents in Fig. 2, using the function ‘fsolve’

Iy=h + L+ 13+ 14

I nl
Vo=11(50 u2410 pQ+233 pQ+2.1 mQ) + E, I (;)

cl

I n2
Vo=I5(50 Q430 pQ+232 uQ+1.7 mQ) + E.l <12)

c2

I n3
Vo =1I5(80 2410 pQ2+239 pQ+3.1 mQ) + E, I (If’))

c3
Vo=14(90 2 + 0.2 mQ + 50 Q2 + 234 Q2 + 2.2 mQ).
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Fig. 2. Mathematical equivalent model of the setup in Fig. 1, with the values
of the parameters obtained from the experiment.
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Fig. 3. Comparison of the total current vs. individual tape currents obtained
through the experiments and the mathematical model.

The currents through individual tapes as obtained from the
measurements and from the mathematical model against the
total current through the network shown in Fig. 2 are plotted
in Fig. 3.

As can be seen from Fig. 3, the calculated and experimental
current values agree validating the cable model. The plots show
differences in the extent of current sharing among the tapes of
the network that represents a simple cable. It can be observed
that the current through the copper tape is higher than the Tape 3.
This is because the overall resistance of the branch 3 (3.429 m{2)
is more than branch 4 (2.774 m{2) as shown in Fig. 2, highlight-
ing the importance of contact resistances. Current sharing was
determined by differences of /., n-value, and resistance along
the electrical path. Resistances originate from the contacts and
usually the resistance of copper lead is arbitrary for cable. This
paper assesses the influences of contact resistance.

IV. SIMULATIONS

The mathematical model developed was used to study the
effect of each of these parameters individually and collectively
on the distribution of current among the tapes in superconduct-
ing cables. When studying one individual parameter, all other
parameters were kept constant at the predetermined values.
The model cable contains eight tapes with a design current of
800 A based on a critical current of 100 A per tape; slight
reduction of cable critical current due to self-field effects is
neglected for the study.
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Fig. 4. Individual tape currents for different values of contact resistances:
33.2 nf2, 37.0 nQ2, 429 nQ), 45.3 nf2, 49.1 nQ2, 50.8 nf2, 53.3 n(), and
62.8 n€2; I = 100 A for all tapes; n = 30 for all tapes.
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Fig. 5. Individual tape currents for different I.: 83.16 A, 87.03 A, 92.87 A,
95.29 A,99.12 A, 100.81 A, 103.26 A, 112.82 A; n = 30 for all tapes; all tapes
have equal contact resistance of 50 n{2.

A. Effects of Variation of Contact Resistance

The current distribution in different tapes of a 8-tape cable
with normally distributed random values for the contact resis-
tances with average of 50 n{) and standard deviation of 20 n{}
was plotted in Fig. 4. The contact resistances represent the sum
of joint resistances at both ends of the tape connections and
the resistance due to a connector (as used in the experiment)
was not included because such a connector does not exist in an
actual cable.

To analyze the effects of higher contact resistances, the
current distribution for higher magnitudes of contact resistances
were calculated with tape .. equal to 100 A and n values equal
to 30 for all tapes in all the cases.

As expected, at higher values of contact resistances the
unevenness in the current distribution was significant at higher
currents but for lower contact resistances the current distribu-
tion was mostly equal at higher currents.

B. Effects of Variation of Critical Current

The mathematical model was solved for different normally
distributed random values for I. with a mean of 100 A and a
standard deviation of 10 A. The results of the model are plotted
in Fig. 5.

Though the tapes have different I.s, when the contact resis-
tances of them are equal, all of them carry same current until
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Fig. 6. Current distribution for different n values of tapes: 33.8, 31.4, 22.1,
32.5,26.7, 32.1, 29.9, and 33.9. The contact resistance of each tape was equal
to 50 n(2 and the I.s were equal to 100.

the total current approaches 8 (number of tapes) times the least
1. of tapes. The unequal current distribution starts earlier if
the contact resistances are of the order of n{). The effect of
1. variations on current distribution were also investigated for
varying levels of contact resistances. The current distributions
were calculated for different /. values (as in description of
Fig. 5) and fixed contact resistances of the tapes for 5 cases: at
582, 50 nf2, 500 n€2, 5 €2, 50 pf2. The n value was kept at 30
for all tapes in all the cases. It was observed that as the contact
resistances increase the current distribution was less sensitive to
the difference in the critical currents of the tapes. The deviation
of the tape current from the mean was more prominent for lower
values of contact resistances than for higher.

C. Effects of Variation of Index Value

The current distribution was obtained for different normally
distributed random n values with an average of 30 and standard
deviation of 3.

As seen in Fig. 6, the effect of change in n value (within the
values chosen) on the current distribution is much less when
compared to the effect of variation of contact resistance and /...

V. ANALYSIS USING MONTE CARLO METHOD

When cables are not manufactured using tapes of similar
properties, the current sharing among the tapes would not be
equal. To analyze the extent of unevenness in the current distri-
bution, 1000 cables were simulated using Monte Carlo method.
Randomly generated values were for the contact resistance,
1. and n value which were used to solve the equations of the cir-
cuit. These values were chosen such that they are close to their
average values with which the cables are actually designed. The
contact resistances were generated with an average value of
50 nf? and standard deviation (o) of 20 nf2. I s of the tapes
have average of 100 A and o of 10 A, n-values have average of
30 and o of 3.

Maple 16 was used to generate the random values for the
tape parameters and to solve the system of non-linear equations
to get the current distribution in individual tapes. Individual
tape currents were calculated at cable current of 680 A and
720 A which are 85% and 90% of design I. of the cable. At
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Fig. 7. Number of cables with at least one of their tapes exceeding their given
fractional I. at (a) 85% (b) at 90% design I, of the cable, number of tapes
which exceeded (¢) 95% and (d) 98% of their I at 90% cable design ..

85% of the design cable critical current, out of the 1000 cables
simulated, two cables have all their 8 tapes and 1 cable with one
exceeding 95% of their I.. At 90% design cable I, six cables
have all eight tapes, two cables have one tape each, and one
cable has two tapes exceeding 98% of their I. values. These
details are shown in Fig. 7(d). Such situations could lead to
damage of the tapes that are closer to their /. for longer time.
When the extent of variations in the tape parameters increases,
these tendencies of multiple tapes close to their critical current
also tend to increase. Fig. 7(a), (b) show the number of cables
and their corresponding range of tapes that exceed (c) 95% and
(d) 98% of their I, at 90% cable design I..

Based on the results of the Monte Carlo analysis it can be
seen that out of the 1000 cables simulated, approximately 10%
of the cables fall in the risky zone that some of their tapes carry
high currents because of the combined effect of differences in
contact resistances, /. and n which may lead to their damage.

VI. CONCLUSION

The experimental and model based studies on the current dis-
tribution in superconducting DC cable show that it is important
to select tapes with a narrow distribution of properties while
manufacturing superconducting cables. Critical current is the
second major issue to be considered after the contact resistance
of the tapes. When the contact resistances are low (in the order
of n(2), even small variations in the critical current and the n-
value of individual tapes can lead to significant variation in the
distribution of current at higher fractions of cable design critical
current. Significant spread in individual tape parameters can
lead to situations in which some tapes carry a current close to
their critical current well before the cable as a whole reaches its
design critical current. Such an uneven current sharing can lead
to catastrophic damage to the cables.
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Gaseous Helium Cooled Superconducting
Power Cables

Abstract

The chapter starts with a brief history of superconducting cable development to relate the technical
challenges faced by the contemporary developers with those encountered by the early developments
in 1960s and 70s. The chapter reviews various cryogenic media used and proposed for cooling
superconducting cables. The main focus of the chapter is to describe the benefits and the associated
technical challenges of using closed loop cryogenic helium gas circulation for cooling high
temperature superconducting cable systems. Many potential applications of gaseous helium cooled
high temperature superconducting cables are discussed. Major technical challenges specific to the
development of gaseous helium cooled superconducting power cables are described. The need for
the development of new cryogenic dielectric material systems for realizing medium voltage power
cables is emphasized. Available technology for producing and circulating cryogenic helium gas at
sufficiently large mass flow rates needed for power cables is discussed. The chapter concludes with
a brief description of ongoing research and development efforts on helium gas cooled high

temperature superconducting cables.

Key Terms: Power cables; high temperature superconductors; high power density; power rating
tunability; novel cryogenic cooling methods; cryogenic helium circulation; cryogenic dielectrics;
high voltage insulation; cable termination; high pressure gas circulation



Gaseous Helium Cooled Superconducting
Power Cables

1. History of Superconducting Cables

The desire for taking advantage of application of superconductors in power transmission and
distribution cables has existed since the 1960s when commercial low temperature
superconducting wires (LTS) started becoming widely available [1-13]. Superconducting power
cables have been believed to facilitate meeting increasing demand for electrical power in urban
areas while reducing environmental consequences, dealing with right of way challenges,
maintaining urban esthetics, and addressing society’s unease about perceived electromagnetic
interferences [7, 12]. The daunting necessity of cooling LTS cables to < 10 K with helium did
not deter the superconducting cable development programs in the 1960s. A variety of competing
designs were explored for both AC and DC superconducting cables [7-9]. Studies were conducted
to analyze and quantify technical and economic benefits of deploying long superconducting
cables in electric power grids [12]. Prototype cables made from LTS were developed and
demonstrated in the 1970s and early 1980s in the US, Europe, and Russia [10-13]. Interestingly,
the design approaches utilized and the technical challenges faced in the early superconducting
cable developments are almost identical to the challenges faced today by the developers of high
temperature superconducting (HTS) cables [1-13]. The cost, complexity, and inefficiencies of
cryogenic equipment and the lack of suitable high voltage dielectric materials for cryogenic
applications are a few of the common obstacles faced in the 1970s by LTS cable developers and
contemporary HTS cable developers. Notwithstanding the high costs involved and technical
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challenges faced, several prototype LTS cables in the late last century, and HTS cables during
the past 15 years were successfully demonstrated. The investments responsible for rapid
development of superconducting cable technology were a result of broad public support and
governments’ interest in the development of clean, reliable, and efficient electrical power
infrastructure. The projected transition of electricity production to include distributed solar and
wind energy sources typically located in remote locations will necessitate moving large quantities
of power from the sources to the consumers in urban areas. HTS cables will be suitable to tackle

the challenge with low losses.

The majority of recent HTS cable demonstrations have been in urban areas with limited space
for expansion of power cables and have been three phase AC cables with varying voltage ratings
[14-20]. The lengths of the HTS cable segments demonstrated to date are at or below 1 km. A
detailed design of a long distance DC HTS transmission cable has been undertaken by the Electric
Power Research Institute (EPRI) to assess the commercial and technological viability of such a
cable [21-22]. Several HTS cable demonstration projects are underway to install and test in the
near future. HTS cables, both AC and DC type, that have been demonstrated during the past 15
years were cooled with pressured and subcooled liquid nitrogen in the temperature range of 65-
77 K. Gaseous helium, gaseous hydrogen, and liquid air have been investigated as alternatives to
liquid nitrogen in the DC cable design study by the EPRI [23]. Liquid hydrogen is another
potential option for cooling superconducting cables if the safety concerns associated with it can
effectively be addressed. A superconducting cable project utilizing MgB2 superconductor and
liquid hydrogen as the coolant has been successfully demonstrated recently in Russia [24]. There
have been a few developments in using gaseous helium for cooling HTS cables [25-28]. Grand

visions of creating energy flow systems have been proposed that combine both the delivery of
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liquid fuels such as liquid hydrogen and liquefied natural gas that provide cryogenic environment
with transmission of electricity through superconducting cables [29-32]. The idea has been
further explored recently by EPRI in the light of high temperature superconducting cable

developments [33].

Discovery of many HTS materials in late 1980’s and early 1990s has spurred renewed interest in
superconducting power applications including power cables mainly because of the higher Tcs
(up to 135 K) that allow the use of inexpensive and widely available liquid nitrogen as the coolant
for maintaining the required operating temperatures [14-20]. The lengths as well as the power
ratings of the demonstrated cables have gone up since the early 2000s. The longest
superconducting power cable to date is the 1 km long HTS cable integrated into the power grid

in the German city of Essen on May 12, 2014 [20] (see also Chapters 5 and 6 in this book).

The various HTS cable demonstration projects, funded by the federal agencies of respective
countries in partnership with the participating utilities, have proved the technical feasibility of
HTS power cables. There are, however, a few challenges associated with costs of HTS conductor
and cryogenic equipment as well as the lack long-term reliability data that are hindering the
realization of widespread commercial applications of HTS cables. The demonstrations are
usually terminated after a few years due to the costs involved in continuing their operation [31].
Future successful implementation of HTS cables in electrical power utility infrastructure depends
on technical advancements in developing simpler and more efficient cryogenic systems and low
cost superconductor manufacturing processes. Development of new cryogenic dielectric
materials that will allow reliable factory testing of the cables at room temperature before their

installation is also necessary [21]. These developments will facilitate broad acceptance of HTS
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cable technologies by local utilities and electrical grid operators by reducing the capital

investments, operational expenditures, and enhancing the reliability.

. Introduction to gaseous helium cooled superconducting cables

The interest in developing gaseous helium (GHe) cooled superconducting power cables exists
because of their potential in achieving significantly higher power densities compared to their
liquid nitrogen (LN2) cooled counterparts. Besides the enhanced power densities, GHe cooled
HTS cables provide several other benefits. The advantages of GHe cables relative the LN2 cooled

cables are discussed below.

a. Enhanced power density

The lowest operating temperature for a LN2 cooled cable is 63 K, the freezing temperature of
N2. Hence the operating temperature window for LN2 cooled devices is 63 K to 77 K. The
operating temperature of gaseous helium cooled power cables can be as low as 4 K, but large
cable systems will have to limit the operating temperature to 20 K due to low efficiencies of
cryogenic systems below 20 K. Critical current density of HTS materials and cables depends on
the operating temperature, improving significantly at lower temperatures (see for example
Chapter 2). For example, a typical commercial second generation (2G) HTS conductor operating
at 20 K can carry 6-8 times the current it can carry at 77 K in self-field [34]. Thus, in principle,
a GHe cooled HTS cable operating at 20 K and 50 K can support 8 times and 3 times the power
densities respectively, compared to a similar HTS cable operating at 77 K. The higher power

density feature of GHe cooled HTS cables is particularly beneficial for severely congested areas
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and maritime and aviation applications where space and weight reductions translate into
substantial savings in fuel consumption. The US Navy has been exploring GHe cooled HTS
power cables for future all-electric ship to take advantage of the substantially higher power
densities in GHe HTS cables [35]. Exploratory studies conducted on the technical feasibility and
benefits of GHe cooled HTS cables for commercial ship applications concluded that they are

more efficient than the copper counterparts for high capacity and long cable applications [36].

b. Power rating tunability

As discussed above, the power rating of an HTS cable depends on its operating temperature.
Hence, if the cryogenic system is designed appropriately, a GHe cooled HTS cable power
capacity rating can be modified by operating it at a higher or lower temperature depending on
the demand. When the power transmission demand is low, the operating temperature can be
increased while still serving the loads at significantly lower operating expenses on cryogenic
systems. Similarly, the power capacity rating of an HTS cable can be increased by operating it at
a lower temperature to meet higher demands for transmission loads, albeit at higher operating
expenses on cryogenic systems. The power rating tunability feature is beneficial for HTS cables
connected in power transmission networks incorporating intermittent and seasonal power sources

such as solar and wind energy and/or serving loads that change with the time of the day.

c. Ease of power system design optimization

The wider operating temperature window of GHe cables enables greater flexibility for a power

system designer in optimizing the entire system based on a given constraint than their LN2 cooled
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counterparts. If the design constraint is limited available space or minimization of superconductor
material cost, a lower operating temperature could be utilized to obtain a higher power density.
If the constraint is to minimize the number of cryogenic systems in a substation that houses an
HTS transformer or HTS fault current limiter besides an HTS cable, a single serial cryogenic
fluid loop can be utilized by tolerating larger temperature gradient between the inlet and outlet

gas streams of the loop. Helium gas allows a large temperature gradient without a phase change.

d. Cables that tolerate large elevation changes

Long HTS cables require large mass flow rates of the cryogenic fluid at high pressures to limit
the temperature rise along the cable to a desired value. If the terrain is not flat with large elevation
changes, the pressure variations and associated temperature variations in a LN2 cooled cable
could be large requiring complex cryogenic and mechanical designs. Moreover, LN2 could go
into a two-phase flow thus negatively affecting thermal and dielectric performance of the cable.
Pressure and temperature variations in GHe cooled cables due to elevation changes would be
significantly lower. Hence GHe cooling is more suitable for HTS cables going through a terrain
with significant elevation changes. The EPRI study on long distance superconducting DC cables

discussed in detail the effect of terrain changes on the cryogenic systems [23].

e. Safer operation in closed spaces

In closed or confined spaces such as buildings, tunnels and ships, LN2 cooled cables pose a safety
hazard when there is a system breach due to loss of vacuum or rupture of cryogenic vessels.

Rapid evaporation of LN2 leads to depletion of oxygen from the environment causing
9



asphyxiation hazard. The much lower inventory of helium in a GHe cooled HTS cable and its
lower density than that of air, significantly lower the risk of asphyxiation hazard. The potential
asphyxiation hazard is one of the primary reasons for US Navy opting to focus on GHe cooled
HTS cables and other devices instead of their LN2 cooled counterparts [37-38]. Similar hazards
exist if an HTS cable run through long tunnel ruptures and release large amount of nitrogen gas
that will stay stagnant in the tunnel. High fraction of nitrogen in the air prevents access for quick

repairs needed for restoring the operation of the cable system.

. Potential Applications of GHe cables

GHe cooled HTS cables can be used everywhere LN2 cooled cables are used. The potential of
allowing operating at temperatures lower than achievable with LN2 cooled cables, GHe HTS
cables will have additional superconducting material choices that need to be operated in 20-30 K
range. Potential HTS materials for cables, and their pros and cons will be discussed in a later
section. Considering the benefits discussed in the previous section, there are several specialized
applications where GHe cooled HTS cables have significant advantages over their LN2 cooled
counterparts. A few of the potential applications are discussed below. The applications discussed
below utilize low voltages of < 2 kV. To apply GHe cooling for higher voltage cables, further
research on new dielectric materials and improved dielectric design is required. The limitations

of GHe cooled cables in terms of dielectrics will be discussed in detail in later sections.

a. Naval and aviation applications
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Higher power densities achievable with GHe cooled HTS cables are particularly advantageous
for ship board and aviation applications because of the limited available space and associated
fuel costs being a major operating expense. Additionally, confined spaces on board ships or
aircraft will not cause safety concerns when GHe is used as the coolant. The US Navy has been
exploring GHe HTS power cables for future all-electric ships [25-26, 39]. The interest of the US
Navy has been strong since the successful sea trials of GHe cooled HTS degaussing system [38].
Design studies have shown that high amperage (> 5 kA) GHe cooled HTS cables will be more
efficient than the copper counterparts on board commercial ships [36]. NASA and the US Air
Force have conducted detailed design studies of all-electric aircraft that has HTS cables
connecting an HTS motor to the on-board generator [40-41]. GHe HTS cables would be suitable

and advantageous for such applications.

b. DC cables for railway feeder applications

Some of the high traffic railway lines use DC feeding systems. The DC feeding systems using
copper cables suffer from low efficiency due to the low voltages used typically < 2 kV. The large
voltage drops also require a large number of substations along the line. Studies have shown that
HTS DC cables bring several benefits including high efficiency, reduction in the number of
substations, and handle much higher traffic on the same lines [42-44]. The voltages used for the
copper cables are usually low at < 1500 V. GHe cooled HTS cables would increase efficiency
and lower the infrastructure costs by eliminating the need for many substations in densely
populated regions such as the urban areas of Japan and other countries that have heavy railway

traffic.
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c. DC Cables for data centers

A typical data center consumes up to 50 times as much electricity as standard office spaces of
similar size [45-46]. The number of data centers and the size of a typical data center have been
increasing rapidly throughout the developed world. For data security and reliability reasons,
redundant electrical distribution networks are used. Enhancing the energy efficiency of data
centers has been an ongoing effort. Improving the traditional technologies will bring marginal
gains in efficiencies. Introducing HTS DC cables for the powering the data centers will bring
significant energy savings. GHe cooled HTS cables are suitable for the application because they
are DC cables and the cable runs tend to be indoors. Safety concerns preclude using LN2 cooled
cables inside buildings. American Superconductor Corporation has been promoting HTS cables

for data center applications [47].

d. Cables that operate in significant elevations

LN2 cooling is not suitable for HTS cables serving loads with significant changes in elevations
that cause excessive changes in pressure and associated temperature variations along the length
of the cable. The corresponding pressure and temperature variations in GHe cooled cables would
be significantly lower [23]. Thus power cables that connect large loads on mountain resorts and
other such facilities would be see significant energy savings when replaced with GHe cooled
HTS cables. A recent EPRI report discussed the 12 kA power cables at the Raccoon Pumped

Hydro Facility as a potential example for cryogenic gas cooled HTS cables [23].
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e. Cables for feeder system to connect superconducting magnets at

LHC

The Large Hadron Collider (LHC) facility at CERN in Geneva, Switzerland plans to use power
cables that supply up to about 150 kA of quasi-DC current from the power converters to the large
magnet systems [28-29]. Currently, a combination of copper bus bars and super critical liquid
helium (LHe) cooled LTS cables are being used for some such loads. GHe cooled HTS cables
are being studied for the application to take advantage of the higher operating temperatures over
their LTS counter-parts. GHe cooled HTS cables provide substantial energy savings compared
to LHe cooled LTS cables. The availability of 5-20 K helium gas from LHe cooled magnet

systems at the facility is an added advantage of GHe cooled HTS cables for the application.

. Technical issues pertinent to GHe cooled HTS cables

a. HTS Materials

Since the discovery of superconductivity at 36 K in La-Ba-Cu-O system [48], many new
superconducting materials commonly known as HTS (or cuprates) were discovered with Tc up
to 135 K. Many reviews are available on various aspects of HTS materials [48-53]. Only four of
the materials could be developed for commercial production of long length conductors (see also
Chapters 5 and 6). To date, all HTS electric power applications have been based on these few
materials. Table 1 shows a list of the materials, their critical temperatures (Tc), and references as

sources of additional information. Salient features of these practical HTS materials are discussed
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below as they apply to HTS cable applications. Note, as discussed previously in chapter 2, MgBz,

although technically an LTS material based upon an electron-phonon pairing mechanism is often

included in the HTS family because of its unusually high Te.

Table 1 List of practical HTS materials, their chemical composition, Tc values, and references for additional information.

Material Common name Tc(K) | References for
additional

information
MgB:2 MgB2 39 76-79
Bi2Sr2Cai1Cu20s BSCCO; BSCC0-2223; Bi-2223 85 55-57
REBa2CusO7 REBCO123; YBCO123; Y-123; 92 66-75

2G HTS

Bi2Sr2Ca2Cus0O10 BSCC02223; 1G HTS 110 58-65

i. BSCC02212 conductor

BSCC02212 with approximate chemical composition of Bi2Sr2CalCu208 has T. of 85-92 K

and is made both silver alloy sheathed tape and round wire forms (see also Chapter 3). It is also

available in bulk form as rods and tubes mainly for current lead applications [54-57]. Processing

of BSCCO02212 involves partial melt processing and hence the fully reacted wire does not tolerate

handling due to its brittle nature. Moreover, the material exhibits useful critical current density

only at temperatures below 30 K, with excellent critical current density at 4.2 K even in large

background magnetic fields. Hence the BSCC0O2212 material is primarily being developed for

high field magnet applications operating at low temperatures < 30 K, where the coils wound from

14



green wire can be reacted (i.e. wind then react) eliminating the need for handling the wire after
partial melt process reaction [56]. Figure 1 shows the typical cross section of round BSCCO wire
being developed for high field magnet applications. BSCC0O2212 is not suitable for long length
power cables because of the difficulty in heat treating long lengths and its inability to tolerate
any mechanical handling after the reaction. Besides high critical current density in large
background magnetic fields, the round wire form allows ease of winding large magnets without
having to worry about anisotropy of superconducting properties that is a problem in other HTS

materials [56].

Figure 1 Transverse cross section of a round BSCCO 2212 wire (A) and longitudinal cross section of a twisted BSCCO 2212 wire after
etching away the silver (B) (with permission from the Applied Superconductivity Center, National High Magnetic Field Laboratory).

ii. BSCCO2223 conductor (1G HTS)

BSCC02223, also known as 1G HTS conductor with approximate chemical composition of
Bi2Sr2Ca2Cu3010 with Tc of about 110 K is made as silver alloy sheathed tape. 1G HTS is the

first HTS material successfully commercialized in a long length practical conductor. All the early
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(1990’s and early 2000) HTS power cables and other devices were made from this conductor. As
the 1G conductor is available in fully reacted form and comes with several varieties of metal
laminated stabilizer options, many large cable demonstration projects were initiated throughout
the world [58-61] (see also Chapters 5 and 6). Steady progress has been made in enhancing the
performance and reliability of the conductor [62-65]. 1G BSCC02223 conductor is available in
one of several variants depending on the requirements of the application. Of particular
importance for HTS cables is the variant that has twisted multifilamentary structure with reduced
ac losses to enable AC power cables and other applications [65]. Sumitomo Electric Industries is
currently the largest supplier of the 1G conductor with the trade name DI_BSCCO. Figure 2
shows the cross section of BSCC02223 (1G) tape conductor produced by Sumitomo Electric
Industries. Typical commercial conductor is available as nominal 4 mm wide and 0.2 mm thick
tape and self-field critical current of 170-200 A at 77 K. Recently, there has been a significant
progress in achieving high critical current densities in 1G conductor by using overpressure

processing method [62-64].

Figure 2 BSCCO 2223 wire cross section reproduced with permission from website of Sumitomo Electric Industries, Ltd.

iii. YBCO1223 conductor (2GHTS)
REBCO01223, also known as second generation (2G) HTS conductor, has a chemical composition of
RE1Ba2Cu307 with T. of about 90 K (RE can be one of several rare earth elements). Many
manufacturers produce long lengths (~ 100-300 m) of the 2G conductor as coated conductor with a thin
layer (1-2 um) of superconductor on a metal substrate with complex multilayer ceramic buffer layers

[66-67] (see also Chapter 4). Multiple intermediate buffer layers are required to achieve the required
16



biaxial texture of the superconducting layer. The terms tape, coated conductor, and wire are used
interchangeably throughout this chapter to all refer to the same multilayer REBCO1223 architecture.
Figure 3 shows the architecture of the multilayer REBCO1223 2G tape conductor produced by
SuperPower Inc. using the lon Beam Assisted Deposition (IBAD) process. The 2G multilayer
REBCO01223 conductor has by far the highest critical current density at 77 K and has the potential to be
an inexpensive conductor if the manufacturing challenges are tackled to enhance the yield, performance
and uniformity. Many recent long length HTS cable projects have used or being designed for future
installations with the 2G conductor [68-71]. The 2G conductor from several manufacturers is amenable
to producing specialized HTS cables with small diameters and as multifilamentary and transposed cables

[72-75].

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering
Buffer Stack

Electropolishing
~0.2 pm Substrate

50 ym

*not tg scale: SCS‘?OSO. )

20 ym

Figure 3 Multilayer architecture of IBAD REBC01223 tape conductor manufactured by SuperPower Inc. (Image courtesy of SuperPower
Inc., a Furukawa Co.)

iv. MgB2 conductor

Magnesium di-boride (MgB) is the most recently discovered practical superconducting wires available
in long lengths from several manufacturers [76-79]. Although technically an LTS material, because of
its unusually high T, it is also being considered for superconducting cable applications. Its simple
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powder-in-tube (PIT) fabrication process (see also Chapter 2), makes MgB: the least expensive of the
LTS wires being considered for superconducting cable applications, but has the disadvantage of having
the lowest Tc of 39 K. It is suitable for applications at operating temperatures of 25 K and lower. It is
available as round wire and multifilament architecture from Hyper Tech Research Inc. and Columbus
Superconductors. Figure 4 shows the different cross sections of multifilament MgB2 conductor produced
at Hyper Tech Research. Hyper Tech Research currently supplies conductor with self field engineering
current density of 2 kA/mm? at 20 K, the expected operating temperature of MgB2 cables and expects
to improve the conductor to 5 kKA/mm? at 20 K in 3 years. High current cables have been demonstrated

from MgB2 wires operating at around 20 K using liquid hydrogen as the cryogenic coolant [28-29. 80-

81].

Figure 4 Several cross sections of MgB2 wire available from Hyper tech Research.

5. Dielectric Design Aspects of Helium Gas Cooled HTS Cables

a. Dielectric Properties of Helium Gas

As described in the sections above, there are many benefits for using GHe as the coolant for HTS power
cables compared to its LN2 cooled counter-part. However, the dielectric characteristics of GHe are

substantially more challenging for the design of an HTS power cable compared to LN2. This is one of
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the primary reasons why the HTS power cables currently installed in the distribution grid and operating

at voltages greater than 10 kV use LN2 as the coolant.

For most HTS cables — more specifically for HTS cables that are of the cold dielectric type, which will
be explained in the next section — the cryogenic coolant is part of the dielectric system since it penetrates
butt gaps between the layers of the lapped dielectric tape used to insulate the cable. The dielectric
breakdown strength of LN2 has been reported to be 19.6 kV/mm [82] in uniform electric fields,
independent of pressure and temperature of the liquid, as long as there are no nitrogen gas bubbles
present. The formation of nitrogen gas bubbles is usually minimized by subcooling and pressurizing the
liquid nitrogen. However, in HTS cable applications the formation of gas bubbles in liquid nitrogen
cannot be totally prevented. A decrease of the breakdown strength by approximately a factor two when
nitrogen gas bubbles are present has been measured experimentally [83]. Besides the high voltage
breakdown strength, LN2 also has a relative permittivity of approximately 1.4 and therefore is not too
dissimilar to that of lapped dielectric insulating tape materials such as polytetrafluoroethylene (2.1) or
polypropylene (2.2—2.3). When the dielectric materials insulating the HTS cable are reasonably well
matched in relative permittivity, there is an advantage for the capacitive electric field in AC applications

and during fast voltage transients, leading to an only moderate field enhancement in LN2.

GHe on the other hand has different and more challenging dielectric characteristics than its more robust
LN2 counter-part. Gases in low electric fields are generally very good electrical insulators with low
dielectric losses, low electrical conductivity, and a relative permittivity very close to unity, leading to
HTS cable designs of low losses and low capacitance per unit length. However, the breakdown strength
of helium gas is considerably lower than that of liquid nitrogen or even nitrogen gas at equivalent

temperature and pressure.
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Breakdown strength of a particular gaseous dielectric is a function of its pressure and temperature
conditions. The Paschen’s Law describes the breakdown voltage between two electrodes as a function
of the product of pressure and electrode distance. The function has a minimum breakdown voltage at a
certain pressure-distance product, called the Paschen minimum. Starting from the Paschen minimum,
the breakdown voltage increases rapidly towards lower pressure-distance products. This zone is
important for vacuum dielectrics. The breakdown voltage also increases towards higher pressure-
distance products but only gradually. This is the zone of interest for gaseous dielectrics such as GHe

cooled HTS devices.

The dielectric strength of a gas is also a function of temperature. The dependency on temperature is not
considered in most diagrams of Paschen’s Law. Decreasing the temperature has a similar effect as
increasing the pressure since both of them increase the density of the gas. Figure 5 shows the Paschen
curve of GHe at room temperature along with breakdown voltages of GHe at 77 K and LN2 in the same
diagram. Operation at cryogenic temperature around or below 77 K and pressure levels of 1 MPa and
higher allow the use of gases with low dielectric strength such as the noble gases helium and neon as an
insulation media of HTS devices. The dielectric breakdown strength of GHe at 77 K and 1.0 MPa has
been reported to be 4 kV/mm (RMS, 60 Hz) in uniform field (Rodrigo et al., 2014). While this value is
good enough to allow designing HTS cables for low to medium voltage applications, it is still

approximately five times lower than that of LN2.
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Figure 5 Paschen’s Law for helium gas at room temperature [84], breakdown voltage for helium gas at 77 K and 1 MPa [85], as well
as breakdown voltage for liquid nitrogen [82].

Solely relying on the Paschen’s Law is not sufficient for a complete assessment of dielectric properties.
Corona discharges on electrode surfaces appear at voltage levels much lower than breakdown voltage.
Since helium gas is located in butt gaps of lapped tape insulation around HTS cables, these corona
discharges manifest themselves in high frequency pulses not dissimilar to partial discharge (PD) pulses
in solid dielectrics. And like PD pulses in solid dielectrics, these corona discharges can deteriorate the
insulation if they occur over an extended period of time. Therefore, the maximum voltage in normal
operation should never exceed the PD inception voltage. Figure 6 shows PD inception voltage as a

function of gas pressure at a temperature of approximately 50 K
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Figure 6 Partial discharge inception voltage as a function of helium gas pressure for three samples of a 1-m HTS model cable [86].

In addition to the low corona onset voltage, GHe has a relative permittivity close to unity, which leads
to considerable AC field enhancement in butt gaps. This is especially true in combination with lapped
tape made of materials with high relative permittivity such as polyimide (3.4). But also DC fields are

expected to be enhanced in butt gaps since GHe has a very low electrical conductivity.

Another breakdown mechanism is surface flashover on the interface of a solid insulator to helium gas.
It has been reported that the temperature of the surface has a substantial impact to the voltage limit at

which surface flashover occurs. This is especially important at cable terminations where the insulator

body of the high voltage bushing may have a temperature much higher than the helium cooling gas

itself [87].
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b. Two Different Design Philosophies: Cold Dielectrics and Warm

Dielectrics

There are two different types of design of HTS power cables, categorized by the type of electrical
insulation: a) warm dielectric and b) cold dielectric. In an HTS cable using a “warm dielectric”, the
electrical insulation is outside the HTS cable cryostat and therefore essentially at room temperature.
Warm dielectric materials typically are fabricated with a synthetic rubber insulation such as ethylene
propylene rubber (EPR) layer extruded onto the outer wall of the cryostat containing the [88]. An outer
armor and screen is added like in conventional non-superconducting power cables. The HTS cable is
located inside the flexible cryostat. The HTS cable and the cryostat are on the same voltage potential
thus no electrical insulation is required on the HTS cable. It must be noted that using the warm dielectric
design, the two poles of a DC cable or the three phases of an AC cable always require separate individual
cryostats. The additional volume occupied by the additional cryostat(s) reduces the effective power
density compared to HTS cables of using “cold dielectrics,” where both poles or all three phases can be

contained within a single cryostat.

For an HTS cable using a cold dielectric, the high voltage HTS cable is located inside a cryostat that is
at ground potential. Therefore, the HTS cable itself must be electrically isolated from the cryostat. The
cryostat might feature a protective plastic layer to simplify handling and help protect against
environmental damage to the HTS cable during insertion. However, this protective layer does not need
to withstand any electrical field. The HTS cable on the inside of the cryostat typically has a lapped
dielectric tape insulation and a conductive return or shield layer. The return or shield layer is at ground
potential and can be either made of normal metal tape such as copper or aluminum or made of HTS tape,
depending upon the anticipated magnitude of the shielding currents. There is an additional protective
layer wrapped around the shield layer to reduce friction when pulling the cable into the cryostat and
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reduce the risk to damage the shield layer or the inside of the cryostat. Figure 7 depicts the two basic

designs [88].

Warm dielectric and cold dielectric HTS cables both have their advantages and disadvantages.
Depending on the application, one type can be more advantageous than the other. It has been reported
that for retrofitting existing duct or pipe systems, the warm dielectric design is more suitable [89]. Even
though the power density of an HTS cable of type warm dielectric is lower than that of its cold dielectric
counter-part, it still leads to an increase in power density by a factor of two to three compared to
conventional copper or aluminum cables. However, for new systems the cold dielectric design seems to
be more favorable since it allows power densities exceeding five times that of conventional power cables
[89]. Besides the improved power density of HTS cables of cold dielectrics, they have advantages in
reduced AC losses for cables carrying AC current since the HTS shield reduces the radial magnetic field
of adjacent conductors. The HTS shield also prevents inductive coupling with nearby metallic materials
such as the cryostat [89]. One of the major disadvantages is the tradeoffs required for the cryogenic
electrical insulation, especially if GHe cooling is used. The electrical insulation needs to accommodate
multiple thermal cycles without either the insulation getting damaged by cracking or the conductors
getting damaged by applying excessive strain to the HTS tapes due to mismatching coefficients of
thermal expansion. The thermal conductivity of the dielectric is also an essential feature since it allows
heat conduction from the HTS conductor to the cryogenic coolant. While a large number of layers of
lapped insulating tapes is beneficial to lower the dielectric stress, it is also counterproductive for the

thermal management.

The lower complexity of warm dielectric HTS cable is simpler to manufacture and less costly overall

[90]

Table 2 summarizes the comparison between warm dielectrics and cold dielectrics.
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Figure 7 Cable layout considerations: Warm dielectrics (above) versus cold dielectric (below) [88].

Table 2. Comparison of two basic designs of HTS cables.

Warm Dielectric Cold Dielectric
Number of cryostats Each pole/phase in a separate | Poles/phases can be in the
cryostat same or in separate cryostats
Type of shield layer Metal at room temperature HTS or metal

(additional losses)

Magnetic field Present Canceled
AC losses Higher Lower
Dielectric losses No heat load to coolant Heat load to coolant
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Power density

2-3x regular power cable

5x regular power cable

Complexity of insulation

Low

High

Complexity of termination

High

Low

Complexity of factory testing

Low (at room temperature)

Generally not possible

c¢. Lapped Tape Insulation

Most conventional power cables use extruded insulation around the metallic conductor. More precisely,
there is a thin inner layer of semi-conductive material extruded onto the conductor, followed by the
actual insulating dielectric, finished by another semi-conductive layer. The extruded insulator material
is typically either ethylene-propylene rubber (EPR) or cross-linked polyethylene (XLPE). The extrusion
process is very carefully controlled to avoid any impurities and voids that could lead to partial discharge

under high dielectric stress.

There is no evidence in the technical literature that extruding insulation on HTS conductors has been
tried successfully except for very thin layers directly extruded onto HTS tapes. The mismatch in
coefficient of thermal expansion between most dielectrics and HTS tapes that may lead to significant
strain and potential delamination of the extruded insulation for the HTS tape or delamination of the HTS
layer from the underlying metallic substrate [91]. Therefore, for HTS power cables with cold dielectric,
the insulation of choice has been wrapping with lapped insulating tape. Insulation materials show
substantial shrinkage in cryogenic environments of around 5% or more [89], however, the lack of
bonding directly to the surface of the HTS tape, which has a thermal shrinkage closer to 0.3 %, provided

by the wrapping insulation technique does not lead to damage of the HTS tapes.
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To give an example, the coefficient of linear expansion of PTFE is approximately 140-10°° K™%, which
is considerably higher than that of stainless steel (17-10° K™) or copper (16-10° K™) [92]. The
mismatch in thermal expansion could lead to high levels of mechanical stress in the HTS cable,
potentially damaging the superconducting material if the cable design would not take it into account. A
typical solution to avoid problems associated with the mismatch in thermal expansion is to use a
dielectric in tape form. The tape is helically wound around the cable along its length, allowing the
insulation material to contract without causing stress on the HTS tapes. The material and thickness of
the tape are chosen to allow mechanical flexibility at cryogenic temperatures. The materials proposed
for lapped tape insulation of HTS cables include polyethylene (PE), polypropylene (PP), polycarbonate,
polyethyleneterephtalate (PET), polyamide (Nomex, Nylon), polyimide (Kapton), cellulose (Kraft

paper), and polypropylene laminated paper (PPLP) [93].

Electric field grading is an important aspect for any power cable to reduce the electric stress in the
dielectric. For this purpose, a semi-conductive layer (often referred to as “semi-con”) is added on the
interface between conductor layers and insulation layers to reduce electric field enhancements around
edges and protrusions. The semi-conductive layer must be very smooth. For HTS power cables, it is
most suitable to use a lapped tape [94]. Typical examples are tapes made of fibrous graphite paper,
graphite impregnated polytetrafluoroethylene (PTFE, Teflon), and semi-conducting ethylene propylene
rubber (EPR). Their resistivity of semi-con tape can be varied over a wide range and is also a function
of frequency, temperature, pressure. For AC power cables, the semi-conductive layer has a substantial
impact to the total dielectric losses of the cable. The number of layers of semi-conductive tape is a
tradeoff between reducing electric stress and increasing dielectric losses. The number of semi-conductive
layers should be kept to the necessary minimum. Ratios of semi-conductor-to-insulation layers of

between 1:40 and 1:80 have been suggested [94]. However, this depends on factors such as the content
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of high frequency components such as power electronic switching harmonics, which can lead to

increased interfacial polarization and ultimately lead to cable failure due to shield malfunction [94].

The HTS cable is terminated in metallic termination blocks in order to allow a low electrical resistance
interface from the bushing to the HTS cable. The electrical insulation is stripped back for easy access of
the terminal blocks. Without additional HTS cable design effort, the electric field would be enhanced
around the HTS cable section where the insulation is stripped back to make the low electrical resistance.
This high stress region can be avoided by designing the appropriate stress cones. The stress cones are
typically made of the same dielectric tape to avoid any mismatch in relative permittivity and electrical
conductivity. A gradual increase in the number of insulating layers or an additional triangular sheet of

the same material wound around the cable end result in the required conical shape of the stress cone.

d. Differences between AC Cables and DC Cables

There are both obvious and non-obvious differences between DC power cables and AC power cables.
The most obvious difference is that a DC cable has two poles. A bipolar cable has a positive pole and a
negative pole while a monopole cable has one of them grounded. The two poles can be separate HTS
cables each contained in its own cryostat, they can be in the same cryostat, or they can be designed as a

coaxial cable.

An AC cable has three phases and a ground pole, which is sometime referred to as the “shield” or “return”
phase. In rare cases it can also have a neutral phase, which is typically on ground potential but designed
to allow substantial continuous current flow. Similar as for DC cable, the three phases can be in separate
cryostats, they can be in the same cryostat, or they can be of tri-axial configuration in a single cryostat

(see also Chapter 5).
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The AC field distribution in an HTS cable is dominated by the permittivity of the dielectrics. This is
called the capacitive field [95]. The capacitive field can be simulated by finite element analysis. It is
important to estimate the maximum electric field in butt gaps and insulator surfaces. Even though such
analyses do not calculate the breakdown voltage, it helps to determine the weakest location, which could

become a source of partial discharge (PD) [95].

If the AC electric fields are too high, it can damage the insulation by constant PD activity. This is a
process that can take days to months before the material breaks down. The insulator gets damaged locally
at the source of PD, driving an electric tree of degraded material forward in field direction. The local
electric field at the branch ends of the tree is enhanced since the tree has a higher conductivity than the
surrounding undamaged insulation material thus acts as a perturbance in the otherwise homogeneous
electric field. The ultimate breakdown occurs from one of the branches, bridging the remaining distance

in the pristine dielectric to the conductor.

Dielectrics under AC fields show dielectric losses. The dielectric losses typically consist of two
components: a) polarization losses and b) conductive losses. Under ideal conditions, the AC current
flowing in a dielectric material leads the voltage by an angle of 90°. The dielectric losses reduce this
angle by a few degrees. These losses are expressed as the “loss tangent,”or is sometimes referred to as

the “dissipation factor.” It is defined as the ratio of the active power Ps divided by reactive power Qc,

P . . . .
where tan § = Q—S. The dielectric losses for a certain material can also be expressed by a complex
C

permittivity consisting of both a real part and an imaginary part. Kichler (2005) reports that typical
values for dielectric losses at room temperature range from 0.1% (PTFE, PE, quartz) to 10% (filled
epoxy resins, polyamide). PPLP insulated HTS cables in LN2 have dielectric losses between 0.2% and

1.1% depending on the applied electric stress [96].
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Power systems aspects such as the maximum capacitive load need to be considered when designing AC
systems. The capacitive load added by power HTS cables can be considerable. There are indications that
HTS power cables could have a higher capacitive load than regular XLPE or EPR power cables [87].
This would limit the maximum length of such cables to avoid problems with grid stability. Details to

cable capacitance and grid stability can be found in the power systems literature (see also Chapter 5).

Dielectrics in DC cables are different than their AC counter-parts. The dielectric withstand capabilities
of an insulator is typically substantially higher for DC electric fields than AC electric field — values of
up to three times higher withstand voltage have been reported for regular high voltage power cables [97].
That being said, the electric field distribution is much more complex than for AC fields and is a function
of time. Shown in Figure 8 are the time dependent voltage v(t) and current i(t) versus time commonly
observed when charging an insulator with a time varying voltage dv/dt. The time dependent behavior
can be characterized by four distinct regions or phases. In a first phase (Phase I in Fig. 8) during which
the voltage is ramped up, the field distribution is of capacitive type, that is dominated by the relative
permittivities of the materials. The charging current is mainly a capacitive current ic(t) = C-dv(t)/dt with
the total effective capacitance C. In Phase Il of Figure 8, the voltage v(t) is constant and the current is
dominated by a polarization current ip(t). The polarization current is responsible for the accumulation of
space charges on the interfaces of the insulating tapes as well as within the material of the insulating
tapes. In Phase Ill of Figure 8, a purely resistive field is established that depends on the specific
resistivities of the insulating materials. The residual current that remains after the transients decay is a
constant resistive leakage current. After switching off the voltage in Phase IV of Figure 8, the local
surface charges and space charges remain for a certain moment of time. This can be a slow process with

a time constant similar to the polarization time constant in Phase 11 [95].
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Figure 8 The four phases of dielectric currents in DC fields [95].

Under ideal conditions, DC cables have considerably lower dielectric losses than AC cables. However,
this assumes that the supply voltage is pure DC. In most practical applications, there are power electronic
rectifiers generating the DC current. This leads to a certain level of voltage ripple in case of a line
commutated diode or thyristor rectifiers. In case of a switched-mode IGBT rectifier, high frequency
harmonics of the switching frequency should be expected to be present, leading to parasitic dielectric
losses. The amplitude and frequency of the voltage ripple and switching harmonics need to be carefully

considered for the dielectric design. Hence dielectric losses can still occur under these circumstances.
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6. Design Aspects for GHe Cooled HTS Cable Terminations

The terminations of an HTS power cable have the primary function of interfacing the room temperature
power source hardware with the superconducting cable operating at cryogenic temperature. Besides the
current leads, the terminations must also include helium gas inlet and outlet ports as well as
instrumentation to monitor the HTS cable system [25]. The large temperature gradient, along with Joule
heating in non-superconducting feed-throughs, result in a substantial heat load to the cryogenic cooling
system. For short power cables, the heat load from the terminations can exceed all other heat loads to
the cryogenic system. [98] reported a total heat load from ambient of 25 W for each termination for a
3000 A rated HTS cable. The heat load from the flexible cable cryostat is approximately 1-2 W/m
depending upon the size (i.e. diameter) of the cryostat. The lower heat capacity of GHe compared to
LN2 makes the thermal design of the terminations particularly challenging. An optimization of the
conductor cross section in the current leads is most important and usually done by using “McFee

Optimization” [99].

The dielectric design of terminations for GHe cooled cables is also demanding. Electric fields are
problematic in helium gas at elevated temperature and electric fields in proximity to warm insulator
surfaces because of lower density of helium at such spots. Such a situation can be prevented by
maintaining low temperature at the insulator bodies of the feed-throughs. The requirement for cold
insulator surfaces in helium gas led to the development of hybrid HTS cable terminations (Figure 9) [87,
100-101]. Hybrid terminations include a volume of LN2 to keep the feed through into the GHe section
at temperatures close to 77 K and thus increase the density and withstand voltage of helium gas in
proximity to the feed through. This design also reduces the heat load to the GHe system. A disadvantage

of a hybrid termination is the requirement of a second feed through from ambient into the LN2 chamber.
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Figure 9 Hybrid HTS cable termination combining LN2 cooling of the power leads with GHe cooling of the HTS cable [100].

7. Cryogenic Helium Circulation Systems

Cryogenic refrigerator is a critical and integral part of any superconducting cable system.
Generally, a maintenance free and high efficiency cryogenic refrigerator is the hallmark of a
successful and practical superconducting cable system. For liquid nitrogen cooled HTS cables,
two general design options exist for providing the required cryogenic environment. The first
option is an open loop system where liquid nitrogen is supplied to the cable from a large reservoir
tank and evaporated liquid nitrogen is periodically replenished. The supply from the tank is
pumped on, pressurized, and circulated through the cable system. Some HTS cable demonstration
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systems preferred open loop systems because of its simplicity, low maintenance, and to take
advantage of higher efficiency of large-scale centralized refrigerators [102-103]. The second
option is to use a closed loop system in which a cryo-refrigerator removes the heat from the
cryogen between the outlet and inlet to maintain the operating temperature. Some HTS cables
preferred closed loop cryogenic systems to avoid the need for trucking liquid nitrogen to the site
and the associated uncertainty of supply interruptions [104-106].

For gaseous helium cooled HTS cables, the only viable cooling option is a closed loop circulation
of cryogenic helium gas. There are a few methods available to produce cryogenic helium gas.
Depending on the operating temperature, a single stage or two stage cryogenic refrigerators can
be used [107-108]. Standard liquid helium refrigerators can also be modified to obtain cold
helium gas [109-110]. Circulation of helium gas through the cable can be accomplished using
cryogenic circulator fans or by using a compressor, either the same compressor of the working
gas of the cryocooler or a separate compressor unit [25, 27, 111-112]. The cryogenic helium gas
loop could be either the primary loop of the working gas of the cryogenic refrigerator or a
secondary loop which is a separate fluid loop, but thermally connected to the primary loop
through a heat exchanger that transfers heat from the secondary loop to the primary working gas
loop. Some of the options available to produce cryogenic helium gas and to circulate it through

a HTS cable system are described below.
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Figure 10 A schematic of a GHe cooled HTS DC cable system with the cryogenic gas circulation system, terminations, cable cryostat
and the HTS cable.

Figure 10 shows a schematic of a HTS cable system cooled by gaseous helium circulation. The
main components of a helium circulation system are identified in the figure 10. Shown in Figure
10, a cryocooler cold head is represented as the source of cryogenic cooling power, but many
kinds of cryocoolers or helium refrigerators can serve this purpose. Typically, large capacity (>
300 W at 77 K) single stage Gifford McMahon (GM) type cryocoolers are used because the
operating temperatures of HTS cables are in the range of 50-75 K [107]. Two stage cryocoolers
have been used for cables involving MgB2 superconductor at operating temperature of 20 K
[108]. Single stage GM cryocoolers are available with large capacities of up to 600 W at 77 K,
but are generally inefficient. Recent comprehensive reviews of many available types of
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cryocoolers and their operating principles are a good source of information for anyone
considering a cryocooler based helium circulation system [113-114]. Figure 11 shows the helium
circulation system used at the Center for Advanced Power Systems to demonstrate a HTS DC
power cable system. The helium circulation system was supplied by DH Industries and uses a
single stage Stirling unit (SPC-1, 650 W at 60 K) with a helium circulator manufactured by
Cryozone (Bohmwind CryoFan). Large capacity helium liquefiers are also useful as sources of
cooling power, particularly if the operating temperatures required are at 20 K or higher. Reverse
Turbo-Brayton type cryogenic systems with large capacities and high efficiencies are available
from Air Liquide for HTS cable applications [110]. Standard helium refrigerators up to 1 kW of

cooling power at 20 K are available from Linde (models LR1420/LR1620) [109].

Figure 11 A picture of a cryogenic helium circulation system (Stirling Cryogenics GPC-1 with integrated CryoFan) similar to the one
used at the Center for Advanced Power Systems in a recent demonstration of HTS DC power cable.
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The second major component in cryogenic helium circulation systems is the gas circulator.

Unlike some applications such as small superconducting magnet systems, HTS cables cannot use
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the primary helium loop of a refrigerator’s working helium gas and the cooling medium for the
application. The primary reason for this difference is that there is a risk of contamination of the
working fluid that would deteriorate the refrigerators efficiency or could damage it. Hence typical
gaseous helium circulation systems use a secondary forced flow cooling loop that is thermally
anchored to the cold source through a heat exchanger. The secondary helium loop requires a
cryogenic circulator(s) to push the gas through the HTS cable system. The circulators come in a
range of capacities [111] and are simply high speed centrifugal pumps. The cryogenic circulators
are specially designed for required capacity and operating temperature range to minimize the
static heat load. Unlike with liquid cryogens, obtaining large mass flow rates in a helium gas
circulation system is difficult because of its low density. Operating pressures up to 20 bar are
used to increase the density needed to obtain the required GHe mass flow rates. Typical GHe
flow rates obtained are in the range of 10-50 g/s, depending on the operating pressure and
temperature. Several firms offer cryogenic gas circulators with a range of capacities. The
specifications of a cryo circulator that need to be considered for a given application are volume
flow rate and the corresponding pressure drop that can be handled. The performance
characteristics of a circulator are usually represented in a plot of volume flow rate (m?/hr) versus
pressure head (m). As with other cryogenic equipment, the larger the fan capacity the higher is
the static heat load. Cryozone, Linde, Air Liquide, Barber Nicholes, and R&D Dynamics are
some examples of commercial sources of helium circulators. Figure 12 shows pictures of
cryogenic circulators commercially available from Cryozone. The selection of a circulator should
consider several design factors such as required mass flow rates, operating temperature, static
heat load limits, etc. A review of basic principles and design process of cryogenic gas circulators

has been published recently [111].
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Figure 12 Pictures of commercial helium circulators available from Cryozone.

Another critical component of a cryogenic helium circulation system is the heat exchanger that
makes a thermal link between the source of cooling power such as the cold head of cryocooler
and the secondary helium loop that collects the heat from the application and transfers to the cold
head. The efficiency of the heat exchanger is important to be able to obtain the secondary loop
temperature as close to the cold head temperature as possible. For large mass flow rates, it is not
easy to design the heat exchanger that has the required heat transfer capability while keeping the
pressure drop across the heat exchanges within the capability of the helium circulator being used.
The heat exchangers are usually made of copper either as helically wrapped finned tubing or
plate-fin heat exchangers [115-117]. There have been new developments in light weight metal
and carbon foam heat exchangers with large surface area [115-119]. The objective the
developments are to enhance heat transfer efficiency without increasing the pressure drop
generated. Low pressure drop is particularly important for cryogenic helium circulation systems

due to the limited pressure head available with helium circulators.
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To achieve large cryogenic helium gas flow rates, multiple circulators were used in parallel
configuration with the individual gas streams joining at the inlet and outlet. Test results of a large
helium circulation system with four circulators, each serving a path with a cryocooler and
associated heat exchanger, have been recently described [25]. Figure 13 shows a schematic of

the GHe circulation system with four circulators in a parallel configuration.
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Figure 13 A schematic of the GHe circulation system with four circulators in parallel configuration that was used at FSU-CAPS.

Multiple circulators in series configuration have been used to counter the pressure drop across
the application [120]. Figure 14 shows a schematic of a cryogenic helium circulation system
with circulator fans both in series and in parallel configurations. These types of helium

circulation systems were used to cool a 30 m long HTS DC cable system carrying up to 3 kA

39



current. The temperature gradient across the cable system was as low as 3 K for a mass flow rate

of about 10 g/s at 50 K inlet temperature [25, 98].
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Figure 14 A schematic of a helium circulation system with multiple circulators in series and parallel configuration.

The total useful cooling power of a cryogenic helium the circulation system depends upon the
mass flow rate (m) and the temperature gradient (AT) between the inlet and outlet of the
circulation system, and is given by:

Q = MmC,AT (1)
where m is the mass flow rate and Cpis heat capacity (approximately 5 J/g-K between 20 and 80
K), and temperature gradient AT. As an example, a circulation system with a mass flow rate of
10 g/s and 5 K temperature gradient can provide useful cooling power of approximately 250 W.
A typical 100 m long HTS cable requires about 250 W of cooling power if designed well. Heat
load from commercial cable cryostats is approximately 1 W/m. heat leak from cable terminations
usually add 25-30 W each [98]. The heat load from a HTS cable depends on its design and
whether it is an AC or DC cable. HTS DC cables essentially no heat load except when there is
significant AC ripple. AC cables will have AC losses in the cable and dielectric losses in the

insulation if the cable uses cold-dielectric design.
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8. Ongoing GHe cooled HTS Cable Projects

There are a few ongoing research and development activities on GHe cooled HTS power cables
[120-124]. Florida State University Advanced Power Systems (FSU-CAPS) has been working
on GHe cooled HTS DC cable project. FSU-CAPS has developed GHe circulation systems and
conducted detailed cryogenic thermal studies on emulated cables using typical cryostats used for
HTS cables [25]. In parallel to cryogenic thermal studies, FSU-CAPS studies many design
variations of HTS DC cables cooled with GHe to understand the thermal and dielectric aspects
of GHe cooled cables. Many experimental tools were established for characterizing short design
cables and 30-m long prototype cables. At present United States Navy is the primary supporter
of the work at FSU-CAPS on GHe cooled HTS cables and other power devices. US Navy is
funding many small businesses to develop various components of GHe cooled HTS devices
including cryogenic equipment and HTS cables and insulation materials. The funding from US
Navy has contributed to a significant progress in understanding the challenges involved in GHe
cooled HTS power cables and the development of innovative solutions that address the
challenges. Recently, FSU-CAPS has successfully demonstrated a 30 m DC cable made with 2G
HTS by operating at 3 kA at 60 K in GHe [121-122]. The dielectric design of the GHe cooled
HTS cable has been validated up to 3.5 kV through high voltage DC soak tests that preceded and
followed by partial discharge tests [87]. Ultera, a joint venture of Southwire Company and NKT
Cables, fabricated the 30 m cable for FSU-CAPS project. Figure 15 shows a photograph of the
GHe cable demonstration set us at FSU-CAPS. The picture shows the helium circulation system,

the two cable terminations and part of the cable cryostat that houses the HTS cable.
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Figure 15 A picture of the GHe cooled HTS cable test facility at the FSU-CAPS.

Figure 16 shows the measured temperature rise across the prototype cable system demonstrated
at FSU-CAPS at three different GHe mass flow rates. The cable system consists of the inlet and
outlet terminations (described in section 6), and the 30 m long superconducting cable in a Nexans
Cryoflex cryostat. As seen in the figure, the temperature rise was just 3 K for a current of 3 kA
at GHe mass flow rate of 8.6 g/s. Figure 17 shows a plot of the voltage across the 30 m
superconducting cable as a function of time while the cable is carrying 3 kA.. The data in plots
16 and 17 show that GHe is a viable cooling option for HTS cable systems and the behavior of

the cables depends on the operating temperature, not the cryogenic media used for obtaining the

operating conditions.
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Figure 17 Current versus the electric field across the 30 m HTS cable during the GHe cooled demonstration at FSU-CAPS.

The Massachusetts Institute of Technology, in collaboration with Tsinghua University (China)
and University of Cambridge (UK) has been working on the design of a GHe cooled HTS DC
cable made of MgB2 superconducting wire for microgrid applications [27, 122]. The design

incorporated a two stage current leads GN2 cooled copper leads and GHe cooled HTS.
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Preliminary designs were rated for 1 kV and 1 kA cable with the ultimate goal of a 5 kA cable to
be installed and tested at Tsinghua University in Beijing. The design and thermal models for the
cable’s cryogenic system has been published [27]. The HTS cable is designed to be cooled with
forced flow GHe at 20-25 K. Both poles of the DC HTS cable are in separate tubular cryostats
contained in one common vacuum envelope. Besides the GHE cooled MgB2 cable, MIT is also
developing a high current 2G HTS cables for superconducting power transmission for directed

energy and data center applications [123].

The European Organization for Nuclear Research (CERN) under the framework of High
Luminosity LHC project, has been working on designs and prototype HTS cables for high current
applications [28, 29, 74]. Recently, CERN demonstrated a 20 m long HTS cable made of MgB:
superconductor for power transportation [124]. The MgB: cable was operated at 24 K under
forced flow helium environment and carried at world record 20 kA. The project supported the
development of round MgB2 wires at Columbus Superconductors. The ultimate goal of the
project is to use similar MgB2 cables for connecting power converters that supply current to
superconducting magnets in the tunnel of future LHC. It is necessary to move the power
converters from the tunnel to the surface or other radiation free underground areas away from the

magnets.

. Summary

In recent years there has been a significant progress in GHe cooled HTS cable technology. High
current GHe cooled HTS cables have been successfully demonstrated by multiple institutions.
Many challenges of GHe HTS cables have been addressed through innovative solutions that

resulted from systematic research and development studies in many research centers. The results
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of the studies suggest that GHe cooled cables are attractive for some high current cable
applications. However, designers of GHe cooled HTS power cable systems have to keep in mind
the limitations of GHe, when compared to the LN2 counter parts. Detailed studies on cryogenic
thermal aspects of quench initiation, propagation and their implications on GHe systems need to
be studied through detail modeling and experimentation. Such studies are in progress at many

research institutes.
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the Performance of Superconducting Cables e e s R
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1. Introduction 2. Longitudinal variations in critical current - analysis 3. Longitudinal variations in n value
. using Monte Carlo method
» Advantages of superconducting cables compared to Cu cables: . . - = —
. Highéqr currentpdensity ) P » 30 m HTS tape used for the cable fabrication was considered to have > N:p=30,0=13.5,7
e Lower losses different I s for each centimeter section of its length. 2
. Lower size and weight > To test the effect of sections with low I on the overall performance, 1.75
the following distribution was considered 112-2
> Effects of non-uniform current distribution among tapes 160 g 1 L o———
« Reduction in rated capacity 140 % 0072
* Higher AC losses due to uneven temperature and self-field 2 129 = 0.95
« Potential damage when operated close to the design capacity 3 100 0 . . .
“ 80 0 2 4 6 8
g 60 Standard deviation in n
Liquid N2 Flexible outer § 40 Fig. 5. Apparent n of the cable as function of cable mean n for a certain standard
Bz et e Z 20 deviation in n; along the length of individual tapes of the cable.
L|qU|d N2 spply e 0

85 90 95 100 105 110 115 120
Critical current of individual sections (I ) in Amps

former |
Cryogenic

4. Conclusions

e L Fig. 3. Mathematically equivalent model of the experimental setup
e » Effect of longitudinal variations on cable characteristics
Fig. 1. Superconducting cable showing multiple tapes per layer and »300 sections: Uniform distribution of 1. :[85,100] A  Model cable: 30 m, 3 kA, 30 tapes
and multiple layers »2700 sections: Uniform distribution of 1.:[100,120] A  Generated 50 cables from 1500 tapes simulated with p I, =100 A, ¢
»\oltage generated by each section was calculated for currents from 1 A =1A,3A,5A,7Aand 10 A
> Longitudinal variations in critical current (I_) and n-value to 120 A 120
 Commercially available tapes have variations in 1. and n-value ( | \" 3000 100 -
along their length V. = E, — Vt — Zvi 80 \N\“

e \ariations iIn local temperature, magnetic field also cause \ L J i=

variations in 1. and n-value
« Compressive, torsional strain and transverse loading on tapes of
cable also cause these variations . o
+ The overall I_ (end to end)of tape masks the sections with low I »Reduction In apparent |, for normally distributed random values of 1S i ; : . . B
e Lead to reduction in apparent . along the length: 19 Standard deviation in | along the length of tapes

I
o

Apparent | of the tape = 96 A

N
o

(Ic, /lc, )*100 of cable
S

o

| Fig. 6. Percentage of apparent | of the cable as function of cable mean |, fora
lcm icuon VHI 1 certain standard deviation in | along the length of individual tapes of the cable.
I I n ° o = = -
T ---- —TT ---- —T—T 5 S 08 —‘—N\ Reduction In cable I, could be as high as 20% for ¢ of 10
o3 @)
1 section with itical current R :: 5O > Longitudinal variations in I, of the tapes reduce the design/rated
’ , £ 504 capacity of the cable and have significant effect on its performance.
30m Z O iseEsssssssssssiins 0.2 » This Is because the voltage produced by the lower I sections would
Critical current of all tape segments 0 | | | | | be high enough to push the tape to reach its critical current well before
Fig. 2. Model tape in HTS cable divided into several 1 cm sections with b 2 4 B 8. 10 12 the average |, of the tape. Hence the longitudinal property distribution
varying | values, used for simulating the effect of these variations Fig. 4. Reduction in I__ for certain longitudinal variation in I_ in I should be considered for best performance of superconducting

able design.
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> Thermal network models (TNM) are frequently used to model stationary and transient Analogy Between Electrical and Thermal Networ
heat flux and temperature conditions in power apparatus. Electrical network Thermal network
Voltage V [V] Temp. difference AT [K] 54 - <-Exp_Vacuum
» The thermal network approach is based on the similarity between electrical and thermal § Current / [A] Heat flux Q [W] 53 #Exp LN2
field. Electr. resistance R [Q] Therm. resist. R, [K/W] —_ , Model Vacuum
T 17 Electr. capacity C [F Therm. capacity C,, [J/K X 52 —
» Conductive, convective and radiative heat transfer can be modeled by thermal J y _FI: | ve il AT E S Ych /K] w ~-Model_LN2
resistances (resistors), heat capacities by capacitors, temperature differences by voltage - iV " - prer o1 -
sources, and heat fluxes by current sources. e I=C-— Q=Cy - & 50 -
fd
» Kirchhoff’s Laws and the superposition principle remain valid. Tinz YV, =0 YT, =0 g 49 -
i i —
» The method results in computationally efficient simulations that allow for design va, ) >1,=0 >Q,=0 % 48 -
optimizations over wide parameter spaces s Tamb for j J' o 47 -
Q |"'th5 I Q.
» TNMs can also be coupled with Joule heating and allows to model material parameters |- > Tjﬁ’ Ring QS’} . qE, 46 -
as a function of temperature. Rch/[I]_DL [ TR0 R =
P Ry ] 1 _h;h - th10 |, | Rth1s A5 | | | |
t
> The PLECS toolbox (“Piecewise Linear Electrical Circuit Simulation”) in the MATLAB- P ) [4_ A .R_”7:-". R ozl Pyt g iy T, 0 2 4 6 S
. . . . . . . . _ ou Ji R R - — In
Simulink environment is suitable for TNMs since it natively supports the thermal thg\ tha JT— 1 Mass Flow Rate (g/s)

: ] : [
electrical coupling through heat sinks \ 0

Comparison of model results with experimental data for the HTS cable
termination for various gHe flow rates with no current

» PLECS is predominatly designed for power electronics, we extended its utility for
modeling of combined cryogenic thermal and electrical problems.

Discretization of geometry, introducing heat sources,
temperature potentials, thermal resistances.

plegs 4\

PLECS (Piecewise Linear Electrical
Circuit Simulation) is a Simulink
toolbox for system-level simulations

» FSU-CAPS has been working on gaseous helium cooled HTS cables

» There is a need for understanding the dynamic response of gaseous helium cooled
cables under various scenarios to devise risk mitigation techniques.

» We use FEM methods with COMSOL to assess finer details of thermal maps of HTS

devices. These methods are, however, slow. of electrical circuits o 5
» Thermal Network Models are easier to modify and allow easier modification and seep _ S o _ ‘ i‘ ==| N2
: Equivalent circuit diagram of cable termination using PLECS
wide parameter range. > ? 0 - \ - \acuum
» Because they are fast, Thermal Network Models are useful in understanding dynamic - E
response of HTS cable systems et ) = 15
— |
» FSU-CAPS has many sets of experimental data on prototype HTS cable systems. iy N o s R L L ! L 8
- - 3 - Sec‘tjonS Sechn4 Sec‘t_i'on3 Sec't_i'onZ Sec't_i'onl d
» Comparison of the results from the models with experimental data allows for refinement - 210 -
of the models. \ ——n v
QZC\!‘:D »2 Redl I €I
a3 W L:g DBlue 1 5 |
Q4 @) Ltg Yellow 1
» Thermal field in the cable termination was studied using thermal network models s @) S 3 0
» The results were compared with those of COMSOL models and experimental 0, S Loue - |
observations v ® 2 e | i 0 1 2
» The results match with the measurements within 5% > ® e — I Cable Termination Length (m)
» The computational effort needed for thermal network models is significantly less than oo Ly —
that for finite element analysis. | - Heat leak predicted by the model along the length of the HTS cable for
» The simulation time is on the range of a few seconds with a regular personal computer. N both the vacuum and LN2 bath cases with no current.
» The MATLAB/Simulink toolbox PLECS allowed to easily couple thermal and electrical
networks. | - | | | CuisQ Cujss CU‘:S-I' CUiSG e W | Heat Flox (W)
» The models are useful for design optimizations to reduce the sizes and heat loads in _ — 2 Seoe T e =

various components of HTS cables.
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Abstract

e High temperature superconducting (HTS) power cables are being
considered for a variety of electric power grid, naval, and aviation applications.
* The superconducting cable system 1s comprised of two terminations and a
superconducting cable 1 a long cryostat.

e This study tocuses on the modeling of the components for a gaseous helium
cooled second generation H'T'S cable system for the purpose of optimization.
 The termination cryostats are where the room temperature copper lead
interfaces with the superconducting cable at cryogenic temperatures.

e lixcessive temperature gradients in the termination cryostat reduce operating
margins of the cables and increase the risks of damage.

Termination Cryostat Located at The Center
for Advanced Power Systems (CAPS) at Florida
- State University

|
)

Current Lead Chamber

Superconducting Cable
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!

PHPK . [t
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e
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Figure 1. Termimation Cryostat
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Figure 2. Schematic of

Copper Terminal Stainless Steel

Termination Cryostat

Support Structure

/ Modeling Technique \

e COMSOL Mulaphysics was used to develop a thermal model of the
termination.

e A 2D Axius-symmetric geometry was designed that couples the K — w
T'urbulent Flow Module with the Heat Transfer in Solids and Fluids Module.
e T'wo cases are modeled: when the current lead chamber 1s under vacuum

(Case 1), and when the current lead chamber 1s filled with ILLN2 (Case 2).

* The purpose of the model 1s to match with experimental results, locate

maximum heat leak, optimize geometry for shipboard applications, and

@don the need for LN2. /

/ Boundary Conditions \
Current Lead Inlet: Velocaity specification based on
Chamber mass flow rate (1-7 g/s) and
geometry of mlet channel.
Temperature specification (43-48K).
s Room E.’, Outlet: Gauge pressure set at 0 with
c>"é < Temgeéature d E a reference pressure of the absolute
E e 2 pressure measured during
= = experiments.
Room temperature boundary
condition set at 293.15K around the
Copper Feed border of the cryostat.
Through 77K boundary condition for Case 2
- (LN2) placed on the nside

Gaseous Helium Gaseous Helium

boundary of the current lead
@mber.

4

Gaseous
. Gas Flow
Helium Inlet —_—
S —
~ Gaseous

Axis of Symmetry Helium Outlet

Figure 3. Schematic of 2D axis-symmetric COMSOL model

a
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Navier-Stokes Equations

T'urbulent Conservation of lz/lomentum ,
p(u-Nu="r- [—pl + (@ + pp)(Vu+ (Vw)") — 3 (u+ pr)(V-wlI— §pKl] +F

Continuity Equation
V-(pu) =0

Energy Equation
pCou-VT =V - (kVT) + Q + Qup + W, /

A

) 4

w
p(u-"Nw = a;PK — pPw? + V- ((u + a,uT)Va))

N

/" The turbulent kinetic energy and
p(u-V)k =P, —pf*kw +V - ((u + O'*,LlT)VK)

dissipation (x — w) model for turbulent
flow calculation iIn COMSOL. was used to
close the Reynolds-averaged Navier-Stokes

- equations. ) Turbulent viscosity
K
K Ht =P o /
Figure 4. FEM mesh used by COMSOL
S

1
lllllllll

11
lllllllll

N

Mesh Properties

Total Number of Elements: 54829
Number of Triangular Elements: 50847
Number of Quadrilateral Elements: 3982
Number of Edge Elements: 4322
Number of Vertex Elements: 93
KAverage Computation Time: 8 min /

Model Results Y

* The model produces a 3D rendition of the termination cryostat with an

adjusted geometry tor the current lead chamber.

e A full and detailed thermal map and velocity protfile can now be produced.

e All kinds of parameters can be analyzed including pressure drop, heat leak,

locations of vortices and eddy currents, and large density variations.

* The model solves within a very reasonable timeframe which 1s good
@hng adjustments and optimization.

for

y

Results for termination cryvostat: mlet mass flow rate = 4.00 g/s, mlet temperature = 47.92K

A 203 A611
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48
Figure 5. Temperature Field (K) [Ja7.8 Figure 6. Velocity Profile (m/s)
V¥ 47.5 V¥ 5.64x107"

a Conclusion Y

* Results of the COMSOL model are congruent with the experimental results
as well as the results by PLECS (Piecewise Linear Electrical Circuit
Simulation) model.

e Results are better for Case 2 (current lead chamber filled with 1.N2),
because the 77K boundary condition 1s more accurate. Also 1t has smaller
delta T

3D model will be developed 1n the near future to test validity of 2D

@meﬁic model.

Figure 7. Comparison of Model

ax1s-

y

Figure 8. Comparison of Model

Results to Experimental Results

for Case 2 (ILN2)

Results to Experimental Results for
Case 1 (Vacuum)

T 4
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Effects of Longitudinal Variations in Critical Current
and n-Value of Individual Tapes on the Performance
of Superconducting Cables

Venkata Pothavajhala, Student Member, IEEE, Chul H. Kim, Member, IEEE, Lukas Graber, Senior Member , IEEE,
and Sastry Pamidi, Senior Member, IEEE

Abstract— This paper presents results and analysis of
simulations on critical current of superconducting cable affected
by longitudinal variations of superconducting properties
typically observed in commercial second generation high
temperature superconducting (2GHTS) tapes. It was observed
that the apparent critical current derived from measurements of
long tape sections and cables mask the sections with lower critical
current. Monte Carlo simulations coupled with mathematical
models of superconducting cables made from multiple tapes were
sued to assess potential risks in cable operations that are caused
by longitudinal variations in 7. and n-value of the conductor used
to fabricate long cables. It is shown that the variations in I,
reduce the designed capacity of the cables and increase the
chances of catastrophic damage when a cable is operated close to
its critical current.

Index  Terms—current distribution, critical
mathematical model, superconducting DC cables.

current,

I. INTRODUCTION

HIGH temperature superconducting (HTS) power cables are
highly efficient for power distribution and transmission
compared to conventional cables [1]. HTS DC transmission
systems have the advantages of high transport current
capability and zero resistive loss [2]. Studies show that HTS
DC power cables can be used in future power grids [3]. Recent
developments also include design, fabrication and istallation
of 2GHTS power cables in power grid [4]-[7].

Current distribution among the tapes of HTS cables was
found to be an important aspect to ensure optimal and reliable
operation of the cable [8]. The effect of critical current (/.),
index (n) value and contact resistances were investigated and
the results indicate that the uneven current distirbution due to
differences in these parameters among the tapes could lead to
catastrophic damage to the cables [9] [10]. The non uniform
current distribution also reduces the cpacity of cable and lead
to higher losses [11]. Current distribution is also important
issue for resistive superconducting fault current limiters [12]
[13]. During the processing and operation of 2GHTS tapes,
they might be subjected to mechanical, thermal and

Automatically generated dates of receipt and acceptance will be placed
here; authors do not produce these dates. This work was supported in part by
the Office of Naval Research under Grant N00014-14-1-0198.

Venkata  Pothavajhala ~ (Phone: 850 284  2660; e-mail:
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pamidi@caps.fsu.edu), Lukas Graber (e-mail: grabber@caps.fsu.edu) and
Chul Han Kim (e-mail: ckim@caps.fsu.edu) are with Center for Advanced
Power Systems, Florida State University, Tallahassee, FL 32310

electromagnetic stresses which can result in degradation of /..
The effect of bending on /. and minimmum bending radius of
the tape to avoid degradation with and without stabilizers were
studied in [14]. Compression, torsional strains and transverse
loading on the tapes of the cable also cause variations in .
along the length [15]-[17]. The importance of the uniformity
in the /. for practical applications of HTS coated conductors
was emphasized by measuring the local /s for various tensile
strains in [18]. The /. of commercially available 2GHTS tapes
varies along the length [19] [20]. Sometimes, the variation in
1, along the length could be as high as 10% compared to the
average or minimum /.. The variation of /. and n value along
the length of YBCO coated conductor commercially
manufactured by MOD/RABITS process was studied by the
Los Alamos National Laboratory in self field and in applied
field and were found to be significant [21]. Another important
aspect is that these variations would have significant impact
on performance of helium gas cooled cables that support
higher power densities when operated at 50-60 K [22]. This is
due to lower heat capacity of the helium gas. Commerical
tapes from multiple vendors were procured and characterized
to assess the extent of variations to be used in the models.

2GHTS is relatively new technology and involves complex
multilayers including epitaxial layers to accomplish the biaxial
texture needed to achive high critical current densitiy [23].
The manufacturers are devising quality control tools to
accomplish narrow distribution of superconducting properties
along the length which is also related to enhancing the yield of
the production. It will take some time for the manufacturing
processes to reach a level of quality control in all the
subprocesses in the manufacturing. Meanwhile, it is important
to understand the implications of longitudinal variations in
2GHTS tape propoerties on the characteristics of power
devices made from them. Many HTS cables have successfully
been demonstrated, but studies on the effects of longitudinal
variations in superconducting poperties have not been
reported.

This paper presents the effects of the longitudinal variations
in I. and n value of individual tapes on the overall
performance of the superconducting cables. Commerical tapes
from multiple vendors were procured and characterized to
assess the extent of variations in /., and »n value and the data
were used in the mathematical models presented. Monte Carlo
[24] [25] - a statistical computational method of solving
problems involving computer generated random values, was
used for analyzing the effect of variations in tape parameters
on performance of superconducting cables calculated using
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mathematical cable model. These simulations were used to
understand the nature and extent of the variations on the
performance HTS cable systems. 10 cables were modeled
using 300 tapes in which each tape is divided into 3000
sections and simulated with certain standard deviation of /.
and similarly for »n values along their lengths.

II. LONGITUDINAL VARIATION IN CRITICAL CURRENT

As HTS tapes used for manufacturing superconducting
cables have some variations in /. along their length, a
mathematical model was developed for a 30 m cable made of
30 superconducting tapes in parallel configuration. HTS tapes
were considered to have different I.s for each centimeter
section along the length as shown in Fig. 1.

1 cm section V;
% - :ll(;)l: &
s CTT— ---- _———— T

it section with critical current I;
L |
f 1
30m
Fig. 1. A model tape in a HTS cable divided into several lcm sections with
varying /. values.

1 is the total current passing through the tape (varying from
1 A to 120 A), V; is the voltage produced by i"™ section of the
tape having critical current of /; and index-value of n;.

K=E{%J (1)

cl

E. is the electric field criterion, 1uV/em. The total voltage (V)
produced by the 30 meter long tape is the sum of voltages
produced by N (3000) sections

K=i% )
i=l

The apparent critical current (/) of the whole 30 m tape can
be calculated using the Electric field of the tape (E)

E=—" 3)

Here, /; is the length of i™ section of the tape, which is equal
to 1 cm in this case. In designing a HTS superconducting
cable with a required I, typically the average Ic of
superconducting tape is used. The actual supplied tape has a
range of Ic values and manufacturers have the ability to
measure and supply the data for every 5 cm or even every cm.

To test the effect of the sections that have /., lower than the
average I.; of the tape, the following /; distribution (Fig. 2)
was considered with 10 % of tape sections having /,; less than

2

100 A and with a constant n of 30 for all sections.

The 1., of the tape obtained in this case was 96 A. From this
result it was clear that though 90% of the tape sections have
I.;s more than 100 A, the resulting /., of whole tape was
reduced by 4 A. This was because the sections of tape (10%)
with I;s lower than 100 A produce more voltage at higher
currents causing the electric field to reach its criterion
(1uV/em) before the current reaches 100 A.

160
140

2120
-2100
2 50
B 60
2 40
g 20
2% Ll
5 90 95

8 100 105 110 115 120
Critical current of individual sections (Ici)

Fig. 2. Distribution of critical current of tape sections

To study a more realistic case, all the 3000 sections of tape
were assigned normally distributed random values for their /,;s
with a mean of 100 A (/,,) and varying standard deviation
(o) of L A,3A,5A,7Aand 10 A.

1 3000

= |—>,-1,)
o, J3000§E(C, n) *)

i=1

The 1., of the tape was calculated for each case of oj..
Monte Carlo method was used to simulate large number
(about 50) of such tapes and the average value of I, was
calculated. The standard deviation (oj.) in I.;s was calculated
as in Eq. 4 and plotted against /.,/I.,, in Fig. 3.

12

! ¢ \
© 0.8 —~—
g
=06
[}
204
5
=02

0 T T T T T

0 2 4 6 8 10 12

Percentage deviation in Ici

Fig. 3. Reduction in 7., for certain longitudinal variation in 7;

Fig. 3 indicates that as the standard deviation of
critical current density along the length increases, the extent of
reduction of the apparent critical current density from the
average value also increases. The critical current as measured
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from end to end of a tape using the 1puV/cm electric field
criterion masks the variation and gives a value mostly
represented by the sections with lower values of critical
current.

To investigate the effect of tapes having longitudinal
variations in their characteristics on the performance of the
whole cables fabricated using such tapes, models were
generated for 300 tapes, each 30 meter long, with certain
standard deviation in the I, along their length, and with a
mean /. of 100 A. 30 of these tapes were randomly selected to
form each model cable of a set of 10 with a design /. of 3 kA.
The apparent /. of the whole cable is nothing but the sum of
I.,s of individual tapes in this case because the contact
resistances and n values of all tapes are assumed to be equal.
Ten such model cables were formed with each cable having 30
tapes of certain standard deviation in /. along their length. The
n value of all tapes was assumed to be equal to 30 in this case.
The summary results for the set of 10 cables is shown in Fig.
4. As seen from the figure, the higher the standard deviation of
critical current of individual tapes, the larger is the reduction
of measured critical current of the cable relative to the design
value. The reduction is a result of the use of average /. value
for design purposes, as is typically done.

120

100 \ g

80 ﬁ\‘\‘\\*

60

40

% (I, /1, ) * 100

20

0 2 4 6 8 10 12
cl,; along the lenght of tapes

Fig. 4. Percentage of apparent /. of the cable as function of cable mean /. for a
certain standard deviation in /,; along the length of individual tapes of the
cable.

III. LONGITUDINAL VARIATION IN INDEX VALUE

The effect of longitudinal variation of n value was also
studied taking normally generated random values for different
sections of the tape with mean n- value (#,,) of 30. The /. of
the tape was assumed to be constant along the length at 100 A.
The individual section voltages were calculated using Eq. 1.
After calculating the total voltage generated using Eq. 2, the £
of the tape was calculated using Eq. 3 and resulting E-/ curve
was fitted using power law from which the apparent index
value (n,) was extracted. Monte Carlo method was used to
simulate about 50 such tapes and the average n, was
calculated. The ratio of n, and n, is plotted against the
standard deviation in n value of the tape (as in Eq. 5) and
plotted in Fig. 5.

ASC2014-4LP01J-06

o, =\|——>(n,-n,) (5)

0.75

0.25

0 T T T
0 2 4 6 8
Percentage of standard deviation in n

Fig. 5. Apparent n of the cable as function of cable mean n for a certain
standard deviation in n; along the length of individual tapes of the cable.

As seen from Fig. 5, there is no significant change in n, of
the tape due to longitudinal variations in n value. This is
because the voltages generated by the sections with lower n-
value are compensated by the voltages generated by sections
with higher n-value. This indicates that the apparent n-value of
the whole cable would be close to the mean n of tapes even if
there are significant longitudinal variations in n-values of
tapes.

IV. CONCLUSION

Monte Carlo simulations on superconducting tapes in long
cable applications indicate that the longitudinal variations in /.
of the tapes reduce the design/rated capacity of the cable and
have significant effect on its performance. Generally,
manufacturers of superconducting tape provide the minimum
1. for the batch of superconductor, but short sectional
variations of tape also affect the cable performance in a long
length application. This is because the voltage produced by the
lower I. sections would be high enough to push the tape to
reach its critical current well before the average /. of the tape.
The longitudinal variations in » value do not seem to effect the
cable performance as long as these variations are distributed
normally around the mean n value. Hence the sectional
property distribution in /. should also be considered for best
performance of superconducting power cable design. In
general, to minimize operational risk that some sections of the
cable produce additional heat and cause potential damage,
particularly when the cable is operated close to its rated
capacity, tapes with a narrow distribution of superconducting
parameters are preferred.
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Abstract—A fluid mechanics and cryogenic thermal study of
the termination system of a gaseous helium cooled second
generation high temperature superconducting (HTS) cable is
presented. This includes a discussion on the development of a 2D
turbulent model that uses finite element method within
COMSOL to assess the temperature profiles in the terminations
and the comparison of the model results with those obtained
experimentally. Temperature gradients across the cable system
were measured before an actual HTS cable was installed to
ensure that they are within an acceptable range and to validate
the cryogenic design of the cable terminations. The experiments
were conducted at the gaseous helium cooled superconducting
cable test facility at the Florida State University, Center for
Advanced Power Systems (CAPS). The thermal model presented
here confirms that temperature gradients across a 30 meter long
HTS cable system operating at around 50 K can be maintained
below 6 K with helium gas mass flow rates of < 10 g/s. The results
of the thermal models agree with the experimental results. The
modeling methods used and the resulting thermal model reported
will be useful for future design studies in optimizing the
cryogenic thermal and fluid flow designs of superconducting
cables.

Index Terms—Helium Gas, COMSOL, Turbulent Flow, RANS,
Superconducting Cable

I. INTRODUCTION

ASEOUS helium as a cryogen for cooling high

temperature superconducting power devices is a relatively
recent development. The concept requires more studies and
testing to understand the implications of low thermal capacity
and other differences in properties of helium gas compared to
liquid nitrogen. Naval applications including degaussing
cables [1], propulsion motors, and power transmission systems
[2]-[5] have been at the heart of cryogenic gaseous helium
research. Several universities [6], [7] and power research
institutions including the Electric Power Research Institute
(EPRI) [8] have also conducted similar studies for utility
applications. Benefits of using gaseous helium over other
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gaseous and liquid cryogens for naval applications include
reduced risk of asphyxiation, single-phase flow, lower
operational temperature leading to higher HTS current
densities, and light weight. However, gaseous helium has a
low thermal capacity compared to liquid cryogens at the same
temperature and pressure [9], and it has a low dielectric
strength [10]. The low heat capacity requires a careful design,
and thus intensive modeling and experimentation must be
performed in order to understand the properties of gaseous
helium exposed to large temperature gradients.

Mechanical issues also arise during thermal cycles of HTS
cable systems due to the fact that different materials have
different coefficients of thermal contraction while cooling.
Therefore, it is important to investigate methods of reducing
mechanical deformation of HTS cable system components.
Locations susceptible to mechanical failures are typically
around the soldered joints at the terminations [11].

This paper is on modeling studies for cryogenic thermal
analysis of a high temperature superconducting cable
termination cryostat cooled with gaseous helium. Two
different cases were studied: In Case 1, the chamber
containing the current lead is under vacuum, and in Case 2, the
same current lead chamber is filled with liquid nitrogen. It
should be noted that this study does not consider Joule
heating. Most of the copper and HTS material was replaced
with temperature sensor bars in these tests. The focus was on
understanding the cryogenic thermal aspects of the physical
structure of the terminations. The results from the model were
compared to experimental results for which many different
cases have been investigated. These cases include a range of
mass flow rates from 1-7.5 g/s, gaseous helium pressures from
200-1100 kPa, and inlet temperatures from 43-50 K. The
model that is described in this paper uses the flow of helium
gas in the turbulent regime and heat transfer through the
termination. Reynolds numbers have been calculated up to
120,000 for the inlet channel, and 5,600 for the main channel,
so the turbulent flow assumption is valid. The model takes into
account the heat transfer throughout the entire termination.
The goal of this study is to model the termination cryostat,
compare results to those obtained by the experiments,
investigate optimization opportunities, and assess the need of
using any liquid cryogens in the process.
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Il. EXPERIMENTAL SETUP

The Center for Advanced Power Systems (CAPS) at Florida
State University houses a 30 m HTS cable test facility that
uses helium gas as the cryogen. Fig. 1 shows a schematic of
the termination system used for the models and for the
experiments. The experimental system involves two
termination cryostats on either end of a 30 m long HTS cable
cryostat and a cryogenic system that circulates the helium. The
termination facilitates current injection into the cable and
houses the superconducting cable ends that are attached to
copper leads using low resistive solder joints. The termination
tanks have vacuum jacketing to minimize heat leak into the
cryogenic helium environment. There are two chambers that
make up the termination cryostat. A horizontal chamber (that
houses the superconducting cable ends and contains the
cryogenic helium gas environment) is 2.05m long and a
vertical chamber (the current lead chamber) 1.17 m tall is
connected vertically on top of the horizontal chamber. Most of
the heat load on the superconducting cable system comes from
the two terminations. Fig. 2 shows a schematic of the fully
assembled termination that includes the superconducting cable
ends and current leads. The system that was modeled does not
have the cable ends because the purpose of the model and the
experimental data were to assess the heat load on the
terminations coming from the ambient environment. Hence
there is no Joule heating included in the model. In the system
that was analyzed, the copper feed through is the only
conductive material present, and it is there solely for structural
purposes (a pressure seal between the current lead chamber
and the horizontal chamber). The feedthrough does, however,
increase heat transfer from the helium gas due to its higher
thermal conductivity and must be accurately modeled. The
copper feedthrough has a diameter of 19.1 mm and a length of
82.0 mm.

Minimal heat penetrates the termination through the
vacuum jacket, and the ground supports have been carefully
designed to minimize heat conduction into the system. The
helium gas enters the termination from the left side and exits
at the right side of the horizontal chamber as shown in Fig. 2.
There is no helium present in the current lead chamber. Eight
temperature sensors were strategically placed throughout the
first termination to accurately record the temperature field
within. Of the 28 cases of non-Joule heating experiments that
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Fig. 2. Termination Cryostat. Top shows the fully functioning termination.

Bottom shows the termination set-up analyzed in this paper.

have been conducted, 15 of them were carried out while the
current lead chamber was under vacuum (Case 1). This
vacuum is separate and operates independently from the
vacuum jacket that surrounds the entire termination. The other
13 cases were done while the current lead chamber was filled
with liquid nitrogen (LN2) (Case 2). The purpose of testing
these two conditions is to determine the role of liquid nitrogen
and to estimate the heat load savings achieved by intercepting
the heat leak from the current lead whose top section resides in
LN2 or in vacuum depending on the case.

I1l. MODELING TECHNIQUE

A 2-dimensional axisymmetric model was developed to
analyze the thermal map of the gaseous helium throughout the
horizontal chamber at steady state. The axis of symmetry was
chosen to be through the center of the horizontal chamber. To
simplify the model, some assumptions and geometrical
approximations were made.

1. The heat leak due to Joule heating is neglected because
the experimental results used for comparison were
collected without current flowing through the cable.

2. The axis through the center of the horizontal chamber
was selected as the axis of symmetry. Because of this, the
geometry of the current lead chamber and the feed
through had to be properly adjusted so that it would
maintain an equivalent surface and cross sectional area as
it revolves around the horizontal axis of symmetry. This
creates a disk-shape structure around the superconducting
chamber when extrapolated in 3 dimensions, and it is
why the current lead chamber is much smaller than the
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horizontal chamber in the model. However the cross-
sectional area is equivalent.

3. The supports have been carefully designed to minimize
heat conduction into the system from the ground and are
neglected in the model. Geometry for the steel shell on
the outside of the vacuum jacket was also neglected
because it was assumed to have a constant temperature
(293.15 K) throughout.

4. Heat leak due to radiation is negligible since extensive
amounts of Mylar was installed around the horizontal
chamber in vacuum jacket.

Fig. 3 shows a 2D quadrant of the termination model, and it

also helps describe the two different cases.

For Case 1, air was added in the model as a solid domain
for the vacuum chamber inside the current lead chamber with
a low conductivity equivalent to the overall heat transfer
coefficient of the vacuum chamber. A correlation to calculate
an equivalent conductivity of both vacuum chambers was
found in [12]. Instead of modeling the complex physics of
convection, conduction, and radiation in the insulation space,
an equivalent conduction term is obtained from this
correlation. The thermal conductivity in this low pressure
theory is as follows:

K, = K,/(1+ C/PP), 1)

where K, is the thermal conductivity of air at the reduced
pressure, K, is the thermal conductivity at 1bar, C is a
constant equal to 7.6e-05, and PP is the pressure parameter
equal to:

PP = Pd/T, )

where P is the pressure of the air in Pascals, d is the plate
distance in meters, and T is the temperature in Kelvin.

The effective conductivity calculated for the vacuum jacket
was 1.14x10*W/(m-K), and the effective conductivity
calculated for the current lead chamber vacuum was
1.77x1072 W/(m-K).
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Fig. 3. Model Diagram (Case 1: current lead chamber under vacuum; Case 2:
current lead chamber filled with LN2

In Case 1, there are two separate vacuum chambers (the
vacuum jacket and the vacuum within the current lead
chamber) that operate independently from each other. For
Case 2, a boundary condition on the inside wall of the current
lead chamber was set to 77 K with no material within the
domain. The difference between Case 1 and Case 2 in terms of
heat transfer is that, for Case 1, heat transfer from the 300 K
environment to the horizontal chamber is considered including
leaks through the top plate and the stainless steel wall
structure of the current lead chamber. For Case 2, heat leaks
only by conduction through the copper feed through at the
bottom of current lead chamber where the temperature is 77 K.

The turbulent flow physics for compressible flow used by
COMSOL divides the flow into 2 regimes: large, resolved
scales; and small, unresolved scales. The large scales use the
Navier-Stokes equations, and the small scales use a turbulence
model that includes Reynolds-averaged Navier-Stokes
(RANS) equations associated with the Wilcox k — w
Turbulent Model [13]. The way the RANS model solves for
scalar quantities is it divides them into an averaged value and
a fluctuating part

p=¢+¢, ®)

where ¢ can represent any scalar quantity of the flow, ¢ is the
averaged value, and ¢’ is the fluctuating value. RANS models
are numerically less expensive than resolving all present
scales. The model couples the k — w turbulent flow physics
with heat transfer in fluids and solids. The Navier-Stokes
equations used in the stationary turbulence model for
compressible flow and the energy balance for heat transfer are
as follows:

pu-Vyu =V [~pl + (u+ pr) (Vu + (Fu)") -

2t )V ) =2 pkl | + F; @
V- (pu) =0; (5)
pCou- VT =V - (k,VT) + Q + Qup + W, (6)

where p is the density of the gaseous helium, u is the velocity
field, p is the absolute pressure, u is the viscosity, ur is the
turbulent viscosity, T is the absolute temperature, k is the
turbulent Kinetic energy, F is the volume force, C, is the
specific heat at constant pressure, k. is the temperature
dependent thermal conductivity, Q,; is the viscous heating
term, Q contains heat sources other than viscous heating, and
W, is the pressure work term. The turbulent model introduces
two additional transport equations along with two additional
dependent variables to close the RANS equations: the
turbulent Kinetic energy, x, and the dissipation per unit
turbulent kinetic energy, w.

pQu-V)k = P, — pfka + V- (1 + 0" ur)Vk) @)
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p(u-Vw = waPy/k — ppw? + V- ((u + our)Vw)  (8)

These two additional terms are related to each other through
the turbulent dynamic viscosity, ur,

ur = pk/w. ©)

The rest of the symbols in (7) and (8) are reported in Table
1. These constants are closure coefficients, and they provide
algebraic expressions of known mean-flow and turbulence
properties in place of unknown double and triple correlations.
Because the Wilcox k — w theory is not exact, the values of
the closure coefficients are set to assure agreement with
observed properties of turbulence. More information on this
can be found in Wilcox’s book [13].

TABLE |
CONSTANTS WITHIN THE ADDITIONAL TURBULENT EQUATIONS AND THEIR
CORRESPONDING RELATION

Constant Relation
a 13/25
B Bofp
B Bofs
4 1/2
" 1/2
Bo 13/125
fﬁ (1 + 70Xa))/(1 + SOXa))
Xw |Qij9jk5ki/(ﬁ5w)2|
B 9/100
fl?* 21, X <0
{(1 + 680)(,{)' 220
(1+400x2)
Xic (Vk - Vw)w™?

The finite element method implementation used 206,108
total mesh elements. Fig. 4 shows the mesh convergence test
done on the model for a Case 1. In this case, the inlet mass
flow rate is 4.2 g/s, and the inlet temperature is 47.5 K. After
approximately 205,000 mesh elements, there is no significant
gain in the solution’s accuracy, and therefore that number of
mesh elements was selected for the model.

A boundary layer mesh is imposed at the fluid-wall

90

Percent Accuracy
@ O N N ©
(5] (=] (1] o (4] o (1]

(5]
[=]

4 . ; . ; '
50 1 2 3 4 5
Number of Mesh Elements 5
x 10
Fig. 4. Mesh Convergence Test for Case 1. Mass Flow Rate = 4.1 g/s, Inlet
Temperature = 47.5 K

boundary to resolve the velocity profile and heat transfer near
the wall, and a swept mesh is generated through the constant
cross-section of the superconducting chamber. Analytical
expressions known as wall functions are imposed at the wall
to efficiently describe the flow [14]. The wall functions are an
accurate approximation that starts where the logarithmic layer
meets the viscous sublayer (neglecting the buffer layer in
between). The heat transfer is also accurately adjusted for
using these wall functions.

IV. RESULTS AND DISCUSSION

The computational model was run for all 28 cases of
thermal experiments of the cable system at CAPS. Figs. 5 and
6 show the temperature field and velocity magnitude profile,
respectively, for Case 1 where the mass flow rate is 4 g/s and
the inlet temperature is 47.5 K. The gradients within the
superconducting channel for both temperature and velocity
can be seen in these plots. The peak velocity of the helium gas
was 5.89 m/s located in the center of the channel, and the
average peak temperature of the helium gas was 73.2 K at a
location near the current lead chamber. Velocity streamlines in
Fig. 6 show a vortex which causes higher velocity magnitudes
near the wall. The heat flux was integrated along the outer
boundary of the system. It was found to be a maximum at
16.3 W for Case 1 when i = 6.1 g/s and a minimum at 9.6 W
for Case 2 when m = 1.0 g/s.

The temperature rise from the inlet of the cryostat to the
outlet was the parameter chosen to compare the theoretical
results to the experiment. Figs. 7 and 8 show these
comparisons for Case 1 and Case 2, respectively. The results
for Case 2 agree better with the experiment than for Case 1
possibly because the boundary condition of 77 K imposed in
Case 2 is stronger and can exclude uncertainties that can come
from additional heat transfer simulation in the domain of the
current lead chamber.

55 54 53 52 51 50 49 &
| -
< Current Lead Horizontal 2937(
47.4K Chamber Chamber
Outlet

Inlet

Fig. 5. Temperature Field for Case 1. (Unit for color bar is in Kelvin)

0.05 0.1 0.15 0.2 0.25
[ T
< _ Current Lead Horizontal >
0 ﬂber Chamber 5.89m/s

Fig. 6. Velocity Profile with Streamlines for Case 1. (Unit for color bar is in
m/s)
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Fig. 8. Comparison of the temperature rise between the inlet and outlet for
the experimental and computational results for Case 2 (LN2)

V. CONCLUSION

A 2D axis-symmetric, k —w turbulent model was
implemented to analyze fluid flow and heat transfer in the
termination cryostat of an HTS cable cooled with gaseous
helium as the cryogen. This study is one of the first attempts to
computationally model a termination as a necessary first step
for further optimization. The results agree well with the
experimental data for both cases. The model shows better
agreement with the experiment when temperature boundary
conditions are set as close to the horizontal chamber as
possible. This is the case for Case 2 where the 77 K boundary
condition is set at the bottom of the current lead chamber.
Some perspective conclusions could be made throughout the
development of this model:

1. The flow is within the turbulent regime, and a 2D axis-

symmetric turbulent model can solve in a short time.

2. Most of the heat leak experienced by the termination is

through the current lead chamber.

3. The presence of the copper feed through is necessary to
properly simulate heat transfer due to conduction since
it is also an important heat transfer path in termination
design.

A 3D model will be developed to further test the validity of
the 2D axis-symmetric model. This is desirable because the
geometry can be accurately reproduced (especially the current
lead chamber), electrical characteristics can be introduced
more conveniently, and improved optimization studies can be
made. The 3D model will be tested against the 2D axis-
symmetric model to determine if its improved accuracy
outweighs the higher computing power requirements.
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