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1) Introduction
In 1911 superconductivity was first observed in mercury by the Dutch physicist Heike
Kamerlingh Onnes of Leiden University. He discovered that a superconductor is a
material with zero electrical resistance. That is only when a current is transmitted
through the conductor without any resistance. If a current is flowing inside a loop of the
superconductor it will keep flowing forever. In a normal conductor the current will be lost
due to the heat of the friction.
Heike Kamerlingh also discovered that the resistance disappeared when the materials, of
a superconductor, were cooled to a temperature of minus 269 degrees Celsius with liquid
helium.
German researchers Walther Meissner and Robert Oschenfeld discovered that
superconducting materials want to push the magnetic field away. This force is so strong
that it can lift up a magnet from his conducting plate. So when a magnet with a
temperature of -269 degrees Celsius is moving above a conducting plate the magnet
start to induce a current in the conductor. This is the same principal of a generator.
There are two types of Superconductivity:
High temperature Superconductivity
Low Temperature Superconductivity
1.0.1) HTS conductivity:
High Temperature Superconductivity means that the HTS items will be cooled with liquid
nitrogen. Liquid nitrogen will cause the temperature to drop to minus 200 degrees.
1.0.2) LTS conductivity:
Low Temperature Superconductivity means that the LTS items will be cooled with Liquid
Helium. When liquid helium is used, the temperature will drop to minus 269 degrees
Celsius. The temperature of LHT conductivity is nearly -273,15 degrees Celsius (absolute
zero point in Kelvin) and very difficult to create this temperature.
The Maritime University of Rotterdam gave the four project groups of class LZHBOM1v an
assignment to do research for a technical project with the main theme maintenance. This
theme is divided in three disciplines: Automation, Propulsion and Auxiliary Systems, and
Electrical engineering. Each project group could choose one of these disciplines. Project
group four selected the discipline of Electrical engineering related to maintenance.
With the discipline chosen the group had to find a subject that is innovative and related
to the theme. Project group four decided that the subject about superconductivity is
interesting and upcoming. Governments, Companies and Universities are researching and
developing this subject in different ways in different sectors.
Project group four wants to learn more about superconductivity and the use of HTS
generators onboard of ships by looking especially at the maintenance side of these types
of generators.
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1.1) Problem definition
Maintenance is required to maintain the integrity of the ship and machinery equipment.
The problem that the crew and the shipping company encounter is that maintenance
require:
-

Time
Money
Education

Time:
In order to carry out the maintenance time is required. Most of the time the maintenance
can be done during port operations. Sometimes the maintenance must be done at sea.
This causes a time delay during the voyage. Some machinery equipment requires a lot of
time that can be reduced in order to maintain other devices.
Money:
Investments is required to keep the integrity of the ship. The machinery equipment
requires spare parts, time of the crew, education of the crew, maintenance tools etc.
All these items requires money to carry the maintenance out. If shipping companies do
not invest any money in their ships the condition will decline.
Education:
The technology on board ships is constantly under development. This means that all the
engineers need to be trained to use and maintained all the machinery equipment.
The problem that will be solved is the reduction of maintenance by superconductivity.
In order to reduce the maintenance costs and time we will look into the different
applications of superconductivity. In order to reduce the maintenance time and costs the
main question will be answered.
1.4.1)

How can superconductive systems reduce the maintenance on
board ship?

In order to answer the main question the following sub-questions will be answered:
1.5.1)
1.5.2)
1.5.3)
1.5.4)

What is superconductivity?
How can superconductivity be applied onboard of ships?
How reliable are superconductivity applications?
What level of knowledge do the engineers require to maintain
superconductive equipment?
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1.2) Project Borders
1.2.1) The project contains:
-

Basic Principals of superconductivity.
Required knowledge of superconductivity.
The maintenance that can be done on board.
The maintenance that can’t be done on board.
Cost of the superconductive equipment.
Applications of superconductivity.

1.2.2) The project does not contain:
-

The actual building of superconductive applications.
Calculations for the technical aspects of the stator coils.
The costs in research and development.
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1.3) Research
Research should be related to problem finding, problem solution and innovative practical
solutions, rather than inventing new systems and concepts.
The research will consist of:
Desk research:
o Problem analysis
o

Literature study
 Al important documents are uploaded on Natschool

o

Companies who investigate Superconductivity
 ABB
 Leiden University
 Hitachi
 AMSC (American Superconductor)



Nexans

AMSC
The company American Superconductor (AMSC) together with the U.S. Navy are
researching and developing HTS motors and generators for naval and commercial
shipping. The most recent published research from this company is available to the year
2006.
Nexans
Nexans is a company specialized in marketing, sales and distribution of a wide range of
energy, communications and telematics cables. The activities of the company are focused
on three key markets:
-

building
Industry
Infrastructure
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1.4) Main Question
1.4.1) How do superconductive systems reduce the maintenance on board ship?
Superconductivity is still in a research phase and superconductive applications have not
yet been installed on board on commercial ships. A lot of companies are doing research
into how these systems can be implemented and Siemens has conducted an endurance
test on a HTS generator running nonstop at 3600 rpm for half a year. The generator is
specified to comply with the regulations of the technical inspection organisation
Germanischer Lloyd.
High temperature superconductor bearings have no friction because the shaft levitates
magnetically in the bearing. Since there are no touching surfaces this results in zero wear
on the rotating parts. Vibrations are also reduced to an absolute minimum.
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1.5) Sub questions
1.5.1) What is superconductivity?
Superconductivity is the phenomenon where electrical resistance in a conductor
disappears when the material is cooled below a certain critical temperature.
Metals conducting electricity at room temperature always have a resistance that results
in a loss of power which is converted to heat. There are also insulators like plastic and
rubber that conduct no electricity or very little.
A superconductor has zero electrical resistance and is a perfect conductor. Research has
shown that electricity can flow through superconducting wires for months without having
any loss in power.
This phenomenon was discovered on April 8th, 1911 in the Netherlands by the physicist
Heike Kamerlingh Onnes. He was the first person to produce liquid helium and together
with his assistant Gilles Holst he was using this ultra-cold liquid to study the electrical
properties of solid mercury. They discovered that at a temperature of around 4°K was no
measurable resistance in the metal and low temperature superconductivity (LTS) had
been discovered.
In 1904 Kamerlingh Onnes founded a laboratory in Leiden where he experimented with
extreme low temperatures. In 1908 he finally achieved to produce liquid helium. He used
20 liters of liquid hydrogen (-259°C) to cool the helium for 12 hours at a pressure of 100
atmospheres. The temperature steadily dropped but stopped after a while. He thought
the experiment had failed. In fact it was the thermometer that could not cope with the
extreme low temperature. He succeeded and reached a temperature of -268°C (4,2°K) to
produce liquid helium.
In 1911 Kamerlingh Onnes' assistent Gilles Holst was doing research to see what the
influence might be of extreme low temperatures on conductors. Using platinum wire and
gold wire he noted that as the temperature decreased steadily the resistance dropped. At
nearly absolute zero degrees Celsius the resistance became constant. This was because
the conductors were not pure metals and had impurities. He then, beginning at room
temperature, used pure liquid mercury and conducted the test again. At 4,2°K the
resistance was 500 times smaller and at 4,18°K there was no measurable resistance at
all. Gilles Holst thought he made mistake and told Kamerlingh Onnes. He repeated the
experiment and came to the same conclusions. His research was published and given the
name: Superconductivity. In 1913 Kamerlingh Onnes received the Nobel Prize for his
research on helium and superconductivity.
In 1933 the physicists Walter Meissner and Robert Ochsenfield discovered that when
superconductors are cooled below the critical temperature that there is no magnetic flux.
With this discovery they could make a magnet levitate above a superconductor. The
called it the Meissner effect.
BCS Theory:
In 1957 the American physicists Bardeen, Cooper, and Schrieffer proposed the first
microscopic theory of superconductivity since its discovery in 1911. The theory describes
superconductivity as a microscopic effect caused by a "condensation" of pairs of electrons
into a boson-like state.
The theory is complex but is based on the idea that as electrons pass through a metallic
lattice they attract the closest positively charged metal ions towards them. This cloud of
positive charge then attracts a second electron towards it and vice versa. The electrons
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therefore form "Cooper" pairs, which behave as if they were weak positive charge
carriers (bosons) and move together through the lattice without experiencing any
resistance. The binding force between the pair of electrons is very weak and if the
thermal vibration of the metal lattice is too great the pairing is broken and the
superconducting effect vanishes. The temperature at which this occurs is called the
critical temperature and is different for each particular material. Strong external
magnetic fields can also disrupt the superconducting effect.
BCS theory explains superconductivity up to a critical temperature of around 30°K.
High temperature superconductor:
In 1986 Bednorz and Müller published that they had a superconductor at 35 K. This
superconductor was an alloy of copper oxide, barium and lanthanum. After this discovery
physicists where soon researching a wide variety of different alloys.
The real breakthrough came when yttrium was used instead lanthanum. This alloy had a
critical temperature of 95° K which is above the temperature of liquid nitrogen (77°K).
With this discovery superconductivity became a practical possibility in all sorts of
electrical applications.
The current temperature record stands at 164°K with an alloy of mercury, barium
calcium and copper oxide that is pressurized. This ceramic alloy is difficult to handle
because it is very brittle however it is already in use as a thin layer on microchip sensors.
Unfortunately BCS theory is not applicable with high temperature superconductors, and
nobody is actually sure how this phenomenon works at the atomic level. There are many
theories but it seems that certain conditions are required:
-

Thin layers of copper atoms in the superconducting crystal lattice which encourage
the creation of Cooper pairs.

-

Within the copper layers the formation of stripes or rivers of electric charge seem
to make the difference between success and failure.
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1.5.1.1.) What is the difference between HTS and LTS?
BSC theory:


HTS
BSC-theory not applicable on HTS. The BSC-theory was based on conventional
superconductivity (LTS). They discovered that with different alloys
superconductivity can be reached at higher temperatures above 30 K. After the
finding of HTS the BSC-theory was declared useless. There is no exact theory how
HTS works.



LTS
Works on BSC-theory.

Cooling temperature:


HTS
Cooling temperatures above 30˚K (-243.2˚C).



LTS
Cooling temperatures below 30˚K (-243.2˚C).

Magnetic field:


HTS
HTS cables make their own magnetic field, when that magnetic field is disturbed
by an external magnetic field the superconductive properties stop working. There
is no exact theory what causes this problem.



LTS
With LTS the magnetic field is generated by the Meissner-effect. This effect rejects
an external magnetic field of a superconductor that is below the critical
temperature. The magnetic field lines bend around the material.
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Superconducting alloys with temperatures.


HTS

Alloys

Temperature

Alloys

Temperature

Hg0.8Ti0.2Ba2Ca2Cu3O8.33
HgBa2Ca2Cu3O8
HgBa2Ca3Cu4O10+
HgBa2Ca1-xSrxCu2O6+
HgBa2CuO4+
Tl2Ba2Ca2Cu3O10
Tl1.6Hg0.4Ba2Ca2Cu3O10+
TlBa2Ca2Cu3O9+
Tl0.5Pb0.5Sr2Ca2Cu3O9
Tl2Ba2CaCu2O6
TlBa2Ca3Cu4O11
TlBa2CaCuO7+
Tl2Ba2CuO6
Bi1.6Pb0.6Sr2Ca2Sb0.1Cu3Oy

138 K
133-135 K
125-126 K
123-125 K
94-98 K
127-128 K
126 K
123 K
118-120 K
118 K
112 K
103 K
95 K
115 K

Bi2Sr2Ca2Cu3O10***
Bi2Sr2CaCu2O9***
Bi2Sr2Ca0.8Y0.2Cu2O8
Bi2Sr2Ca2O8
Ca1-xSrxCuO2
TmBa2Cu3O7
GdBa2Cu3O7
YBa2Cu3O7+
Y2Ba4Cu7O15
Yb0.9Ca0.1Ba1.8Sr0.2Cu4O8
YbBa1.6Sr0.4Cu4O8
(Ba,Sr)CuO2
GaSr2(Y,Ca)Cu2O7
(La,Sr,Ca)3CuO6

110 K
110 K
95-96 K
91-92 K
110 K
90-101 K
94 K
93 K
93 K
86 K
78 K
90 K
32 K
30 K



LTS:
Element

Temperature

Element

Temperature

Lead (Pb)
Lanthanum (La)
Tantalum (Ta)
Mercury (Hg)
Tin (Sn)
Indium (In)
Thallium (Tl)
Rhenium (Re)
Protactinium (Pa)
Thorium (Th)
Aluminium (Al)
Gallium (Ga)
Molybdenum (Mo)

7.196 K
4.88 K
4.47 K
4.15 K
3.72 K
3.41 K
2.38 K
1.697 K
1.40 K
1.38 K
1.175 K
1.083 K
0.915 K

Zinc (Zn)
Osmium (Os)
Zirconium (Zr)
Americium (Am)
Cadmium (Cd)
Ruthenium (Ru)
Titanium (Ti)
Uranium (U)
Hafnium (Hf)
Iridium (Ir)
Beryllium (Be)
Tungsten (W)
Platinum (Pt)
Rhodium (Rh)

0.85 K
0.66 K
0.61 K
0.60 K
0.517 K
0.49 K
0.40 K
0.20 K
0.128 K
0.1125 K
0.023 K
0.0154 K
0.0019 K
0.000325 K

1.5.1.2.) What are the advantages/disadvantages of HTS?
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Advantages:
 The high temperature superconductor needs less cooling than LTS to reach the
superconducting properties, because the finding of new alloys that super conduct
at higher temperatures above 30°K.
 HTS can be cooled with cheap liquid nitrogen.
Disadvantages:
 HTS can be disturbed by an external magnetic field, because its own magnetic
field is disturbed by the external magnetic field.
 The materials used for cabling are very brittle and can be difficult to handle,
because the materials to make the alloy are very brittle.
 When there is no cooling there is no superconductivity. The molecules move
around in the alloy at room temperature. When this happens the electrons cannot
create a cooper pare. This results to resistance in the alloy.
1.5.1.3.) What are the advantages/disadvantages of LTS?
Advantages:
 Materials are easy to handle, because the materials used are pure metals and are
less brittle.
Disadvantages:
 Temperature needed to reach superconductivity is very low (0-30 K) and difficult
to reach.
 Cooled with expensive Liquid helium. Liquid helium is used because it can cool
materials to extreme low temperatures that are needed for low temperature
superconductivity. Helium is nonrenewable source that is why it is so expensive.
 Requires a special cooling system, the cooling system needs to be well insulated
to keep the liquid helium liquid. Liquid helium can also flow uphill and in a cooling
system it needs to flow in one direction to create the best cooling capabilities.
 When there is no cooling there is no superconductivity. The molecules move
around in the material at room temperature. When this happens the electrons
cannot create a cooper pare. This results to resistance in the material.
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1.5.2) How can superconductivity be applied onboard of ships?
In the future more and more alternative power sources and applications will emerge.
The generation of electricity and the utilization of the electric power on board ships will
change.
1.5.2.1.) How can superconductivity be implemented onboard ships?
Applications
Power Cables

Major Technical Features
Higher current densities, smaller cable
diameters, lower transmission losses

Current Limiters

Highly non-linear super-normal conductor
transition, self-controlled current limitation

Motors / Generators

Higher current densities, smaller size, lower
weight, lower losses

Magnetic Bearings (based on
HTS bulk materials)

Higher current densities, lower losses
stronger levitation forces, self-controlled auto
stable levitation.
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HTS PROPULSION MOTOR
The HTS propulsion motors are powered by conventional diesel generators. This system
is almost exactly the same as the conventional diesel-electric propulsion systems. The
one and only difference is the propulsion motor.
The HTS propulsion motor is equipped with a variable speed drive. The variable speed
drive is an electrical control devices that changes the speed of the motor. The speed of
the motor is adjusted by changing the input of the electrical frequency to the motor.
The main
-

components of a HTS propulsion motor are:
The bearings
The rotor poles
The brushless exciter
The housing
The stator coils
The housing
A EM shield
A vacuum camber
A helium transfer coupling
Back Iron

The rotor
-

assembly includes:
HTS field windings
Support structure
Cooling loop
Cryostat
EM shield

The stator assembly includes:
Stator winding
Back Iron
Stator Winding support structure
Bearings
Housing
The field windings is an assembly of pole sets with special HTS wires. The HTS wires are
designed to withstand the powerful magnetic and mechanical forces in/on the rotor. The
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HTS pole sets are attached to the support structure. The support structure provides
mechanical support for the windings and it provides a path for the cooling of the
materials. The field windings for the stator and the rotor consists of several HTS coils.
These coils are conduction-cooled through the support structure.
The pole sets (N/S pole) and support structure are enclosed in a vacuum-sealed cryostat.
The vacuum-sealed cryostat is a vacuum-sealed chamber where a continuous cold
temperature is maintained. The vacuum is created to extract the moisture out of the air.
The vacuum also prevents that moisture can penetrate through the chamber. By
extracting the moisture out of the chamber the freezing of the moisture is prevented.
This cryostat will minimize the radiant heat input and provides an insulated working
environment for the HTS field coils. A cryostat is a device that will maintain the cold
cryogenic temperatures at a stationary level.
Outside the cryostat an EM shield is attached for the following reason:
It protects the field winding by extenuating asynchronous fields, produced by
the stator windings.
It carries high torque during a fault
It provides a damping for low frequency torsional oscillations
The Electro Magnetic (EM) shield is designed to be mechanically robust and to withstand
large forces. These forces will be generated during faults.
The EM shield will absorb the heat that is caused by negative sequence currents.
The HTS propulsion motor needs to be cooled to minus 200 degrees to obtain
superconductivity. So a refrigeration system is required to obtain the superconductive
temperature. The refrigeration system will be a closed cooling loop system. The cool
medium can be liquid nitrogen or helium. The refrigeration system will keep the HTS field
windings at a cryogenic temperature.
The closed cooling loop runs from the turning rotor body to the externally located,
stationary Gifford McMahon cold heads. The cooling loop does not need any rotating gas
coolers.
The stator windings are equipped with a class F insulation but operates with class B
insulation temperature. The stator coils are fitted with copper Litz conductor.
Litz wire is a type of cable that is used in the electronics to carry alternating current. The
cable is designed to reduce the skin effect and the proximity effect losses in the
conductors. The cable consists of many thin twisted wires. Each wire is individually
insulated and twisted. So litz conductors are made up of a smaller diameter insulated and
twisted wire strands.
Skin effect is the inclination of an AC current to distribute itself within a conductor, with
the highest current density at the surface of the conductor. In easy terms the electric
current flows mainly at the surface of the conductor.
Skin effect causes effective resistance to increase at high frequencies so it is reducing the
effective cross-section of the conductor. The resistance can be toned down by using the
Litz wire.
Proximity effect is the effect that occurs when a superconductor comes in contact with a
non-superconductor. The proximity effect is caused by diffusion of cooper pairs into the
normal material and by diffusion of electronic excitations in superconductors. (Cooper
pairs are two electrons that are unite at low temperature). The critical temperature of the
superconductor is suppressed and very weak signs of superconductivity are observed in
normal materials .
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The effect of the suppression, of the critical current, is the highest when a normal
material is made of ferromagnetic material. The presents of internal magnetic field
causes to weakens the superconductivity.
A conventional electromotor is equipped with a rotor and a stator. The stator winding will
experience, during operation, high magnetic forces. These forces will cause the rotor to
turn by attracting and repulsion of the magnetic poles of the rotor. The rotor and stator
have so called iron teeth (see photo) that will cause the rotor to turn inside the stator.

The stator’s armature of the HTS motor is not fitted with iron teeth. Without the teeth in
the stator, the support and cooling system require special attention.
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Power Cables
When HTS cables are cooled to a very low temperature the cables are capable to conduct
electricity with little or no resistance. This means that a HTS cable is capable to transmit
more electricity than a conventional wire with the same cross section.
First Generation wires:
The first generation wires are produced by what we now know as OPIT or PIT process
(Oxide Powder-In-Tube process). To produce these wires a silver tube is filled with Bi2223 precursor powder. Bi-2223 precursor powder is Bismuth strontium calcium copper
oxide powder also know as ceramic powder.
Then the tube will be sealed to prevent the loss of the Bi-2223 powder. After the wire is
sealed it is pressed trough a draw plate. The draw plate is a plate with a number of holes
with decreasing diameters. The result of this process is that the tube will decrease to a
wire of approximately 1 mm in cross section. A number of these wires can then be
bundled together in a silver tube and be pressed through the drawn plate again. The
result is a HTS wire with a small cross section.

(draw plate)
When the wire reaches its correct cross section the wire is then rolled into a flat tape.
This step ensures the grain alignment. The tape is then heated to a high temperature to
form a dense flexible crystallographically-alligned conducting tape. This tape is then
suitable to be used for coils in motors, transformers etc.
The result of the heat is that the contact between the grains will be atomically smooth.
This causes a smooth transmission for the electricity through the cable and not a
transmission through the cable grain to grain.
Second generation:
The 2G wire is fabricated by an automatically continues process. This process uses a thin
film deposition technique to apply the superconducting material on buffered metal.
The YBCO layer is deposed by using a TFA-based solution process (called metal-organic
deposition or MOD) and react to form the superconductor.
2G conductor is based on a combination of a solution-based YBCO process and a biaxial
textured RABiTS-type NiW substrate.
YBCO means Yttrium Barium Copper Oxide. This is a crystalline chemical compound that
is able to operate at temperatures above the boiling point of liquid nitrogen.
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The 2G wire is a wire that can perform in a magnetic field because of nano – scale flux
pinnen centers. These centers are created through the use of the YBCO substance inside
the wire. The Flux pinning in superconductive wires prevent a decrease in critical current
density in the presence of a high magnetic field. The nano – scale flux pinning absorbs
the magnetic flux that will be moving true the wire and fixes it into place. This is done by
decreasing the amount of resistance.
The 2G wire is put through several quality assurance and quality controls. This is done to
ensure the uniformity of the product, the maximum performance en the reliability.
Quality assurance is the systematic monitoring and evaluation of the different aspects of
a project, service or facility’s. With this check the minimum standard of the quality is
being attained. But a quality assurance cannot guarantee the maximum quality of the
production.
Quality control ensures that the quality of all factors involved in the production are in
good condition.
This wire has the potential of operating high field devices at liquid nitrogen temperatures
of 77K.
The coated conductor was laminated to a 50 or 75 μm thick copper foil using a reel-toreel lamination process. This process uses a conventional solder and is optimized to a
thin 5 μm thick solder layer.
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Sensors:
Examples of electronic applications are outstandingly precise and low-noise microwave
filters. This can be used in radio communication systems and superconducting quantum
interference devices (Squids) based on weakly coupled Josephson junctions.
Superconducting Quantum Interference Devices (SQUIDS) are superconductive loops
with integrated Josephson contact. SQUIDS can be used in the most sensitive magnetic
fields, as a sensitive magnetic sensor. The magnetic field of the HTS SQUIDS operated at
the temperature of Liquid Nitrogen (-196˚C)
HTS SQUID systems are able to observe the magnetic signals. The HTS SUIDS are
capable to observe the magnetic signals even in the presents of any disturbing
background fields, without the magnetic shield to carry the load.
A Josephson junction can be made by separating two superconductive materials with one
non superconductive material. The non-superconductive material must be a very thin
film, up to several microns thick.
The Josephson effect occurs when a current can flow, without resistance, between the
two weakly coupled superconductors. This current can continue to flow until the critical
current is reached.
When the current through the junction does not exceed the critical current, the voltage
will be zero. But when the critical current is exceeded, another voltage will develop
across the junction. This voltage is not zero but oscillates in time, this voltage is an AC
voltage.
The measured voltage will oscillate with the changes in the phase of the two junctions if
a constant distorted current is maintained. This voltage depends on the changes within
the magnetic flux. The oscillations can be counted to evaluate the flux changes which has
occurred
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Squids are able to monitor magnetic fields that are a million times weaker than the
magnetic field around the earth. So any object that transmit a magnetic field will be
detected.
HTS Squids can be used as a Multi-probe Gradiometer. A multi probe Gradiometer
measures the varieties in the earth magnetic field that are caused by local defect. Such
as: Ore deposits, Ferrous object below the surface. The size of the measured object is
proportional to the amount of ferrous metals in the soil.
The Multi gradiometer probe can be deployed on the water. The GPS will be combined
with the heading of the ship to ensure an opaque surface mapping of the sea bed.
The gradiometer can be used for:
detecting metal objects
archaeological artefacts
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HTS Fault Current limiters
Current limiters are designed to protect the ship power supply system. Short-circuit
currents are automatically limited to a non/critical value as soon as the current suddenly
rises above the limited current, of the superconductor. After a peak of current the current
limiter will automatically reset itself.
The potential application for the HTS current limiters includes ships where standalone
systems need to be redesigned. It can also be applied on existing electrical supply
system that already have reached its maximum capacity. When an HTS current limiter is
used the circuit breakers can switch off with a much lower breaking capacity. Because
the thermal en mechanical loads on the downstream components will decrease the
durability of the limiters will increase.
By installing a current limiter in a bus tie of a power system the non-faulty power
subsystems can be maintained if a short-circuit occurs. This ensures that the ship is not
disabled when a short circuit occurs.
The superconductor is put into a coil and parallel-connected to the coil. When the current
exceeds the critical value, the current flows through the parallel connected coil. This
current will create a magnetic field that immediately forces the superconductor into a
non-superconductive state.
In 2005 / 2006 Siemens has developed a current limiter for high voltage systems. This
current limiter is designed to instantly interrupt the power system to prevent any
damage to cables or other machinery equipment. This spiral shaped printed conductor is
made of ceramic material (YBCO) and is actually a ceramic superconductor. It is
completely submerged in liquid nitrogen, with a temp of -196°C. This limiter is able to
transmit up to 50 A of current with no resistance and no loss. But when the current rises
above the 50 A the superconductivity breaks down. The response of the limiter is
immediate. The advantage of the immediate reaction is limiting of the current and
minimizing the risk of a black out. The generated heat will cause the liquid nitrogen to
boil and a short cooling down period is required to use the limiter again. The most
interesting is that the printed conductor on the circuit board is less than 0,001 mm thick,
instead of the conventional copper conductor who is about as thick as a pencil.
In 2007, the Power and Sensor Systems Division of Siemens Corporate Technology (CT),
successfully tested a self-reactivating high-breaking-capacity fuse. This fuse used these
types of superconductors and was rated for currents of up to 300 A and voltages of up to
7500 V.
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Fault occurred

160 msec

560 msec

2sec

HTS Transformers
A transformer will convert the generated voltage to a transmission voltage. The HTS
transformers are commonly used in the utility grid. The transformer is composed of two
conductors or windings around a magnetic coil. The electric magnetic induction flows
through the primary coil and out the secondary coil. The HTS transformers are made of
HTS wires instead of the conventional copper wires. The HTS wires bring the efficiency up
to almost 100%. The HTS transformer has zero resistance with only eddy current en
hysteresis losses, load losses in the HTS are very small.
But as mentioned before the HTS transformers are only used in the utility grid on land
and not on board any vessel yet.
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HTS Bearings:
The HTS bearings have a high dense current that causes the rotating shaft to float. With
the help of the magnetic field the HTS bearing is able to hold the permanent magnet in
his friction free suspension.
A heavy rotor is totally suspended by magnetic forces due to an HTS radial-passive
bearing on the top together with a PM bearing at the bottom. The bearings do not only
have to carry a heavy load of the rotor but they also have to stabilize the spinning rotor
under all operational conditions and situations.
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The rotor with a vertical rotation axis is stabilized magnetically by a superconducting and
a permanent magnet (PM) bearing. The integrated permanent magnet motor/generator
unit operates as a motor and as a generator.
The HTS flywheel consists of a safety housing with three main parts: Carbon fibre rotor,
motor/ generator and the shaft with top and bottom magnetic bearings.
To avoid any damage to the bearing a touch-down bearing system acts both as axial and
radial to stop the movement. The touch-down bearing makes sure that the rotor
movement is caught and does not touch the housing, poles or the bearings.
The configurations makes sure that there is a smooth touch down behaviour. The HTS
magnets on the top of the flywheel carries the entire weight of the rotor.
The rotor of the M/G is a hollow cylinder with a concentrically integrated M/G. The
system stores energy when the M/G operates in the motor function and increases the
rotational speed of the rotor. The energy will be delivered by the generator mode.
The rotor is attached to a metallic shaft in the centre. This shaft is supported by the
magnetic bearings.
The motor / generator is controlled and operated by a high efficient power converter
system.
The electric M/G unit has only electrical connections and no rotating components outside
the electric unit.
All the flywheel components are assembled in a vacuum chamber to reduce any kind of air friction.
The vacuum condition is maintained by a turbo-molecular pump unit. The vacuum level depends on
the operational time of the M/G.

The axial en radial mechanical bearing is supported by a distance holder between the
massive copper ring and the housing of the flywheel. These holders are designed to
withstand forces of several tons.
The PM bearing is located at the bottom of the flywheel. The PM bearing at the bottom of
the flywheel supplements the HTS magnetic bearing. The bearing is made of stationary
PM rings. These PM rings are mounted on the nonmagnetic rotor shaft. The magnetic
rings are placed with the incorrect pole together SN-NS-SN. This determines the
magnetic forces in axial en radial direction at the nominal gap.
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Cooling of the bearings
The cooling of the motor stator and the power inverter system is performed by using a
closed loop liquid circuit. The Gifford McMahon (GM) gyro - cooler is attached to the
flywheel head. The cold head of the GM cooler is connected to the rigid copper ring by a
flexible copper adapter. Under zero thermal loads the cold head is running to a
temperature of about 33 K.
The cold parts of the HTS bearing can be cooled by the conductive axial and radial
mechanical support structures.
In the flywheel with open HTS bearing the thermal load is caused by a warm rotor in
vicinity of the YBCO stator. Therefore a thermal shield is compulsory for the YBCO ring to
reduce the thermal heat.
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1.5.2.2) What type of vessels can be equipped with superconductivity
applications?
In the sub question 6.2.1. a summary of the different applications is given. The
applications can be installed on any type of ship.
It is not compulsory to equip the entire ship with all the possible applications.
The U.S. Navy has equipped one ship with only the 1G superconductive wires. After the
good result they have decided to equip another vessel with superconductive wires and a
superconductive propulsion motor. This will be the first sea-going vessel that is equipped
with a superconductive propulsion engine. So the result are very critical for the
development of superconductive propulsion engines or generators on board ships.
Siemens is claiming that in the future the HTS generators are to be used primarily on socalled ALL Electric Ships (AES). This type of vessel is not directly driven by large diesel
engines and long shafts. Instead of fuel burning engines the ships will be equipped with
superconductive propulsion engines in the direct vicinity of the ship’s crew(s).
Currently 30 percent of all new built ships are electric and practically every cruise ship is
diesel – electrically driven. The generated current is not only used to propel the ship but
also for the on-board hotel service.
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1.5.3.) How reliable are superconductivity applications?
In this topic we will describe the reliability of the HTS motor.
The HTS motor can be divided in two parts:
The cooling system.
The HTS motor.
Cooling system
The reliability of the cooling system that will be investigated is the cryo refrigerator.
This system works almost the same as an air conditioner (AC system).
The general working principal of the cryo refrigerator:
In the beginning of the cycle the (helium)fluid is compressed.
This compression increases the pressure and the temperature of the gas.
Fluid is cooled back to room temperature using air or water heat exchangers.
In this stage the fluid is not consented to a liquid.
It remains a gas at a pressure of 250 Psi.
The hoses transfer the compressed gas to the cold head where reciprocating displacers
are used cool the gas further down.
In the inner part of the cold head, the working fluid is then rapidly expanded.
This extracts heat from the superconducting system and pre-cools the displacer for the
next operating cycle.
The expanded (helium)gas is then returned to the compressor and the loop is closed.
Since the cycle is sealed, no helium is lost.
Maintenance of the cryo refrigerator:
Only well maintained systems are able to perform day-in and day-out without any
problems. This is the same for the cryo refrigerators.
Maintenance requirements of the cooling devices are different between manufacturers.
Typically, an active carbon cartridge is used to remove the residual oil spray from the
compressed gas. This needs to be replaced according the manufacturer’s schedule. The
carbon cartridge needs to be replaces after 18,000 operating hours.
Over time the seals will wear. The seals need to be
exchanged after 9,000 operating hours. If the operating
hours exceed the 9000 working hours the wear will
causes a decreasing cooling performance.
Conclusion
The cryo refrigerator works similar as a conventional AC
system.
Since the working principle is almost similar the systems
will have almost the same maintenance requirements.
If they have the same maintenance requirements they
will have around the same reliability.
The only component that is added to the system is the
cold head. The manufactures and reviews say that this
component is very reliable. But we do not know if this
component is reliable on ships. This needs further
investigation.
Cold head
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The HTS motor
The HTS motor is a complex system with a lot of complex components.
Since the system is fairly new on ships it is hard to gain information about the reliability
and maintenance intervals.
Since there was not a lot of information available about the reliability and maintenance of
the system we had to write one with our current knowledge.
-

HTS generators compared to conventional generators will not require the common
overhaul, rewinding ore re-insulation.
The bearings need to be checked.
Maintenance of the EM every 5 years.
Maintenance of the vacuum installation.
The vacuum installation can be checked with a gas analyzer.
This device measures if there is any vacuum leakage.
Maintenance on rotating seal (check for leakage)

Conclusion
Since the HTS motor is fairly new it’s hard to obtain data and compare it.
The HTS motor needs further investigation about the reliability ,to get to a decent
conclusion.
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1.5.4.)

What level of knowledge do the engineers require to
maintain superconductive equipment?

1.5.4.1.) Forces in the HTS components
Before we can answer the question we need to know what maintenance is. Maintenance
is fixing all sorts of electrical items or mechanical items. Maintenance will prevent mall
functions or break downs.
Before we describe the required maintenance, we first look at the forces that will be
introduced in the HTS system. The forces have been tested on a 2000 Horse Power
Induction Motor.
Engine specifications
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HTS Coil
The HTS wire is laminated with stainless steel strips on each side. This is to provide
the increased capability to withstand compressive and tensile strains and insulated with
Teflon tape.
Each of the 77 layers in the coil has eight turns. A glass separator impregnated with
epoxy resin id placed between the layers.

Figure 6.4.1. The HTS coil.
The HTS coil is intolerant of both mechanical strain and heating. A successful mechanical
design of the rotor is critical to maintaining the coil at low temperatures and within
acceptable levels of strain.
Coil Support system
The functional requirements of the coil support system are:
•
•
•
•
•
•
•

Control coil strain.
Maintain structural integrity at over-speed.
Transmit torque due to rated load.
Transmit torque due to transient events.
Maintain adequate low cycle fatigue (LCF) life for stresses due to thermal loads
and centrifugal loads.
Maintain adequate high cycle fatigue (HCF) life for stresses due to support system
Vibration.
Minimize heat load to the coil.

The figure below shows the stress and strain levels in the coil support. The
measurements are taken at room temperature at 3600 RPM. The over speed
measurement was taken at 4500 RPM. This gave the fallowing measurements
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EM shield
The currents induced in the EM shield also produce joule heating, which may result in a
high temperature rise of the shield and can make a difference in thermal expansion of
the shield relative to the rotor.
The supporting structure of the EM shield must have sufficient strength and stiffness to
transmit the torque but also have sufficient compliance to accommodate any relative
thermal expansion between the EM shield and the rotor shaft.
The two dominant load cases are the three-phase sudden short circuit tests and the
steady state centripetal loads. The dominant load cases are displayed in the figure
below.
Three-phase sudden short circuit
Steady state centripetal loads

= Blue
= Red
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Vacuum System
To limit convective and conductive heat leaks, the rotor pole body and field coil are
contained within a vacuum jacket. It is necessary to maintain the pressure below about
10-5 Torr. This was a challenge because the vacuum system has both a small volume
and a large surface area to volume ratio.
It is filled with materials known to have high out gassing rates, such as G-10 and the
epoxies used in coil fabrication.
Tests of the system indicated an unacceptably high rate of pressure rise in the vacuum
system. To minimize this we came up with 3 solution (See Vacuum integrity diagram):
-

The 28 bolts connecting the stub shafts to the pole piece were drilled to
eliminate any potential virtual leaks.
The guttering system for removing hydrogen was re-activated at a higher
temperature.
The system was baked to 150 F help remove adsorbed gases.
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Vacuum leak diagram
In the diagram displayed below you can see potential causes of vacuum losses.
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Rotor
The part that connects the HTS generator with the motor is called the rotor.
As in a conventional generator this is the part that has to be able to resist a lot of torque
and shared stress. The places where the torque and shear stresses are the highest is
shown in the figure stated below.
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1.5.4.2.) What type of maintenance is required?
-

Maintenance: HTS generators compared to conventional generators will
not require the common overhaul, rewinding or re-insulation.

-

Maintenance of the cooling unit.

-

Maintenance of the bearings.

-

Maintenance of the EM shield every 5 years

-

Maintenance of the vacuum installation.

1.5.4.3.) Can maintenance be carried out by engineers onboard or by external
specialists?
Maintenance can be carried out on board if the required material and personal is on
board. On commercial vessels the maintenance will be done by shore just due to the fact
that:
-

The amount of knowledge it not available.
The equipment will take up too much space.
Material costs will be too high.
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1.5.4.4.) What are the expected costs on a yearly base?
Table below shows the comparative cost of the 100 MVA HTS generator as a percentage
of the cost of the conventional generator assuming an HTS wire cost of $25/kA-m.
The HTS coil, the refrigeration, and the mechanical support represent an extra 70% cost
beyond the same functional components in the conventional generator.
These estimates are based on GE’s judgment of “mature” product costs given the present
technology.
Regardless of the cost of the generator, the HTS generator in the power plant represents
an on-going cost to the plant operator. Maintenance personnel will have to be assigned
(part-time) to the equipment and perform periodic maintenance of the refrigeration
system. This cost will be assumed to be $20,000/year.

One simple question: “Does the more efficient HTS generator return enough capital to
pay for its HTS wire?” Table 6.4.3.1 shows that, for the most part, the 100 MVA
generator does not.
The only exceptions are for a cyclic-loaded unit with inexpensive wire($5/kA-m)
or a base-loaded unit with wire at $25/kA-m or less.
Table 6.4.3.2 shows that the efficiency benefit of the larger generator is sufficient to
cover the wire cost in most cases.
This assessment shows that high operating hours and inexpensive HTS wire are
necessary for the HTS generator to be economically viable. However, they are not
sufficient.
As showed above, the cost of the refrigeration and coil support remain expensive
components in the rotor assembly. Improvements in refrigeration and wire
characteristics
(higher operating temperatures and strain capacity) are needed.
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6.4.3.1.

6.4.3.2.

Conclusions
Larger generators with ratings greater than 500 MW may be suitable candidates for the
HTS technology. They offer greater efficiency benefits and are more likely to be operated
as base-loaded units. Furthermore, some cost trends scale more slowly ,so
factors that are significant for small generators may be less significant in larger
generators.
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2) Conclusion
We know now how superconductivity is obtained and the principle. During the research
period we have looked at the following points:
-

Basic Principals of superconductivity.
Required knowledge of superconductivity.
The maintenance that can be done on board.
The maintenance that can’t be done on board.
Cost of the superconductive equipment.
Applications of superconductivity.

With the gathered information we can conclude that the cost of the superconductive
applications are very high compared with the conventional machinery.
The production costs are the main reason why companies have not introduced the
superconductive applications yet. Figure 6.4.3.1. shows that the cost for a HTS generator
are 76 % higher than a conventional generator.
Besides the production cost there are also cost involved for the development of
superconductivity. The U.S. Government has decided to put 100 million dollars in the
development for superconductive propulsion engine. The result of this investment is that
there is now a prototype under construction. This prototype is a U.S. Navy vessel with a
36.5 megawatt (49,000 horsepower) high temperature superconductor (HTS) ship
propulsion motor.
This ship is very important for the commercial shipping industries because it might be the
reason why shipping companies will introduce superconductive applications.
The maintenance of all the applications is so minimal that the crew has time to do other
business to keep the ship in a good condition. We are talking about maintenance periods
of years. For example the EM shield has to be checked once in every 5 years. The HTS
bearings has no friction of any moving part that might wear.
The main component that is subject to wear is the cooling unit. But the current problem
is the maintenance time. There has never been a superconductive application on ships or
in a marine environment. The producers claim that the magnetic coils are good for 25
years without any checks. The EM shield as mentioned before has to be checked once in
every 5 years. That is why the vessel of U.S. navy is very important namely for the
results. The applications has been tested in modern test facilities but not in a real life
situation and a cruel environment
Besides all the involved cost, superconductivity is a way to generate electricity and
transport electricity without or with very little losses. The size of the HTS applications are
significantly smaller than the conventional machinery. For example: The conventional
diesel – electric propulsion engine of a cruise vessel is three times bigger than a HTS
propulsion engine.
Figure 6.4.3.2. and 6.4.3.3. shows that high operating hours and inexpensive HTS wire
are necessary for the HTS generator to be economically viable. However, they are not
sufficient.
The figures show that the cost of the refrigeration and coil support remain expensive
components in the rotor assembly. Improvements in refrigeration and wire
characteristics (higher operating temperatures and strain capacity) are needed.
Larger generators with ratings greater than 500 MW may be suitable candidates for the
HTS technology. They offer greater efficiency benefits and are more likely to be operated
as base-loaded units. Furthermore some cost scale decrease to slow, so smaller factors /
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materials are used in bigger generators. This causes that the significant for small
generators may be less significant in larger generators.
Furthermore the engineers have no experience with superconductivity. This means that
all the engineers need to be trained to use superconductive applications. In the beginning
shore based maintenance can be carried out, until all the engineers are trained to use
that applications. This means that a trainings program needs to be made.
Conclusion of the company AMSC
AMSC develops HTS applications. AMSC have made their own conclusion. Advantages of
HTS motor against the conventional electric motors are:
1. Size and weight of the total HTS motor are less than the conventional electric
motor of the same power.
2. Less costly.
3. Less maintenance.
4. More efficient.
5. Quieter.
How can superconductive systems reduce the maintenance on board ship?
In order to give ananswer to this question we can say: The future must reveal this
answer.
According to the manufactures, of the different superconductive applications,
superconductive systems do reduce the maintenance. AMSC and Nexans are speculating
about the maintenance reduction of their applications. These companies have not yet
published a report about this conclusion. So this is all speculation and the future must
reveal the answer to the main question.
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3) Recommendations
We have a couple of recommendations for the superconductive developments. We now
that the developments will continue to grow, till companies are able to produce good
equipment for all the commercial industries.
The most important aspect is cost reduction. When the superconductive applications are
available fata low cost rates the shipping companies and the process industry will
purchase a superconductive application. We have described that an HTS generator is 76
% more expensive than a conventional generator.
So the manufacturing companies need to develop ways to generate applications for a low
cost rate.
Furthermore Larger generators need larger factors / components to obtain a good HTS
state. Smaller factors / components cause losses of the HTS properties. So good
components and factors are needed to develop good HTS applications.
And a good trainings program to educate the engineers and shore crew is required.
The testing facilities have been testing the application over a period of months with an
absolute max of maybe 2 years. This raises the question how long can we use the
applications before maintenance is required. The scientists have been studying the
properties, durability, the stability etc. of the applications and have estimated a time
frame for the components. But this is all theoretical, now we need to now the practical
side of the maintenance. This is only possible after a few years when the vessel of the
U.S. Navy is in full operational use. So a good trainings program is required to minimize
the break down period of the equipment at sea. And the onboard engineers need to be
able to fix the HTS applications after a break down at sea.
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4) Abstract
The essence of this report is to investigate if the use of superconductive systems reduce
the maintenance on board ships. We can say that superconductive applications need very
little maintenance in order to work. The HTS components need to be checked in a time
frame of years and not in days or months. So if we believe the information of the
companies, superconductivity does reduce the maintenance on board. But the future will
tell us if this conclusion is correct.
What did we investigate:
-

Basic Principals of superconductivity.
Required knowledge of superconductivity.
The maintenance that can be done on board.
The maintenance that can’t be done on board.
Cost of the superconductive equipment.
Applications of superconductivity.

We gathered all the information by searching on the internet and selecting the required
information.
We went to the maintenance fair in Ahoy. Here we have spoken with a couple of people
who provided us with useful information for the research.
Furthermore we had contacted companies by mail and telephone. In some cases we were
provided with information and in some other cases this was not a success. Some
companies were not able to provide us with the necessary information because this
subject is still under development.
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6) Appendix
6.1.) Interview Rene Haring, Linde Gas Benelux
How does liquid nitrogen react in a closed system with a temperature of -200
degrees Celsius?
Liquid nitrogen is a gas when the ambient temperature is above the boiling point. One
liter of liquid nitrogen can expand to more than 700 liters of nitrogen gas. In a closed
system the pressure can build up and result to an explosion. There will always be a leak
in the system that will result into gas formation in the system. The closed cooling system
should always be fitted with a safety system that will safely blow of the formed nitrogen
gas.
What are the dangers of boiling liquid nitrogen?
Increase in pressure that can result in an explosion. It also has the property to displace
oxygen.
How long can liquid nitrogen be stored in a tank?
That depends on the isolation class of the tank. Vacuum isolated tanks have a low
evaporation value. Foam isolated tanks are poor in storing liquid nitrogen.
What is the cost of a cubic meter of liquid nitrogen?
The cost can vary from a few eurocents to a few Euros and depends on the quantity of
liquid nitrogen that is ordered. The quantity ranges from 10 liters to 20,000 liters.
Can liquid nitrogen be obtained worldwide?
Yes.

6.2) information Nexans
Questions about Superconductive cables:
1) Are there different types of cables, if so are they used for different applications?
There are two types of cables first generation cables and second generation
cables.
2) How are the cables cooled?
There are two types of cooling cold dielectric cooling and warm dielectric cooling.
Cold dielectric cable
A cold dielectric superconducting power cable employs concentric layers of HTS
wire separated by the high voltage insulation material, commonly referred to as
the dielectric. Superconducting tapes (cooled by liquid nitrogen) are both inside
and outside the dielectric, and consequently the dielectric itself is also immersed
in liquid nitrogen. This ‘cold dielectric’ gives the cable design its name. The inner,
high voltage layer(s) of superconductor tapes are transmitting power while the
outer layer(s) are grounded. In the outer layers, currents equal in magnitude but
opposite in phase to the inner layers are being induced. These induced currents
completely cancel the electromagnetic fields of the inner layers, so that a cold
dielectric HTS power cable has no stray electromagnetic fields outside the cable,
no matter how high its current (and thus transmission power) rating. This is one
of the key benefits of the cold dielectric design. The fact that the electromagnetic
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field is contained inside the superconducting screen also significantly reduces the
cable inductance, another important benefit of HTS power cables.
Warm dielectric cable
This simpler design of HTS power cables is the ideal choice when electromagnetic
stray fields can be tolerated and a slightly lower transmission capacity than that of
a cold dielectric cable is acceptable. Its high voltage phase layer(s), consisting of
superconducting tapes, are stranded around a core that also serves as the channel
for the liquid nitrogen coolant. Unlike in the cold dielectric design, there are no
superconducting screen layers requiring cooling, and consequently the dielectric is
kept at ambient temperature, or warm. As this cable designs has higher electrical
losses and a higher inductance when compared to a cold dielectric design, it has
its place in applications where conventional cables have reached their limits but
not all the features of a cold dielectric design are necessary. In such situations, it
can be the choice that makes the best economical sense, owing to its simpler
overall design, cheaper manufacturing cost,
and reduced superconductor length.
3) Are there any dangers with cooling the cables to extreme temperature?
When the cooling agent escapes it can reduce the concentration of oxygen and in
can cause severe frostbite to a person.
4) Is there a backup system when the cooling system fails?
A backup cryostat cooler can be installed in a system.
5) With the information now available can it be anticipated that it will be used aboard
ship?
Superconducting cables are still in the research phase. The cables are already
doing test runs in different installations. In the future it can be applied onboard
ships.
Questions about HTS frictionless bearings:
1) What happens when there is no more cooling?
When there is no more cooling the bearing warms up and the superconducting
properties disappear. When the cooling stops it is important that the shaft is
supported. Otherwise it can damage the bearing and the shaft.
2) How does the bearing cope with axial en radial forces?
Superconducting magnetic bearings are self correcting. The shaft will be pushed
back into position by the magnetic field.
3) Which type of application is most suited to the use of frictionless bearings?
There different types of superconducting magnetic bearings. They are already
being tested on generators, high-speed shafts and can be used on all sorts of
applications.
4) Are the bearings used already?
Yes they are already used in prototype superconducting generators and highspeed shafts but they are still in the research phase.
5) What are the advantages of HTS bearings over conventional bearings?
The superconducting magnetic bearings have no friction and that results that
there is no wear on the bearing and shaft.
6) What are the disadvantages of HTS bearings over conventional bearings?
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The superconducting magnetic bearings need extreme cooling. When the bearing
is at ambient temperature it needs a start up procedure of 32 hours.
7) With the information now available can it be anticipated that it will be used
aboard ship?
Yes the bearings are still in a research phase but they look promising in al types
of applications.

6.3)

Professor H. Rogalla. UT Twente

In order to show the original document of professor H. Rogalla of UT Twente the text
document below is showed in Dutch.
Dutch:
Date: Thu, 9 Jun 2011 10:02:14 +0200
Subject: Re: Supergeleiding
From: h.rogalla.utwente.nl@gmail.com
To: djlub@hotmail.com
Dirkjan,
er bestaat (nog) geen microscopische theorie over HTS, dus het is niet bekend hoe de
supergeleiding daar op een schaal van nanometer of minder functioneerd. Maar een
macroscopische theorie bestaat (Ginzburg-Landau theorie) en daarmee kan je een HTS
zo goed beschrijfen als een LTS. Dus voor alle toepassingen is een microscopische
theorie niet echt nodig: de macroscopische theorien die wij hebben functioneren
uitstekend.
Horst Rogalla
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Met opmerkingen [S1]: shown

7) Abbreviations
HTS generator
LTS generator
m/g

= High Temperature Superconductor generator
= Low Temperature Superconductor generator
= motor / generator
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8) Explanation
bolometer = a device for measuring the energy of incident electromagnetic radiation
M/G = this is a (combined) motor with integrated generator
AC system = Air conditioning system
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9) Dictionary
Cross section = dwarsdoorsnede
Grain = korrel
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