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Abstract

Liquid natural gas (LNG) has been identified as having a strong growth potential in the
alternative transportation fuels market. One of the barriers to the adoption of LNG,
however, is a lack of economical refuelling stations. The Cryofuel Systems Group, at the
University of Victoria, is developing cost effective and efficient liquefaction technologies
for distributed fleet-sized LNG refuelling stations. One of the technologies under
development is a rotary active magnetic regenerative liquefier (AMRL). A sub-system of
the AMRL is a conductively cooled superconducting (SC) magnet system. This thesis
presents a substantial part of the analysis and design of such a SC magnet system for an
AMRL. Potential SC coil configurations for the magnet system of a rotary AMRL were
examined and a partial tokamak and an elliptical split pair were selected as suitable
configurations. The magnetostatic analysis and winding design of both configurations are
presented along with a force analysis which was used for the structural design. An
analysis of the thermal loads and design of the thermal pathways for the conduction

cooling system are also presented.
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Chapter 1

Introduction

1.1 Introduction

The energy supplied to the global transportation sector is presently dominated by petro-
leum based fuels such as gasoline, diesel, and jet-A. In 1993, these petroleum products
accounted for 99.8% of the energy consumed within the transport sector in North America
[1]. Although oil-based fuels overwhelm the market, there is growing motivation for the
adoption of alternative fuels. Public awareness of the real and perceived environmental
damage is encouraging a shift away from traditional fuels. There is also the added politi-
cal concern of the growing dependence upon foreign oil supplies. International conflicts
and embargoes can cause fluctuations in oil supply and price which can directly affect the
economies of consumer nations. Together, these environmental, economic, and political
forces are providing an opportunity for growth in the market share of alternative fuels

within the transportation sector.

The Institute for Integrated Energy Systems (IESVic) at the University of Victoria is com-
mitted to the development of flexible energy systems that provide economic opportunities
and minimize environmental intrusion. The Cryofuel Systems Group (CFS), a research
group within IESVic, has recognized the growth potential of alternative fuels within the
transportation sector and is pursuing the development of technologies that target this
opportunity. In particular, CFS has identified a lack of economical natural gas refuelling
stations as a barrier to the widespread adoption of natural gas as a transportation fuel. The
work in this thesis is part of the research carried out by CFS towards the development of a

natural gas refuelling station.




1.1.1 Alternative Fuels

Alternative fuels includes methanol (M-100 and M-85), ethanol (E-95 and E-85), liquefied
petroleum gas (LPG), natural gas (NG) in a compressed (CNG) and liquefied (LNG) form,

hydrogen, and electricity. In the United States, alternative fuels account for about 0.2% of
the transportation fuels market [2] and this value is slowly growing due to government
legislation [3], advances in technology, and increasingly favorable economics. Because
this growing market is in its infancy, the market share of each fuel is changing consider-
ably. LPG presently holds the largest share of the alternative fuels market but at current
growth rates, natural gas will eventually dominate the market. Table 1.1.1a shows the
breakdown and growth of the alternative fuels market in the United States with estimates

of vehicle fuel consumption.

Table 1.1.1a: Summary of estimated vehicle fuel consumption in the USA. [2]

Estimated Consumption (Thousand gasoline-
Fuel! equivalent gallons)
1992 1993 1995
M-100 2,547 3,166 3,160
M-85 1,069 1,593 3,411
E-95 85 80 104
E-85 21 48 89
LPG 208,142 264,655 293,773
CNG 16,823 21,603 66,783
LNG 585 1,900 2,734
Electricity 374 309 525
f;‘;ﬁ%“l%fas 701,000 760,000 871,030
Gasoline | 110,135,000 | 111,323,000 | 113,914,000
Diesel 23,866,000 24,296,630 25,965,830

I Fuel terms are defined in nomenclature. M-100 = neat methanol; M-85 = mixture of 85% meth-
anol, 15% gasoline; E-95 = mixture of 95% ethanol, 5% gasoline; E-85 = mixture of 85% ethanol,
15% gasoline; LPG = liquefied petroleum gas; CNG = compressed natural gas; LNG = liquefied
natural gas.




Methanol and ethanol based fuels are presently in limited use as transportation fuels.
They will probably not be used significantly in the future because of problems involving
their toxicity, dangerous emissions of organic compounds, corrosivity, and water solubil-
ity. Low cost production of methanol from natural gas is possible but the largest barrier to
its adoption is the lack of an economical distribution infrastructure [4][5]. Ethanol pro-
duction is limited by the availability of grain crops, corn in particular, as a feedstock and it
also lacks a distribution infrastructure. The largest demand for ethanol is as an additive to
gasoline, making gasohol or E-10 (10% ethanol and 90% gasoline), to meet oxygenated

gasoline requirements.

As the alternative fuels market has emerged over the last decade or more, LPG has been
widely adopted due to its competitive pricing, ease of engine conversion, and ability to be
stored easily in low pressure (2 MPa) tanks. It is a by-product of natural gas processing
and petroleum refining consisting mainly of propane plus some propylene, butane, and
butylene. LPG currently dominates the alternative fuels but its market share is declining.
It will, however, always hold some share of this market because of competitive pricing,
government incentives, environmental benefits, support from the petroleum industry, and

availability [2][6].

As the alternative fuels market grows, the market share of LPG will decline for two rea-
sons. First, the total supply of LPG is limited and not significant enough to justify a large
share of the transportation fuels market. Figure 1.1.1.a shows that the transportation sec-
tor annually consumes 25% of North America’s energy supply yet LPG accounts for only
3.5% of the total annual supply [7]. The overall supply of oil and natural gas is much
higher than LPG so it would seem logical that these fuels should account for a more sig-
nificant share of each consumption sector. Second, much of the LPG consumed is dedi-
cated as feedstock for many industrial chemical processes. This can sometimes make

LPG more valuable as a feedstock than as a fuel.

Although both hydrogen and electricity are classified as alternative fuels, their current use
in the transportation sector is negligible. Globally, there are only a few demonstration
vehicles operating on hydrogen and the majority of electric vehicles are owned and oper-

ated by hobbyists [6]. Hydrogen vehicle technologies, such as fuel cells and high volumet-
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Figure 1.1.1.a Total energy supply and consumption for North America in 1993 [1].

ric energy density H, storage vessels, require much more research and development

before they become competitive with conventional technologies. Additionally, most
hydrogen today is derived from natural gas by steam methane reforming. One of the by-

products during the reformation process is CO, so it is not a perfectly “clean” fuel as

thought by many enthusiasts. Electric vehicles are also subject to this same misunder-
standing of being environmentally benign. The source of the electricity is typically a coal-
fired, nuclear, or hydro-electric power plant which does make an environmental impact.
The technology of today’s electric vehicles also limits their market acceptance. Battery
systems require charging times of 6 to 10 hours and are heavy and bulky with low energy
densities [6]. This results in vehicles that are often underpowered with a limited range.
Despite their disadvantages, electric vehicles still cater to a small niche of electric vehicle

enthusiasts. It is unlikely, however, that they will see widespread use anytime soon.

Natural gas usage in the transportation sector is growing faster than all other alternative
fuels and has been identified as the most promising substitute to diesel and gasoline

[8][9][10]. NG is a low carbon fuel, consisting primarily of methane (CH,), making it

relatively clean burning with low CO, NO,, and particulate emissions. It also has the




added benefits of having a somewhat uniform global distribution and being economically
competitive with conventional fuels. These environmental, political, and economic
advantages are offset by NG’s disadvantages of having a lower volumetric energy density
than gasoline or diesel, giving vehicles a shorter range for a fixed fuel tank size, and hav-
ing an undeveloped vehicle refuelling infrastructure. LNG does have a higher volumetric
energy density than CNG, as shown in Figure 1.1.1b, but liquefaction of NG is an added
expense. NG must be refrigerated to a temperature of approximately 110 K, at atmo-
spheric pressure, before it begins to liquefy. The cost of this refrigeration process
increases the cost to the consumer. These barriers to the increased use of NG, and specifi-
cally LNG, as a transportation fuel are the challenges being met by Cryofuel Systems at

the University of Victoria.
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Figure 1.1.1b Volumetric energy density of vehicular fuels [11].

1.1.2 Cryofuel Systems’ Natural Gas Liquefier Project

The greatest barrier to the widespread adoption of LNG is a lack of economical refuelling
stations [10]. North America has an extensive gas pipeline infrastructure and large cen-
tralized liquefaction plants but no localized, small-scale liquefiers for refuelling stations.
The development of economical, small-scale refuelling stations, integrated with an NG

liquefier, will increase the incentive for the conversion to LNG as a transport fuel.



A better definition of this barrier, as identified by Cryofuel Systems [12], is a need to sup-
ply LNG for a lower price, as delivered to the consumer, than conventional fuels. LNG
becomes the obvious choice when it can be purchased at a lower price than diesel, on an
energy equivalent basis. The supply price of LNG varies depending on many factors such
as the capital cost of the refuelling station, the NG feedstock price, liquefier efficiency,

road taxes, and vehicle conversion costs.

An analysis of the supply price of LNG, for a fleet of heavy duty vehicles, based upon the
capital cost of the refuelling station and the liquefier efficiency has been done as part of
the thesis. The results of this analysis are shown in Figure 1.1.2a. The price of LNG is
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Notes: (1) Liquefier capacity is 1000 diesel equivalent gallons (DEG) per day; (2) Feedstock price is $2.50 (US) per
Mef: (3) Fleet is 10 heavy duty vehicles converted to LNG at a cost of $18,000 (US) per vehicle; (4) Vehicle operation
of 500 miles per day at 5 m.p.g.; (5) Annual operation of 260 days; (6) Annual operating expense of $15,000 (US); (7)
Interest rate is 8%; (8) Refuelling station capital cost amortized over 10 years; (9) Vehicle conversion cost amortized
over 5 years; (10) Road taxes of $0.27 (US) per DEG.

Figure 1.1.2a Supply price of LNG delivered at 100 psig (670 kPa) as a function of
refuelling station capital cost and liquefier efficiency for a heavy duty vehicle fleet.

shown per diesel equivalent gallon (DEG), which is an amount of LNG with the equiva-
lent energy content of one gallon of diesel fuel. This graph shows that increasing the effi-

ciency of the liquefier provides a significant reduction in the price of the LNG up to a

liquefaction efficiency of about 20%. Beyond 20% there is only a marginal reduction in




the price of LNG. Reducing the capital cost of the refuelling system also reduces the price
of the LNG, which is to be expected. Reducing the liquefier cost is the a good way to
reduce the total refuelling system capital cost because the liquefaction unit, of conven-
tional integrated liquefier/refuelling stations, can account for as much as 50% of the total

refuelling station cost [13].

The focus of Cryofuel Systems’ research is the development of high efficiency and low
cost NG liquefaction technologies. Cryofuel Systems has identified a market for a distrib-
uted, fleet-sized LNG refuelling station. This type of station would require a liquefier
capable of producing about 1000 diesel equivalent gallons (DEG) of LNG per day which
is equivalent to a refrigeration capacity of approximately 30 kW at 110 K. This is much
smaller than a typical baseload liquefier which may have a capacity upwards of 170 MW
[14]. One of the small-scale liquefier technologies under consideration by Cryofuel Sys-
tems is an active magnetic regenerative liquefier (AMRL). A prototype AMRL for LNG
production has been developed and this thesis represents part of that development. This
device is under construction and will have a cooling capacity of approximately 500 W at
110 K while operating between 240 K and 110 K.

1.1.3 The Active Magnetic Regenerative Liquefier (AMRL)
The operating principle behind the AMRL is a magnetic refrigeration cycle based on a

physical phenomenon called the magnetocaloric effect. When a magnetic field is applied
to magnetic refrigerant materials, they increase in temperature. Conversely, when the
magnetic field is removed they decrease in temperature. It is analogous to the temperature
change experienced by a gas during compression and expansion. Magnetic refrigeration is

the application of the magnetocaloric effect in a thermodynamic cycle.

During a simple recuperative cycle, the magnetic refrigerant is adiabatically magnetized,
causing an increase in temperature, and then the refrigerant is cooled by an external
source. After this, the refrigerant is adiabatically demagnetized causing a reduction in
temperature below the initial value so the refrigerant can absorb a cooling load. The diffi-
culty with this basic cycle is that the adiabatic temperature change experienced by most

magnetic refrigerants is on the order of a few degrees Kelvin depending on the absolute



temperature of the material and the magnitude of the applied magnetic field. An example
of the adiabatic temperature change experienced by a common magnetic refrigerant, gado-

linium, is shown in Figure 1.1.3a.
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Figure 1.1.3a Adiabatic temperature change of gadolinium as a function of tempera-
ture and applied magnetic field [15].

This modest refrigeration effect is not enough for a practical refrigeration device. How-
ever, by using a regenerative heat exchanger, it is possible to achieve refrigeration over
Jarge temperature spans. One type of regenerative heat exchanger, which uses the mag-

netic refrigerant material as the regenerator matrix is called an active magnetic regenerator

(AMR).

A regenerator is simply a porous solid bed through which a heat transport fluid passes and

receives or rejects heat from the solid material. The regenerator also has a temperature
gradient between the ends of the bed so the fluid experiences a large temperature change.

In a conventional regenerative refrigeration cycle, such as the Stirling cycle or the Gif-

ford-McMahon cycle, the regenerator is a passive device and the thermodynamic work of




the cycle is accomplished by compressing and expanding the working fluid. The thermo-

dynamic work of an active magnetic regenerative refrigeration cycle is accomplished by
magnetizing and demagnetizing the AMR. The working fluid acts as the connecting
medium between elements of magnetic refrigerant within the regenerator [16]. This
means that the fluid transfers heat between the AMR, the refrigeration load, and the envi-
ronment. The actual magnetization and demagnetization of the AMR is typically done by
physically moving the AMR in and out of a magnetic field either in a reciprocating or
rotary fashion. Although possible, it is difficult to move the magnetic field with respect to
a stationary AMR because of the size and complexity of the necessary magnet systems. It
is also difficult to pulse the field electromagnetically because the large inductive time con-
stants of high field magnets. Such time constants preclude the high operating frequencies

necessary for high power refrigeration.

A reciprocating device resembles a piston in a cylinder with an AMR moving in and out of
a superconducting solenoid. This design is relatively simple but there is periodic loading
of the components and the fluid heat transfer is not continuous. There is always a large
attractive force pulling the AMR into the magnetic field but the force on the exiting stroke
is slightly larger than the force in the entering stroke. The greatest concern of the recipro-
cating devices is the recovery of the energy as the AMR enters and exits the magnetic
field. A rotary AMR is a ring shaped wheel with the magnetic field applied on a section of
the wheel. As the wheel rotates the magnetic material continuously enters and exits the
magnetic field region. The rotary design is complex but it offers continuous heat transfer
and energy recovery is not a concern because the large forces on the entering and exiting
sections of the wheel are naturally reacted by the wheel geometry. The difference between

the forces primarily represents the net force required for the cycle work input.

The prototype AMRL being developed by Cryofuel Systems is a rotary design. A sche-
matic diagram of this design is given in Figure 1.1.3b. During operation a radial segment
of the AMR enters the magnetic field region and increases in temperature due to the mag-
netocaloric effect. As the segment rotates through the magnetic field the heat transport
fluid flows radially through the wheel and absorbs heat convectively from the AMR. The

fluid then rejects this heat to the environment through a heat exchanger and the cooled
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Figure 1.1.3b Schematic diagram of Rotary AMRL for natural gas liquefaction.

AMR segment rotates out of the field experiencing a further decrease in temperature. Fol-
lowing this, the segment enters the region of the no-field manifold and cools the heat
transport fluid flowing through the ring. The cooled fluid can now absorb heat from the
natural gas within the cold heat exchanger resulting in production of LNG. Finally, the

AMR segment exits the no-field manifold region and begins the cycle again.

The portion of the AMR that exits the applied magnetic field has a lower average temper-
ature profile than the portion that enters this region so the exiting portion is more magne-
tized than the entering portion. This occurs because the magnetization of the refrigerant
material is a function of temperature as well as applied field, as shown in Figure 1.1.3¢ for
gadolinium. Additionally, the force on any magnetic material is function of the gradient

of the applied field and the magnetization of the material as given by Equation (1.1.3.a):

F=(M-V)B (1.13.0)
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Figure 1.1.3¢ Magnetization of gadolinium as a function of applied magnetic field and
temperature.

The applied field gradient on the entering and exiting sections is essentially the same,
neglecting any field redistribution due to the difference in magnetization. Therefore, the
imbalance in the magnetization of the entering and exiting sections of the AMR wheel
results in an imbalance between the forces on these sections. The force imbalance mani-
fests itself as a torque on the rotating AMR which represents the input work necessary to

achieve refrigeration.

The development of the entire AMRL system is an ambitious task due to its complexity.
To simplify the project, the AMRL research and development has been subdivided into
several sections. These sections include:

« selection of suitable magnetic refrigerant materials and regenerator fabrication;

+ development of a regenerator test apparatus and subsequent regenerator testing;

» numerical modelling and computer simulation of the AMRL;




+ development of the superconducting magnet subsystem;

+ development of various mechanical subsystems including the fluid recirculation sys-

tem, the AMR housing, the drive system, and the natural gas handling system; and

 integration of the subsystems into the overall system.

The work carried out in this thesis is represents much of the development of the supercon-

ducting magnet subsystem for the AMRL.

1.2 Superconducting (SC) Magnet Systems

Superconductivity is the complete loss of electrical resistance in certain materials below a
low critical temperature. This phenomenon was first discovered in 1911 by the Dutch
physicist Heike Kamerlingh Onnes but practical superconducting magnets were not con-
structed until the 1960’s [17]. A superconducting (SC) magnet is basically a coil of super-
conducting wire that induces high magnetic fields with essentially no resistive losses when
a current flows through the circuit. The current loop can be closed with a persistent cur-
rent switch allowing the power supply to be disconnected without affecting the operation
of the magnet. At present, most conventional SC magnets are made with wires of niobium
tin (Nb3Sn) or niobium titanium (NbTi) filaments in a copper stabilizer operating in a bath
of liquid helium at temperatures of 4.2 K or lower. They can produce applied fields (u,H)
of up to 10 T or more and are used in wide variety of applications such as particle acceler-
ators, low purity ore separators, and magnetic resonance imaging (MRI) scanners for hos-

pitals.

The phenomenon of superconductivity is not just limited by a critical temperature (T).
Superconducting materials are also limited by a critical current density (J.) and a critical
applied magnetic field (H;). These three properties are related to each other in T-J-H

space by a critical surface that is material dependent. At any operating point above this
surface the material will be in a non-superconducting, or normal, state. An example of the
critical surface for an alloy of NbTi is given in Figure 1.2.0a. The transition from the

superconducting to normal state of an operating magnet is called a quench. During a
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quench the stored magnetic energy is resistively dissipated resulting in ohmic heating of
the wires. Magnet designs must sufficiently account for quenching because catastrophic

failure of the coil can occur from overheating and, ultimately, melting of the wires.
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Figure 1.2.0a An example of the critical surface for a superconducting alloy of NbTi
[17].

To maintain SC magnets in a liquid helium environment, highly effective dewars with lig-
uid nitrogen thermal shields are typically used and the cryogenic liquids must be replaced
or recondensed as they boil off. Removing the liquid helium requirement simplifies the
design of any SC magnet system. The discovery of high temperature superconductors has
led to the development of magnets that can operate at liquid nitrogen temperatures (77 K)
but presently these magnets are quite expensive, difficult to fabricate, and unable to pro-
duce the high magnetic fields possible with low temperature superconductors
[18][19][20]. Liquid cryogens can be avoided completely by conductively cooling the
magnet coil with a cryogenic refrigerator or cryocooler. Modern Gifford-McMahon (GM)

cycle cryocoolers with cooling capacities on the order of 1 W at 4.2 K have been used suc-
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cessfully in recent conductively cooled SC magnet systems [21]. Conduction cooling is a
novel aspect of the SC magnet subsystem for the AMRL. A schematic of a split pair, con-

duction cooled superconducting magnet system is shown in Figure 1.2.0b.
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Figure 1.2.0b Schematic diagram of a conduction cooled superconducting magnet sys-
tem.

There are many other components within a SC magnet system other than just the super-
conducting coil, power supply, and cooling system. The major components of the SC

magnet subsystem for the AMRL are:

superconducting coils;

» a power supply;

« current leads;

« a persistent current switch;

+ quench detection and protection circuitry;

« avacuum chamber and pump;
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« structural supports;
+ a flux return path;
+ arefrigeration system;

« thermal radiation shields and insulation; and

instrumentation
When designing the overall magnet system the interaction among these components in
design and operation must be considered. Optimization of each component individually

will not necessarily result in an optimized overall system design.

1.3 Thesis Objectives

A general description of the complete SC magnet project is to design, construct, and test a
conduction cooled SC magnet subsystem for the AMRL. This is a very large problem and
too much for a single thesis. This work examines a significant portion of the of the SC
magnet subsystem design and has been interfaced with the work of Dr. Jeffery Hall [22] to
form a complete design of the SC magnet subsystem for the AMRL. The specific objec-

tives of this thesis are as follows:

identification and evaluation of potential magnet coil geometries that are capable of

meeting the magnetic field requirements of the AMRL;

+ design and optimization of selected coil geometries and flux return path by magneto-

static simulation in the presence of magnetic material;
« estimation of magnetic forces for structural design and analysis;
« thermal analysis of heat loads for design of the conduction cooling system; and
« identification of auxiliary components for the magnet subsystem.
Although the individual topics examined in this work have been examined by other
researchers, this work represents a unique synthesis of these topics and their application to
rotary AMR systems. It also presents the magnetic field simulation and winding design of

a partial tokamak coil configuration. There is no published work, to date, that has exam-

ined the details of applying this magnet configuration to a rotary AMR.
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Chapter 2

Review of Prior Work

2.1 Relevant Topics of Prior Work

The reported work on magnetic refrigeration and superconducting magnet systems is quite
extensive. There is, however, very little literature directly applicable to this work, in the
combined subject of SC magnet systems for magnetic refrigerators. Beginning with mag-
netic refrigeration technology and coil geometries, this review examines works in the sub-
jects of SC coil design, structural design of SC magnet systems, conductively cooled SC

magnet systems, and the auxiliary components of SC magnet systems.

2.2 Magnetic Refrigeration (MR) Technology

Literature in the subject of magnetic refrigeration (MR) has been reviewed by Lacaze
[23], Barclay [24][25], and Zhang et al. [26]. The focus of most work, as identified by
Zhang et al. [26], has been in the areas of magnetic refrigerant materials development, the-
oretical studies of magnetic refrigeration and liquefaction, and experimental studies of
magnetic refrigeration and liquefaction. It is the experimental works that are of interest

because they provide insight into the hardware development of MR devices.

The common method of classifying these experimental works is by the temperature range
spanned by the devices [23][24][25][26]. The reported temperature ranges are 0.1-1.5 K,
1.5-4.2 K, 4.2-20 K, 20-77 K, and near 300 K. Classification by this method is particu-
larly good for defining the application of the device and selecting suitable magnetic refrig-

erants because the magnetocaloric effect of different refrigerants varies with temperature.
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Unfortunately, this classification method does not provide any information about the hard-
ware design of the refrigeration devices. An alternate method of taxonomy, for design

purposes, is to group these devices by the following factors:
+ cycle type (Carnot, Ericsson, Brayton, or AMR);

e temperature range; and,

« configuration (static, reciprocating, or rotating).

The magnet design of an MR device depends upon the cycle type because the magnetiza-
tion process is different for each cycle. The magnetization of the refrigerant, during each
process of an MR cycle, is best described using a temperature-entropy diagram. Segments

of the idealized T-S diagrams of various MR cycles are shown in Figure 2.2.0a. Carnot
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Figure 2.2.0a Temperature entropy diagrams of the magnetic refrigerant material dur-
ing different magnetic refrigeration cycles.
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cycle devices require varying applied magnetic fields during both the isothermal and isen-
tropic processes of the cycle. Ericsson cycles only require varying fields during the iso-
thermal processes. Lastly, both the Brayton and AMR cycles require isentropic
magnetization/demagnetization followed by isofield heat transfer processes. These last
two cycles are similar in their magnetization requirements but differ in their thermody-
namics. A regenerative Brayton cycle uses an external regenerator while the magnetic
working material of an AMR cycle also functions as the regenerator material. The exact
thermodynamic theory behind the AMR cycle is still being developed. The newest
advance by Hall et al. [16] states that the solid elements in the regenerator perform over-
lapping Brayton cycles, as shown by cycles a, b, and ¢ in Figure 2.2.0a-D, while transfer-
ring heat to and from the fluid. The magnet design of an MR device must reflect these

magnetization requirements of each cycle.

The cycle type also constrains by the temperature range of the MR device. Carnot cycle
machines have been restricted to operating temperatures below 20 K because the adiabatic
temperature change of many magnetic refrigerants, below 20 K, is on the order of 10 to 20
K [25]. Carnot cycle devices also require isothermal heat transfer processes which can be
obtained with cryogen baths of liquid hydrogen at 20 K and liquid helium at 4.2 K.
Regenerative and recuperative cycles are better suited to devices operating above 15 K
because these refrigeration cycles can span temperatures greater than the adiabatic tem-
perature change of the magnetic refrigerants. These cycles are also more effective at
higher temperatures because the volumetric heat capacity of the heat transfer fluid, which
is most often helium gas, is less than that of the refrigerant material [25]. This difference
in thermal mass between the heat transfer fluid and the refrigerant material is necessary for

the effective operation of most regenerative or recuperative MR devices.

As stated previously, the temperature range of an MR device limits the choice of refriger-
ant materials because of the temperature dependence of the magnetocaloric effect. This
temperature range can also affect the thermal design of the SC magnet system. If the MR
device operates near liquid helium temperatures, which is the typical operating tempera-
ture of most SC magnets, the MR device may be used to refrigerate the magnet system.

There are many reported cases of MR devices that self-refrigerate their SC magnet sys-
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tems [27][28][29][30][(31][32][33][38]. If this is not possible, the SC magnet system must
have a separate refrigeration system. However, Barclay and Stewart [34] have proposed
that a separate parasitic MR device could be used to effectively refrigerate the SC magnet

system regardless of the temperature range of the main MR device.

It is the configuration that is the most important factor when considering the design of the
SC magnet subsystem. Static and reciprocating devices typically employ a simple sole-
noid coil design but there are many possible coil designs available to rotating MR devices.
As the AMRL is a rotating device, prior work involving rotating MR devices provides the

most relevant magnet design information.

2.2.1 Magnet Configurations for Rotary MR Devices

The refrigerant material of a rotary MR device is fashioned in a circular form and rotated,
as the name implies, in and out of a magnetic field. The magnetic field is typically applied
to the wheel in either the radial, axial, or azimuthal direction. This field application can be
done using the basic coil configurations, shown in Figure 2.2.1a, for rotary MR devices.
Although the configurations shown in Figure 2.2.1a only provide one magnetized region
per wheel rotation, it is possible to provide multiple magnetized regions on a single wheel
by distributing more coils around the wheel [30][35][36][37][38].

There are many possible variations to these basic configurations. The first reported rotary
MR device, constructed in 1977 by a group from Los Alamos [27], used a racetrack coil
configuration, Figure 2.2.1a-A, combined with a compensating coil to reduce the stray
field in the “no field” region of the wheel. This configuration was also used later by
Toshiba researchers [32]. Other variations of the racetrack coil include a tilted coil [33],
which applies the field between the radial and axial directions, and stacked racetrack coils
[35][44].

Variations on the split pair magnet configuration have included systems with rotating coils
[30][36], ovalized coils [38], and the use of permanent magnets [37][39]. The permanent
magnet MR device by Kirol and Dacus [37] also oriented the split pair to apply the mag-
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(C) Single Solenoid Configuration (D) Partial Tokamak Configuration

Figure 2.2.1a Basic coil configurations for rotary magnetic refrigeration devices.

netic field in the radial direction of the wheel. Although a unique design, this device
unfortunately suffered a catastrophic failure because the wheel construction was not

robust enough to withstand the magnetic forces.

The partial tokamak design is a variation on the single solenoid configuration as both pro-
duce an azimuthally applied magnetic field. The concept of the solenoid design was first
presented by Barclay and Steyert [40] and the partial tokamak configuration by Astronau-
tics Corporation of America [41]. At present, however, neither magnet configuration has
ever been constructed for an MR device. The partial tokamak configuration could also be
modified to become a bent solenoid or a partial torus but there is no evidence of this

design concept in any of the reviewed literature.
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There is one final unique variation of the single solenoid configuration which has never
been constructed but may prove to be an effective design. Barclay et al. [42] patented the
design of a flexible belt of refrigerant material, as a substitute to the solid wheel of previ-
ous designs, that passes through a simple solenoid magnet. This design is very effective in
its use of the available applied magnetic field. It also simplifies the magnet design and,
therefore, reduces the cost of the magnet system, which is the most expensive component

of a magnetic liquefier [10].

2.2.2 Summary of Rotary MR Devices

A compilation of the literature regarding rotary MR devices provides a good overview of
the design trends in this field since the development of the first device in 1977. Table
2.2.2a lists the reported general design factors of real and conceptual rotary MR devices.
This table has been adapted and updated from a more general survey of all MR devices by
Kral and Barclay [43].

Table 2.2.2a: Summary of literature regarding rotary MR devices.
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Type Material Span (K) Config.
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All of the constructed rotary MR devices, except one, used racetrack or split pair magnet
configurations. The exception, designed by a Los Alamos group [28], was not based on
the concept of a wheel with magnetized and non-magnetized sections. Instead, the entire
wheel was placed in a uniform magnetic field and refrigeration was based upon the aniso-

tropic nature of the crystalline refrigerant material.

The solenoid and partial tokamak configurations are coupled with the mechanical design
of the AMR. This means that the AMR ring, and its associated components, must be con-
structed in at least two pieces for assembly. The racetrack and split pair offer the advan-

tage of physically decoupling the wheel from the magnet design. For this reason these
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configurations are preferred over the solenoid and partial tokamak configuration in previ-
ously reported MR devices. The racetrack and split pair, however, do suffer from some

disadvantages.

It is well recognized [45] that, for a split pair magnet configuration, the applied field in the
gap, where the wheel rotates, is less than the field in the center of the individual coils. All
of the stationary split pair designs, [37][39](45], reduced this problem by using a soft iron
flux return path to concentrate the magnetic field. Another problem is that the maximum
applied field of constructed devices may be lower than the designed maximum field. Bar-
clay and Steyert [44] designed a racetrack coil to produce 6 T but the actual magnet only
produced 3.5 T. They found that the peak fields in the corners of the racetrack were higher
than planned and caused premature quenching of the magnet at low operating currents.
This problem is best minimized by using presently available computational magnetic

modelling, which is more advanced than was available to Barclay and Steyert.

A final concern, in the design of any magnet system for a rotary MR device, is the applied
field profile. Although applying the highest possible magnetic field to the magnetized sec-
tion of the wheel provides the largest possible magnetocaloric effect, minimizing the
applied field on the non-magnetized section of the wheel also increase the effectiveness of
the MR device. This is the reason that many designs, [27][29][31][32], employ compen-
sating coils. The uniformity of the field is also important, particularly for AMR cycle sys-
tems, because fluctuations in the applied field can reduce the effectiveness of an MR

device [15].

2.3 Superconducting (SC) Coil Design
The key design issues of any SC magnet system are identified by Iwasa [47] as the follow-
ing:
+  Magnetic field. The SC coil must provide a magnetic field that satisfies the
spatial distribution and temporal variation requirements of the design.

«  Conductor specification. The overall cost of a SC magnet system can be

influenced to a large extent by the cost of the superconductor. It is impor-
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tant to optimize the winding so that the field requirements can be met with

the minimum amount of conductor.

e Protection. In the event the magnet is driven into the normal state, it must
remain undamaged and be capable of being energized to its operating

point repeatedly.

»  Mechanical integrity. The magnet must be structurally strong to withstand

the large magnetic stresses, both under operating and fault conditions.

»  Operational reliability. The magnet must be stable to reach and stay at its

operating point reliably.

» Cryogenics. It requires power to create and maintain the cryogenic envi-
ronment necessary for SC magnets. It is important to try to minimize this

power requirement.

The issues of magnetic field, conductor specification, protection, and mechanical integrity
directly affect the coil design. The protection and mechanical integrity issues, however,
also influence the electric circuit and the external structure development. The last two
issues, operational reliability and cryogenic, are interdependent and relate to the auxiliary
components and refrigeration system design. It is the first two issues that are most impor-

tant to the coil design.

Practical modelling of the magnetic field provided by the coil geometries shown in Figure
2.2.1a can only be accomplished by computer simulation because these coil shapes are
complex, there are multiple coils in varying spatial orientation, and magnetic material is
present. The split pair coil by Rowe et al. [38] is the result of numerical modelling with
successive design modifications. There are, however, analytical and empirical methods,
which are presented by Wilson [17], for calculating the magnetic field profiles of sole-
noids without the presence of magnetic material. Examining the field profiles of simple
solenoids can provide a good understanding of the factors which influence the spatial dis-

tribution of magnetic fields and the methods for minimizing the conductor volume.
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The classic analytical method of coil optimization, presented by Wood [48] and Thomas
and Bright [49], involves minimizing the conductor volume of a solenoid with a rectangu-
lar cross section and a uniform current density. Although useful for simple coils, this is
not the most effective optimization technique for high field magnets. The maximum field
within a solenoid is located at the inner radius of the coil and the magnitude of the field

decreases in the radial direction through the windings as shown in Figure 2.3.0a. There-
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Figure 2.3.0a Schematic profile of magnetic field through a solenoid at section a-a.

fore, the conductor material in the first winding is subjected to a higher field than the other
windings and constrains the overall current density of the coil by the T-J-H relationship of
the superconducting material. By using multiple sections of winding, each operating near
the maximum current density allowed by the maximum local field, more of the conductor
operates near its design limit so less material is needed. This winding technique usually
involves wrapping a coil bobbin with sections of successively smaller diameter wire and
connecting them in series. Then, for a fixed operating current, the inner sections have a
low current density and the outer sections have a high current density. Wilson [17] gives a
good general description of this coil sectioning technique while Ishiyama and Shimizu
[50] present a detailed optimization algorithm for solenoids which also includes the cost

of the wire.
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Practical optimization by sectioning, of more complex coil shapes such as racetrack coils
or ovalized coils, is done iteratively. This process involves numerically modeling a sec-
tioned coil, examining the maximum fields within the winding sections, and confirming
that the current density of each winding is within its operational limit for the calculated
field. If the current density is beyond its critical limit or below its limit, which means that
the winding is under-utilized, the current is adjusted and the coil is modelled again. The

coils for the AMRL magnet system are optimized in this fashion.

Optimization and realistic modelling of a SC coil also requires valid information regard-
ing the T-J-H relationship of the superconductor. The relationship between critical current
and applied field at liquid helium temperature, 4.2 K, is available for commercial SC wires
from their respective manufacturers. If, however, the critical current information is
needed at temperatures other than 4.2 K, the manufacturer’s information can be adjusted
using the empirical relation, presented by Lubell [51], in Equation (2.3.0a) and Equation

(2.3.0b), from Iwasa [47], which assumes the critical current is a linear function of tem-

perature.
T, |
wH, (T,) = pon|:l— = ] (2.3.00)
co
T
J(T) = Jm“ T_—T" (230b)
g test

According to Lubell [51], when using Equation (2.3.0a) for NbTi conductors, n = 1.7 and
the critical values of p,H,, = 14.5 T and T, = 9.2 K provide the best results. The appro-

priate values for NbySn conductors are n = 0.62 ~ 0.72, pH., =279 T, and T, = 18.3 K
according to Iwasa [47]. The T, from Equation (2.3.0a) can then be used in Equation
(2.3.0b) along with the manufacturer’s tested critical values of Ji. and Ty for a given

applied field to find the critical current density at a chosen temperature.
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2.4 Structural Design of SC Magnet Systems

There are three structural elements within a SC magnet system; the internal structure of
the coil, the external structure supporting the coil, and the container which isolates the sys-
tem from the environment. These structures are meant to support the forces produced by
the magnetic field, thermal contraction of the components, any pre-loading of components
during assembly, the weight of the entire system, and the pressure differential between the
system, which is isolated in a vacuum, and the environment. The mechanical loads are
generally not as difficult to calculate as the magnetic loads. Good estimates of these

forces are necessary to ensure a safe and functional design.

There are two distinct forces that result from the magnetic field. The first, the Lorentz
force, acts upon current carrying elements within a magnetic field. It causes the attractive
or repulsive forces between coils and the internal forces on the conductors within a single
coil. The second force is due to the magnetization of a magnetic material within a field
gradient (see Equation (1.1.3.a) in Chapter 1). Although the methodology for calculating
these forces is understood, the vector sums are complex enough to require numerical solu-

tions for even the simplest models.

Barclay et al. [52] present a good analysis of the material magnetization force of Gadolin-
ium Gallium Garnet within a 6 T field for both a reciprocating and rotary MR device. The
results of this analysis show that the internal force on the refrigerant material is approxi-
mately ten times larger than the force required to move the material through the field. This
smaller, net force on the material also results in an equal and opposite force on the coils.
The external structure must be strong enough to support this force on the coils. Although
these results are for a very specific case, they do show that the magnetic forces within the
material are much larger than the net external force so precautions must be taken to pre-

vent mechanical failure of the refrigerant material.

The effects of the Lorentz force on the coil design is discussed thoroughly in the textbooks
by Wilson [17] and Iwasa [47]. Within a coil, the Lorentz force produces a outward radial

force that results in radial and hoop stresses (o,, og) within the coil windings as seen in
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Figure 2.4.0a. There is also an axial compressive force within a coil due to the field direc-
tion at the ends of a coil. These forces can be calculated analytically for simple solenoids

but are calculated numerically for more complex coil shapes.

Field Lines

Figure 2.4.0a Schematic of the Lorentz forces and radial and hoop stresses on a sole-
noid.

In general, the stress distribution within operating solenoids resembles that found in thick
walled pressure vessels. Assuming the properties of the conductor matrix are isotropic,
the stress distribution in a solenoid can be described by the equilibrium equation, Equation

(2.4.0a), from Mitchell and Mszanowski [53]:

do,
r= fol=g = (2.4.0a)

Because the magnetic field is proportional to current density [17], the stresses, according

to Equation (2.4.0a), scale with (},aoH)2 and the radius of the coil. This means that internal

coil structure is most important for high field coils and large diameter coils.

The coil stresses exist within the conductor and the epoxy-glass matrix that binds the con-
ductors together. Overstressing the conductor can destroy the coil but the strain on the
conductor is also of concern. The current density of the wire is affected by the wire strain

in a similar fashion to the temperature and field effect on the current density. If the strain
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is too high, the current density and, therefore, the applied field is degraded from the design
value. The magnitude of this effect also depends upon the conductor material, local field,

and operating temperature. The critical current of a Nb;Sn conductor, for example, can be

reduced by 30% at 12 T and 4.2 K for a strain as low as 0.4% according to Ekin [54].

There are several manufacturing techniques that are used to reduce the strain on the wind-
ings during operation. Impregnating the windings with epoxy prevents movement of the
winding relative to each other and strengthens the winding matrix. The conductor strain
can also be reduced by winding the conductor on the bobbin under a pretension that mini-
mizes the combined strains of the pretension, the thermal contraction, and the hoop
stresses during operation. If the strain on the conductor is still too high, an external band,
which shares the load and reduces the deformation, can be clamped around the outer
windings. These bands have proven effective for high field coils, large diameter sole-
noids, and racetrack coils, which have a non-uniform stress distribution. Minas and
Laskaris [55] reported using stainless steel and aluminum bands around large diameter
coils for MRI applications. Similarly, Jiingst et al. [56] used an iron form to contain race-
track coils for a magnetic ore separator and Vermilyea [57] designed an aluminum struc-
ture encasing conduction cooled racetrack coils for a maglev vehicle. Vermilyea’s design
is particularly interesting because the aluminum banding also acts as a heat conduction

path for the conduction cooling of the coils.

In addition to the causing internal forces within a coil, the Lorentz force also acts between
coils. This is only a concern for systems with multiple coils such as the split pair and the
partial tokamak configurations. The structure that separates these coils must be in direct
contact with the coils so it must also be as cold as the coils. The physical properties of
many materials change significantly at cryogenic temperatures so the selection of struc-
tural materials is an important design factor. In general, the yield strength of most materi-
als increases while the impact strength, ductility, and fatigue strength decrease at
cryogenic temperatures. Plain carbon steels are particularly notorious for low temperature
embrittlement and, therefore, not used in cryogenic equipment. The most common cryo-
genic structural materials are steels with at least a 9 percent nickel content, aluminum, and

glass reinforced plastics [58][59]. In literature mentioning coil separation structure,
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Minas and Laskaris [55] use a stainless steel structure while van der Laan et al. [60] use
aluminum cylinders. Both of these systems access the field in the axial direction of the
coils, similar to the partial tokamak configuration, so their structure is only applicable to a
partial tokamak configuration. There is little mention of the structure of the split pair coils
by Rowe et al. [38] but the system by Barclay et al. [45] uses a “C” shaped, soft iron struc-
ture to separate the coils. Because of its shape and material, this structure also has the

added function of acting as a flux return path.

Glass reinforced plastic and other high strength polymeric materials are very well suited
for the structure that thermally isolates cold bodies, such as the coils, because these mate-
rials have low thermal conductivities. The yield strength of many composite materials is
comparable to their metal counterparts but their thermal conductivity is an order of magni-
tude lower [61]. The magnet systems of Minas and Laskaris [55] and Vermilyea [57] both
use tensile supports of epoxied carbon fibre and Duband et al. [62] suspended cryogenic
systems with braided Kevlar cords. Reducing the heat leak through this external support
structure is especially important for conduction cooled magnet systems because of the

limited cooling capacity of the cryocooler.

2.5 Conductively Cooled SC Magnet Systems

Conductively cooled magnet systems avoid the need for refrigeration with liquid cryogens
by thermally connecting a SC coil to a low temperature heat sink, such as the cold head of
a two stage Gifford McMahon (GM) cryocooler. Such systems are desirable because the
lack of liquid cryogens allows the magnet system to be operated literally with the push of

a button.

Hoenig [63] presented one of the first conceptual designs of a conduction cooled super-

conducting magnet in 1986. He proposed refrigerating a Nb3Sn coil with a standard two

stage GM cryocooler to an operating temperature of 13 K and estimated that the coil
would develop an applied magnetic field of 3.3 T with a refrigeration load of 2.5 W at the
operating temperature. Hoenig’s conceptual design is very similar to the first operational
conduction cooled system, presented by Furuyama et al. [64] in 1989, which developed a

maximum field of 2.4 T at 14 K using Nb;Sn tape coils cooled by two GM refrigerators.
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At the same time, van der Laan et al. [60][65] constructed a working 1:3 scale model MRI
magnet system that was also cooled with two conventional GM cryocoolers. The coils of

van der Laan’s system were also made of Nb;Sn producing a 1 T field at 12 K. These

early systems proved that conduction cooling was possible but they were unfortunately

restricted to low fields and NbySn conductors by their relatively high operating tempera-

tures.

The lowest operating temperature of conventional GM refrigerators is slightly below 10 K
because, at these temperatures, the volumetric heat capacity of the helium working gas
becomes much greater than that of the most common second stage regenerator material,
lead. The development of practical, low temperature, high heat capacity regenerator mate-
rials using rare earth materials by Hashimoto et al. [66] led to Kuriyama et al.’s [67] con-
struction of the first 4.2 K GM refrigerator. Kuriyama’s 4.2 K cryocooler, which used

Er;Ni particles in the second stage regenerator, was soon followed by the development of

the next conduction cooled SC magnet by Masuyama et al. [68]. This magnet system was
novel because it used the less expensive NbTi superconductor and operated at 6 K produc-
ing a 5.4 T field. Like the previous systems however, Masuyama’s system employed two
cryocoolers. The first cooled the SC coils and the second cooled the heat shields and the
copper current leads. The heat load from the current leads was too great to be absorbed by

a single refrigerator as the 4.2 K cryocooler only had a 500 mW capacity at 5.4 K [68].

The discovery of even better low temperature passive regenerator materials, such as

ErNij ¢Coq 1 by Onishi et al. [69] and Er;Co and Er ¢Ybg Ni by Yabuki et al. [70], has

led to the development of refrigerators with ever increasing cooling powers. At 4.2 K, the
cryocoolers of Kuriyama et al. [71] and Tsukagoshi et al. [72] have a cooling power of just
over 1 W while the device by Satoh et al. [73] is capable of 1.5 W of refrigeration. The
erbium based alloys used in all of these cryorefrigerators have the unfortunate property of
being extremely brittle so the reliability of these machines is diminished. Using the more
ductile material neodymium instead of erbium alloys, Chafe et al. [74] modified the GM
cryocooler described by Riedy [75] to produce a 4.2 K refrigerator with a cooling power
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of 500 mW. Although this device does not have the cooling capacity of machines using
erbium based alloys, it is more reliable and recently became commercially available from

the Balzers corporation [76].

The next step in the progress of conduction cooled magnet systems was the use of high Tc
superconducting current leads between the first (~ 50 K) and second (4.2 K) stages of the
cryocooler. Replacing the copper current leads reduces the thermal conduction and
removes the ohmic heating loads so that only one cryocooler is necessary for most SC
magnet systems. Takahashi et al. [77] constructed the first conduction cooled SC magnet
system using a single 4.2 K cyrocooler. Their NbTi coil produced a 7.7 T field at 4.1 K

and they estimated the heat load to be 166 mW at this temperature.

Other conduction cooled magnet systems, using high Tc current leads, have been devel-
oped [78][79][80][81][82] but all have an operating temperature of approximately 10 K.
At present, the only other 4.2 K, conduction cooled SC magnet is a 6 T NbTi system
described by Urata et al. [83]. In summary, the only reported liquid helium temperature
conduction cooled SC magnets have been the systems by Rowe et al. [38], Masuyama et
al. [68], Takahashi et al. [77], and Urata et al. [83]. Rowe’s system is self cooling using a
magnetic refrigerator, Masuyama’s device requires two cryocoolers, and Takahashi’s and
Urata’s systems both use a single 4.2 K GM cryocooler. The SC magnet system for the
AMRL is similar to these last two systems as it attempts to use a single 4.2 K cryocooler

and high Tc current leads.

Yazawa et al. [84], who discuss the cooling structure of Urata’s system, and Takahashi et
al. [77] both observe that the temperature difference between the SC coil and the cold
flange of the cryocooler must be minimized to maintain the coil at the lowest possible tem-
perature. This is done by making the conduction path out of high thermal conductivity
material, minimizing the length of the conduction path, minimizing the number of
mechanical connections in the conduction path, and minimizing the thermal contact resis-
tance at all connections. The most common high conductivity material is oxygen free
high conductivity (OFHC) copper which, for a residual resistivity ratio (RRR) of 50,
roughly has a thermal conductivity of 300 W/m-K at 4.2 K [85]. As for the mechanical

connections, they can be either soldered or pressed, such as bolted flanges.
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According to Radebaugh [86], soldered connections provide a lower thermal contact resis-
tance than pressed joints; care must be taken, however, in choosing the type of solder.
Some solders, such as lead and lead-tin, become superconducting just above 4.2 K so their
thermal conductivity decreases significantly. Fortunately, these materials also have a low
critical applied field so that the superconducting state is destroyed if a small field is
present. Radebaugh claims that connections made with indium solder have a higher ther-
mal conductance than alloy solders and it does not become superconducting until 3.4 K.
Indium is also the preferred thermal gasket material for pressed copper connections. Both
Deutsch [87] and Salerno et al. [88] agree that the thermal contact resistance of a pressed
copper-indium-copper joint is lower than a pressed copper-copper joint. Salerno also
observes that Apiezon-N™ grease [89], commonly used in cryogenic work, provides an
even lower contact resistance than indium but care must be taken in preparing the connec-

tion. Salerno et al. [88] found the thermal conductance of pressed copper contacts to be 95

mW/cm?K for copper-indium-copper and 195 mW/cm?K for copper-grease-copper at a
pressure of 8.2 MPa (~ 1200 psi) and at 4.2 K while Radebaugh [86] measured a conduc-

tance of 30 W/em?K for indium soldered joints at this temperature. Salerno’s value for
pressed copper-indium-copper contacts may be low because the pressure was applied to
the joint at 4.2 K and indium is not very flexible at this temperature. Atroom temperature,
indium is very soft and will cold weld to connections under pressure. It is possible that
cold welded connections may have conductances approaching those of soldered joints.
From these values it is obvious that, for the conduction path of conductively cooled SC
magnet systems, solder connections should be used when possible and pressed connec-

tions should have as large a surface area as possible.

The greatest general concern of conductively cooled SC magnet systems is the reduction
of the heat loads on the system because of the limited cooling power of the cryocooler. As
mentioned previously, the use of polymeric structural materials reduces the conductive
losses and using high Tc current leads reduces both ohmic heating and conductive losses.
The other major loss mechanism is thermal radiation and it is reduced by the use of radia-
tion shields, which are thermally anchored to the first stage of the cryocooler, and good

insulation materials.
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The purpose of the radiation shield is to prevent thermal radiation between room tempera-

ture and the liquid helium temperature bodies by intercepting the radiation at an interme-

diate temperature, usually around 50 K. In general, the thermal radiation load, Q'md,
between a body enclosed in a vacuum vessel and the inner surface of the vessel, described
in Equation (2.5.0a) from Barron [58], depends heavily on the temperature difference

between the bodies as well as the surface areas and emissivities of the bodies.

: 4 4
Orad = FeG‘A]( L ~T, ) (2.5.0a)
Where  F, = emissivity factor between outer vessel (1) and inner body (2).
o = Stefan-Boltzmann constant = 56.96 nW/m?K*
A, = surface area of inner body (m?)
T, = absolute temperature of inner body (K)

T, = absolute temperature of outer vessel (K)

The general practice of single wall shield design is to use highly conductive materials, like
the thermal conduction paths of the coils, so that heat intercepted by the shield is con-
ducted away without significantly raising the temperature of the shield. If the shield tem-
perature increases then more heat will be radiated to the cold body. It is also a good idea
to polish the shields so that the emissivity is as low as possible. Leung et al. [90] suggest
that good shield materials include polished aluminum, which has an oxide layer that is
transparent to radiation below 100 K, and polished copper painted with a thin layer of
transparent benzotriozol to prevent oxidation. Gold plating is another option which
results in high emissivity surfaces [59].

The other technique of reducing the radiative heat transfer is to place reflective multilayer
insulation between the shield and the vacuum vessel inner wall. One of the most common

and simplest multilayer insulations is NRC-2 [91], an aluminized mylar sheet. NRC-2

effectively reduces the heat transfer, between 294 K and 77 K, to near 2 Wf’mz, according

to Gathright and Reeve [92], when at least 20 layers are used in a high vacuum of less than

10 mPa (7.5 x 107 torr) [58]. NRC-2 may also be used between the shield and the 4.2 K
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surface but at least 20 layers are necessary. Both Leung et al. [90] and Gathright and
Reeve [92] suggest that a simpler and equivalent, or possibly better, technique is to cover
all of the radiating surfaces with adhesive 3M aluminized mylar tape [93]. Both authors
estimated the heat transfer between 77 K and 4.2 K to be 12.5 mW/m? using this tech-

nique.

2.6 Auxiliary Components of SC Magnet Systems

Along with the coils, structure, and cooling system, there are four other components of
importance; the power supply, current leads, persistent current switch (PCS), and quench

protection circuitry.

2.6.1 Power Supply

The power supply must have an output current rating equal to, or greater than, the design
current for the coil. Its output voltage, however, may be small (on the order of 5 to 10
volts) because there is little resistance in the charging circuit of the SC magnet and the low
ramping rate of the current induces a low voltage drop across the winding. The low ramp
rate is needed to prevent quenching from eddy current production within the windings.
The power supply voltage must also be very stable to prevent eddy current induced
quenching. If the magnet quenches during charging a quench detection and protection
system is required to discharge the magnet. The necessary controls include a programma-
ble ramping rate and presettable current and voltage limits. This is an “off the shelf” com-
ponent and a dialogue with a SC magnet manufacturer will indicate the most suitable

power supply for the magnet system [94].

2.6.2 Current Leads

The current leads connect the power supply to the PCS, which is wired in parallel with the
coil, but conduct current only during the charging and discharging of the SC coil. The
leads introduce heat into the cryostat by conduction and ohmic heating. High conductivity
copper leads, which reduce the ohmic heating, connect the power supply to the first stage

of the cryocooler. High T, superconducting (HTSC) leads are used between the first stage

and the coil. The copper leads must be designed so that the combination of the ohmic
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heating and the thermal conduction loads is minimized. Chafe and Green [95] describe a
practical analytic method of finding the optimum length to area ratio of conduction cooled

leads that minimizes the heat load to the cryocooler.

The HTSC leads have no ohmic heating losses and the conduction losses are reduced
because HTSCs, such as BSCCO and YBCO, are ceramic and have lower thermal conduc-
tivities than metals. According to Bock et al. [96], compared to copper, these leads can
reduce the heat load to the 4.2 K heat sink by a factor of 10. The copper leads and the
wires from the PCS are silver soldered to the ends of the HTSC leads but the ohmic heat-

ing at the connections is very small because the contact resistance is on the order of 1

},tohm-cm2 [96][97]. Leads made of HTSC rods and tubes are available commercially and

sized according to their current rating.

Because the leads are conductively cooled they must be thermally anchored to the first and
second stage of the cryocooler. These connections must be flexible to protect the HTSC
leads from mechanical damage as they are very brittle. The thermal anchor must also be
thermally conductive as well as electrically insulative to prevent grounding. The HTSC
current leads of Takahashi et al.’s [77] conduction cooled magnet system are thermally
anchored using blocks of aluminum nitride (AIN), which is electrically insulating but has
a thermal conductivity nearly equal to copper. The HTSC rods are soldered to copper
braids, the braids are connected to copper blocks, and the copper blocks are screwed into
the heat sinks through the AIN blocks. Indium sheets are also placed on the AIN contact
surfaces to improve the thermal conduction. Figure 2.6.2a-A shows this assembly

arrangement.

Ballarino and Ijspeert [98] also use a relatively simple method for thermally anchoring
HTSC current leads. Copper braid is soldered to the warm side of the lead and the braid is
wrapped around a cold helium gas tube. 2 layers of 0.025 inch polyimide electrically
insulates the braid from the pipe and a stainless steel hose clamp connects the braid to the
pipe. The same configuration is used at the cold side of the lead but superconducting NbTi

wire is used instead of the copper braid. This arrangement is shown in Figure 2.6.2a-B.
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Figure 2.6.2a Thermal anchoring techniques for HTSC current leads.

2.6.3 Persistent Current Switch

The purpose of the persistent current switch is to place the magnet in a persistent current
mode once the charging is complete. In persistent current mode, the power supply may be
disconnected while the current continues to flow through the superconducting circuit. The
PCS is composed of a low inductance, bifilar winding of superconducting wire and a small
heater. The PCS is wired in parallel with the power supply and thermally connected to the
4.2 K heat sink. During charging, the PCS heater is switched on so that the SC wire of the
PCS is in the normal state and acts as a resistor. After the coil is fully charged, the PCS
heater is switched off so that the SC wire of the PCS becomes superconducting, creating a
superconducting circuit with the coil. Once this circuit is complete, the power supply can

be turned off. The PCS circuit diagram is shown in Figure 2.6.3a.

The design criteria for a conduction cooled PCS are similar to those of a cryogen cooled
PCS but the limited cooling capacity of the cryocooler must be also be considered. Dorri
and Laskaris [99] claim that a cryogen free PCS should posses two qualities, namely, it
should generate as little heat as possible during charging and, after the PCS heater is
switched off, it should cool down and revert to the superconducting state in as little time as

possible. To reduce the heat generation during charging, the PCS should have a high nor-
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Figure 2.6.3a Persistent current switch circuit diagram.

mal state resistance and use a small heater. A high normal state resistance is achieved by
using either long lengths of standard SC wire with a copper stabilizer or shorter lengths of
SC wire with a high resistance stabilizer such as CuNi. Using the shorter wire lengths is
the more desirable option because the heat capacity of the PCS is reduced and therefore,
so is the recovery time. The switch constructed by Dorri and Laskaris met their criteria of
producing heat at a rate of less than one watt of heat during charging, allowing the charge
to occur in less than two hours, and reverting to the superconducting state, after charging,

in less than a half hour.

This switch by Dorri and Laskaris, however, was constructed for a 10 K magnet system
using two cryocoolers with a total heat load of 2.1 watts at this temperature [80]. A PCS
with a heat load on the order of one watt is unacceptable for a 4.2 K conduction cooled
system. Therefore, a heater controlled PCS must be designed to have a very high normal
state resistance such that the heat produced is much less than the capacity of the cryo-
cooler. Another method of reducing the heat production is to trip the PCS magnetically
rather than thermally. Noto et al. [100] and Sadakata et al. [101] describe a magnetically
controlled PCS made of a bifilar winding of NbTi wire with a CuNi stabilizer surrounded
by a small SC magnet. When the magnet is turned on, the PCS winding is non-supercon-
ducting but it is still cold so the only heat generation is due to ohmic heating from the PCS

normal state resistance. When the magnet is turned off, the PCS reverts to the supercon-
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ducting state very quickly. The PCS of Sadakata et al. [101] carries currents of 30 to 300
A and can be tripped from the normal to superconducting state with applied fields of less

than 0.5 T at liquid helium temperatures.

2.6.4 Quench Protection

A SC magnet quench occurs when the conductor makes a sudden transition from the
superconducting to normal state. Ideally, the stored magnetic energy is dissipated equally
throughout the coil causing the coil to heat up uniformly. A reasonable temperature rise is
on the order of 100-150 K or less [17]. Unfortunately, the initialization of a quench is a
local phenomenon within the coil so a small portion of the coil will become normal while
the rest of the coil remains superconducting. The rate at which a coil quenches can be
gauged by the normal zone propagation (NZP) velocity of the coil conductor. If the NZP
velocity is not high enough, failure may occur from local overheating, arcing due to large
inductive voltages, or thermally induced overstressing [47]. The limit of the normal zone
heating is 300-400 K [17]. Anything more than this may cause insulation damage or local
over stressing. Magnets with NZP velocities high enough to prevent failure are aptly
labelled “self-protecting”. Magnet systems that are not self-protecting require quench

protection circuitry.

The most basic method of active quench protection is the detect-and-dump technique.

Figure 2.6.4a shows the simplified circuit diagram for this technique. When a quench is

>c. TR Sl T >
| I |
Switch | |
e |
Power ? Dump R | |
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Figure 2.6.4a The basic detect-and-dump active quench protection circuit.

detected within the coil the switch is opened so the energy stored in the coil can be dis-
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charged into an external resistor [17][47]. The choice of dump resistors controls the rate
of current decay (dl/dt) and therefore the induced voltage (V' = Ldl/dt) across the coil.
Figure 2.6.4a shows the circuit with a power supply but it can also be adapted for persis-
tent mode operation. According to Iwasa’s text [47], the difficulties with this technique
are that quench detection can be problematic because of the large inductive voltage

present and the opening of the switch can be subject to failure.

A passive method of quench protection, which is useful for isolated magnets in persistent
mode, is the use of a coupled secondary coil. If the primary SC coil should quench, some
of the energy from the primary coil will be transferred to the secondary coil, due to the
mutual inductance of the two coils, reducing the maximum temperature and voltage in the
primary coil [17]. The circuit diagram of a coupled secondary protection system is dis-

played in Figure 2.6.4b. When the secondary resistive coil is in thermal contact with the

Ip(t) Is(t)
Ming
Lp Lg Rpy
Ro(H)

Figure 2.6.4b Passive quench protection circuit using a coupled secondary coil.

primary SC coil, the quench process also occurs faster than usual because of the additional
joule heating of the secondary circuit. This process, known as quench back, is examined
thoroughly by Green [102]. Quench back can also occur in inductively coupled multicoil
SC magnet systems without a separate secondary circuit as shown by Yunus et al. [103].
Yunus also reports that the a.c. loss from the inductive coupling of thermally isolated SC
coils can induce a quench. This implies that it may be possible to make multicoil SC mag-

nets self-protecting without the reliance of heaters for encouraging the quench process.




41

Another method of passive quench protection is the use of high power silicon diodes as

shown by the multicoil diode protection circuit of Figure 2.6.4c. Diodes wired parallel to

Current i | AW ]
Lead
Connections I W

P
o, I TS
Superconducting Coils

Figure 2.6.4c Passive quench protection circuit using high power diodes.

the SC coil with a dump resistor act like the switch in the detect-and-dump circuit of Fig-
ure 2.6.4a. When the quench induced voltage of the coil exceeds the threshold voltage of
the diode, some of the current is redirected from the coil to the dump resistor. Addition-
ally, the dump resistor can act as a quench back heater, such as the system examined by
Schwall [104], to force the quench process. Schwall also protects the PCS from burnout
using diode protection. Diode protection may also be used without dump resistors. In
systems without resistors, the effect of redirecting the current away from the quench zone
into other sections of the coil causes the other sections to quench and, therefore, speeds up
the overall quench process. In multicoil systems, this protection technique combined with

the inductive coupling effect results in well protected coils.
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Chapter 3
AMRL Magnet Sub-System

3.1 Design Process

Initially, the AMRL project called for the construction of a prototype rotary AMRL capa-
ble of 1 kW of refrigeration between 240 K and 110 K. This cooling capacity equals an
LNG production rate of approximately 200 l/day. The design of this device, including the
SC magnet sub-system, proceeded until it was detailed enough to hold a critical design
review in the presence of the sub-system designers and external technical consultants.
After the review, it was concluded that the high cost and mechanical complexity of the

design were significant enough to warrant a re-design of the entire system.

The new design was downsized in capacity and all of the sub-systems were decoupled as
much as possible to simplify the design. The second, smaller AMRL is made to provide
500 W of refrigeration power and is considered more robust than its predecessor. Re-
designing the AMRL also required a new design for the SC magnet sub-system. Although
the first magnet design was never fully completed, the gained knowledge was applied to
the second design, which is presently under construction, and can be applied to all subse-

quent magnet systems for rotary MR devices.

The magnet designs in this thesis were carried out sequentially; for the sake of clarity,
however, they are presented in parallel. They differ in their configurations, because each
has distinct constraints and specifications, but some similarities and general concepts do
exist. The differences, similarities, and general concepts of these systems are presented

for each stage of the design procedure.
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3.2 Specifications and Constraints

The specifications that define the SC magnet sub-system are a combination of the applied
field requirements of the AMRL regenerator, the geometric constraints due to the AMRL
components within the applied field space, and the SC magnet specifications independent
of the AMRL. Geometrically, the AMRL components and the magnet system are highly
coupled so the design specifications of both are the result of many concessions. This cou-
pling also means there is a significant difference between the geometric constraints of the
magnet sub-systems of the large and small AMRL. Sections 3.2.1 and 3.2.2 describe the

geometric specifications in detail.

The applied field specification is the same for both AMRLs because it is based on the
magneto-thermodynamics of the refrigerant material in the regenerator matrix. A uni-
form, minimum mean applied magnetic field of 7 T is desired in the entire high-field
region of the AMR ring while the applied field in the no-field region should be as low as
possible. It was not possible to meet this field requirement in the large AMRL design but
it was possible for the second, small AMRL.

Initially, it was unknown if a non-uniform applied field would adversely affect the perfor-
mance of an AMRL so an azimuthal field homogeneity on the order of 5% was specified
for the large AMRL. This value was chosen because it was thought to be small enough
not to significantly affect the thermodynamic performance of the device but also not so
small that it would significantly increase the cost of the magnet. Later, it was determined
by Spearing [15] that azimuthal field fluctuations of this magnitude would affect adversely
affect the performance of the AMRL. Therefore, the homogeneity requirement of the
small AMRL was specified to be as small as possible and less than 5% without signifi-

cantly increasing the cost of the SC coils.

The other requirements of the magnet sub-system design, which are independent of the
AMRL specifications, are the conduction cooling system and, if possible, the use of NbTi
conductors rather than Nb3Sn conductors. Although Nb;Sn magnets can provide a greater
applied field than NbTi magnets, they are also more expensive to produce. The conduc-

tion cooling of the coils is to be accomplished with a single 4.2 K G-M cryocooler. The
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cryocooler 1s modified from a standard G-M refrigerator to supply 0.5 W of cooling
capacity at 4.2 K. Therefore, the total heat load to the 4.2 K stage of the system must be
kept below 0.5 W.

3.2.1 Large AMRL Geometric Specifications

Figure 3.2.1a shows the basic dimensions of the large AMRL regenerator and pressure
housing. The regenerator is a particle bed of magnetic refrigerant materials with a poros-
ity of 38%. It has a 5.5 cm by 5 cm cross section, a mean diameter of 60 cm, and is
enclosed within a pressure housing that has a diameter of approximately 10 cm. The pres-
sure housing dimension is approximate because at the time the specifications were made
the exact value was unknown. The housing contains the helium working gas at 5 MPa so
it must have a large enough wall thickness, which affects the diameter, to meet the neces-
sary strength requirements. Conversely, the housing needs to remain as small as possible
so the SC coils can be placed as close as possible to the AMR ring. A 120° section of the
AMR ring is to be magnetized with a uniform magnetic field and no components of the SC
magnet sub-system are to be located more than 15° of either side of the 120° magnetized
section. This leaves only a 150° construction zone for the magnet sub-system. This 150°
construction zone was later considered too restrictive so it was specified to be as small as

possible and varied during the design of the magnet system.

As stated earlier, the AMRL and SC magnet geometric specifications are highly coupled.
The pressure housing is given a circular shape because it can have a thinner wall thickness
than a non-circular shape for a given internal pressure. The size of the magnetized region
is then determined by cooling power, or the liquefaction rate, of the AMRL. For a fixed
rotation frequency, a specific volume of magnetized material is necessary to meet the cool-
ing requirements of the liquefier. If the AMR ring were made larger, the magnetization
region would enclose a smaller arc for the same material volume. The cost of the mag-
netic refrigerants is relatively high so it is important to reduce the AMR ring size as much
as possible. Early in the AMRL project it was decided that a 120° arc was the maximum
magnetization zone that could be covered considering the need for an equivalent sized no-

field region on the other side of the ring and an intermediary region where the field

changes.
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Figure 3.2.1a Schematic of the large AMRL geometry.

3.2.2 Small AMRL Geometric Specifications
Like the large AMR ring, the small ring is a particle bed with a porosity of 38% but has a

5 em by 2.5 cm cross section and a mean diameter of 30 cm. The general layout of the
small AMR is shown in Figure 3.2.2a. The 7 MPa operating pressure of the helium gas is
higher than for the large AMRL so the housing is proportionately larger, however, the

regenerator height was reduced to 2.5 cm so the pressure housing height is only 6.5 cm.

The magnetization zone was initially specified to span an arc of 120° of but this was later
considered too large for the selected coil configuration. A circular magnet that could pro-
vide a field over a 120° arc is prohibitively large and expensive. The region of constant
magnetization was, therefore, set at 90°. Similarly, the no-field region is the equivalent
size on the opposite side of the wheel. The greatest difference between the first and sec-
ond AMRL design is that the smaller second AMRL was specified to have a one piece
AMR ring, bearing race, and gear track. This means that the AMR ring, pressure housing,
and associated components must be completely decoupled from the SC magnet sub-sys-
tem in terms of construction. Therefore, the SC coil choices for this system are limited to

the split pair and racetrack configurations.
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Figure 3.2.2a Schematic of small AMRL geometry.

3.3 Evaluation of Coil Configurations

Each of the possible coil configurations, shown in Figure 2.2.1a, has certain positive and
negative attributes. The attributes presented here were evaluated as part of this thesis and

the most suitable coil configuration for given AMRL specifications was selected.

3.3.1 Racetrack Configuration

The greatest advantage of the racetrack coil configuration is that it allows the AMR ring
and the SC magnet subsystem to have a mechanically decoupled design. The magnetized
volume of the coil is also well utilized by the ring so there is little wasted magnetized vol-
ume. Unfortunately, a single racetrack coil does not cover a large region of the AMR ring.
It is necessary to use two or more coils stacked in the “football stadium” shape, like the
system by Barclay and Steyert [44], as shown in Figure 3.3.1a. This winding shape is also
difficult to wind because of the long straight sections of conductor. Often, these types of
coils are shaped to have a slightly positive curvature, rather than flat sections, so that
winding tension may be maintained. The long flat sections of these coils are also subject

to large Lorentz forces but do not have the internal strength to withstand these forces.
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Top View of Stacked Racetrack Coils Side View of Stacked Racetrack Coils

Figure 3.3.1a Schematic of stacked racetrack coil configuration.

Therefore, it is necessary to have an external structure to support the windings like the
racetrack coil designed by Vermilyea [57]. Lastly, the field distribution is not uniform.
Near the ends of the coils the applied field is disproportionately larger than the central
field so quenching can occur when the central field is relatively low, such as the racetrack

coil by Barclay and Steyert [44].

3.3.2 Split Pair Configuration

Like the racetrack configuration, the greatest advantage of the split pair configuration is
that it is decoupled from the AMR ring. The direction of the applied field is also perpen-
dicular to the AMR ring so there is less stray field in the no-field region of the AMR than
would be found with a racetrack coil. However, circular coils must be very large to mag-
netize a large portion of the AMR ring. By using elliptical shaped coils, as shown in Fig-
ure 3.3.2a. smaller windings can be made to magnetize a large portion of the AMR.
Elliptical coils are not as difficult to build as racetrack coils but must still be custom man-
ufactured at a high cost because of their odd shape. The biggest drawback with this con-
figuration is that the AMR ring does not effectively utilize the magnetized space of the
coils as suggested by Barclay et al. [45]. This effect can be minimized by reducing the
gap between the coils as much as possible and using a flux return path. Even so, the mag-
nitude of the useful field between the coils may be on the order of half of the maximum
field in the windings. Therefore, if a useful field on the order of 7 T is required for the
AMR ring, the coils must tolerate upwards of 12-14 T within the windings. Therefore,

|
|
|
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Figure 3.3.2a Schematic of split pair coil configuration.

expensive Nb;Sn must be used because NbTi magnets cannot function at these high fields.

The strong attractive force acting between the coils is also an important consideration for
this configuration. The structure separating the coils must be suitably strong and rigid yet
not impede the access of the AMR ring to the magnetization zone. With the materials
such as 9% nickel steel, which is ferromagnetic and has a high strength at cryogenic tem-
peratures, it is possible to additionally employ the coil separation structure as a flux return

path.

3.3.3 Solenoid Configuration

The solenoid configuration, shown in Figure 3.3.3a, is very desirable because the coil is
the most simple and inexpensive of all of the possible configurations. The inherent prob-
lem with this configuration is that the AMR ring, and its associated components, must be
constructed in at least two pieces for assembly. Although not impossible, it is a challeng-
ing problem to construct split components of rotating machinery with the associated pres-

sure housing.

The other difficulty with this design is that a single coil cannot provide a large zone of
magnetization without having a large inner diameter, as shown in Figure 3.3.3a. Because
of the curvature of the AMR ring a small diameter solenoid can only magnetize a small arc

of the ring. A larger arc of the ring will be magnetized as the solenoid diameter is
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Figure 3.3.3a Comparison of magnetization zones for solenoid coil configuration.

increased but the AMR ring uses progressively less of the total magnetized volume. One
way to magnetize a large arc of the AMR wheel without wasting much of the magnetized

volume is to assemble many small coils in the partial tokamak configuration.

Perhaps the most effective way to use a solenoid coil for a rotary magnetic refrigeration
system 1is to arrange the AMR in the form of a flexible belt or chain as proposed by Bar-
clay et al. [42]. This “chainsaw” configuration, shown in Figure 3.3.3b also uses a single
solenoid but has two thermodynamic cycles per complete rotation of the chain. This
design, however, was not chosen by the Cryofuel Systems group. It was considered risky

to manufacture, primarily due to the mechanical complexity of the flexible AMR.
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Figure 3.3.3b Schematic of “chainsaw” AMR and solenoid coil configuration.




3.3.4 Partial Tokamak Configuration

This configuration lets the AMR make very effective use of the magnetized volume and
the individual coils are still simple solenoids which are easy to manufacture. It does, how-
ever, have the same drawback as the solenoid configuration in that it is highly coupled
with the AMR. The size of the magnetization zone can be varied by adding more coils.
This configuration is more complex than the others because it uses the greatest number of
coils and there are difficulties in assembling them in a tokamak geometry. One of the
more important concerns is the azimuthal field attenuation between the coils caused by the
absence of winding in the gap between the coils. This azimuthal field ripple effect can be

reduced by using more coils within the same arc length, as shown in Figure 3.3.4a.

Fewer Coils Results in More Coils Results in
Larger Gap Spacing Smaller Gap Spacing

Figure 3.3.4a Coil spacing of partial tokamak configuration.

Although there are more gaps when using more coils, the gaps are smaller so the conduc-
tor is more evenly distributed over the partial tokamak making the field more uniform. In
the limit, a continuously wound, bent solenoid would remove all possible azimuthal field

variations but it would be an extremely difficult coil to manufacture.

The other concern with a toroidal or tokamak type winding is the radial field attenuation.
The magnetic field intensity across the width of the AMR ring, within the bore of the par-
tial tokamak, decreases from the inner to outer radius as a function of 1/r. Because itis a
function of 1/r, this radial field attenuation effect lessens as the overall radius of the AMR

ring and the associated coil assembly increases. The radial field attenuation is a problem
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because the high field gradient that exists across the ring induces large forces between the
ring and the magnet. Also, for a small radius partial tokamak, the maximum local field in
the winding will be high compared to the bore field. If the local field is very high it is nec-
essary to use NbTi conductors at a low current density or even Nb;Sn conductors if the
field is greater that 9 T or so. In either case, the winding becomes more expensive as the
local field increases so the radius of the partial tokamak also affects the cost of the wind-

ings.

3.4 First AMRL Coil Configuration

The partial tokamak coil configuration was selected for the first, large AMRL design
because it is able to economically provide a large magnetization zone with solenoid coils
made of NbTi superconducting wires. Cost estimates also showed that the SC magnet
sub-system accounted for the largest portion of the total AMRL system cost and that NbTi
solenoids would be the least expensive option. The single solenoid option cannot provide
the specified magnetization zone of 120° while the partial tokamak can. The problems of
constructing a two piece AMR ring and its associated components were considered to be

very difficult but not insurmountable.

The racetrack coil was not chosen because it has a non-uniform field profile and was con-
sidered to difficult to construct. While the split pair was also an attractive choice because
of its decoupled design, the magnetic field attenuation between the coils was considered
too great for an AMR ring of this size. The coils would have to be unreasonably large, and
correspondingly expensive, to provide a mean applied field of 7 T with a coil gap greater

than 10 cm, the diameter of the pressure housing.

3.5 Second AMRL Coil Configuration

During the critical design review of the large AMRL system it was decided that the two
piece AMR ring and the pressure housing was too expensive and risky to merit construc-
tion. Theoretically the design worked but the manufacturing tolerances were very high

and considered unattainable for the available manufacturing resources. Therefore, a new
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AMRL design that allowed the magnet sub-system and the AMR ring to be physically
decoupled was required. This meant that the racetrack and split pair coil configurations

were the only possible design options.

Of these two choices, the split pair configuration was selected because it provided a uni-
form field distribution and produced a low field in the no-field region of the AMR ring. It

did, however, have to be designed to use Nb;Sn conductors in order to provide a mean
central field over 7 T. Because Nb3Sn coils are quite expensive to construct, the AMR

ring diameter, AMR height, and the size of the magnetization zone were all reduced so
that the overall coil size and, therefore, cost was reduced. So, unlike the first AMRL

design, the magnet specifications of the second AMRL drove the AMR ring specifications.

3.6 Design Methodology

The approach to this problem was relatively straightforward with three major design
phases. First, the coils were designed to provide the necessary applied magnetic field
using computer simulation software. Next, the external structure was designed based on
the estimated structural loads. Lastly, the system was thermally analyzed to estimate and
reduce the heat loads on the conduction cooling system. These design phases are pre-
sented in a sequential order in subsequent chapters but they were often performed in paral-
lel because of the interdependency between the results from each phase. Before each
phase, the necessary design information such as the magnetic, mechanical, and thermal

material properties were found or estimated if they were unknown.
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Chapter 4
Magnetic Field Modelling and Coil Design

4.1 Magnetic Field Modeler

The SC coils for the AMRL project were designed using the Maxwell 3D Field Simula-
tor™ software by Ansoft [105] operating on a Sun [106] Sparc 10 workstation. The simu-
lator is capable of solving three dimensional magnetostatic problems with non-linear
material properties. Although the liquefier is dynamic because the AMR ring actually
rotates through the magnetic field during operation, it was modelled as a static problem
because the rotation of the circular and continuous magnetic ring does not significantly

modify the applied field profile.

A three dimensional solid model was constructed within the simulator via a CAD inter-
face. Conductors were then identified and assigned current densities. Non-conductors
were assigned magnetization values as a function of applied field. It was necessary to
model the coils as bulk conductors rather than identify each individual wire. Without this
simplification the simulation models become too large to solve. The bulk current density
of the coils was calculated from the wire operating current, diameter, and packing factor.
The coils were modelled with the maximum possible bulk current density, without exceed-

ing the wire specifications, so that the conductor volume was minimized.

Symmetrical designs were cut along the symmetry plane and only one half of the design
was modelled which reduced the computation time. If the symmetry plane was tangential
to the applied field direction then the plane was defined with a Neumann boundary condi-

tion. The Neumann boundary condition forces the field solution to be tangential to the
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plane. If the symmetry plane is perpendicular to the field a Dirichlet boundary condition
is applied. The Dirichlet boundary condition forces the field solution to be perpendicular
to the plane. A Neumann boundary condition was applied to all other planes of the solu-

tion boundary.

Next, a finite element mesh was created for the solid model by the software and the mag-
netic field was computed by finite element analysis. The analysis uses Ampere’s law,
Equation (4.1.0a), and Maxwell’s equation describing the continuity of flux, Equation

(4.1.0b).

Vxit = (4.1.0a)

V-B=0 (4.1.0b)

Additionally, the magnetic flux density, B, was found with Equation (4.1.0c) where p, is

the permeability of free space and M is the magnetization of the material.
B =y, (H+M) (4.1.0c)

After the magnetic field was calculated, the solution was used to estimated the residual
error of the energy in each finite element. The sum of this error is the total ‘energy error’
and it represents the accuracy of the solution. The simulator uses adaptive meshing to
generate more accurate solutions with each successive iteration. Solutions with an energy
error less than 5% were considered to have converged for initial design purposes because
better convergence required more computation time. More accurate solutions with an
energy error less than 2% were used for final designs. These convergence values were
based on benchmark solutions of a basic solenoid and are also suggested by the software
company. The accuracy of the benchmark field solution was within 5% which was consid-

ered acceptable for design purposes.




4.2 Design Information

The two necessary pieces of information for the magnetic field analysis and coil design
were the conductor current densities and the material magnetization curves. The operating
currents of commercially available superconducting wires provided estimates of typical
bulk current densities. The necessary magnetization curves came from the material prop-
erties data of the magnetic refrigerants in the AMR ring and the material used for the flux
return path.

4.2.1 SC Wire Critical Current

All commercially available SC wires are tested at 4.2 K over a range of applied fields for
their critical currents. Although they are only tested at 4.2 K, the critical currents at other
temperatures were estimated, using Equation (2.3.0a) and Equation (2.3.0b), and used to
evaluate the sensitivity of the designed field with temperature. These short sample tests
take place with little or no wire strain so realistic operating currents are usually estimated
to be 80-90% of the short sample critical currents. The bulk current density of the coils is
around 45-65% of the wire current density. This scaling factor is based on the wire’s

packing factor due to its circular cross section, insulation, and winding pattern.

The operating currents, and associated bulk current densities, for typical multifilament
NbTi wires is shown in Table 4.2.1a. The values presented are for 54S43 wire available
from Supercon, Inc [107]. The values at 4.2 K come directly from Supercon while the
values at 4.5 K and 5 K were estimated using Equation (2.3.0a) and Equation (2.3.0b).
These values were based on packing factors of 65%, 60%, and 55% for the large, medium,
and small diameter wires respectively and correspond with the typical realistic working
current densities of established magnet systems [108]. The packing factors are lower for
smaller diameter wire because the wire insulation, which has a constant thickness for all

wires, accounts for a relatively greater portion of the wire’s cross sectional area. As is
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shown, the bulk current density, which was used for modelling purposes, is not strongly
related to the wire diameter. Therefore, during the initial design phase it was unnecessary

to exactly specify the wire diameter and current.

Table 4.2.1a: Typical operating currents for NbTi filamentary wire.

Wire Diditiotor Applied Field=9 T Applied Field=7T
Pagg’i‘:g) gggtor Operating |  Bulk Cument | Operating Bulk Current
Current (A) | Density (A/em?) | Current(A) | Density (A/cm?)
At42K
1.016 (P.F. = 65%) 180 14432 500 40088
0.762 (P.F. = 60%) 105 13815 310 40787
0.508 (P.F. = 55%) 45 12212 140 37991
At4.5K
1.016 (P.F. = 65%) 126 10109 427 34201
0.762 (PF. = 60%) 74 9677 264 34797
0.508 (PF. = 55%) 32 8554 119 32412
At5.0K
1.016 (PF. = 65%) 36 2905 304 24388
0.762 (PF. = 60%) 21 2781 189 24813
0.508 (PF. = 55%) 9 2458 85 23113

Table 4.2.1a shows the operating currents for Nb;Sn multifilament wires supplied by Tele-
dyne Wah Chang [109]. The operating currents are 85% of the tested short sample critical
currents. Like the previous data for NbTi wires, the bulk current density is nearly inde-
pendent of the wire diameter so it was unnecessary to specify the exact wire diameter and

current during the initial design phase.
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Table 4.2.1b: Typical operating currents for Nb3Sn filamentary wire.

e s Applied Field = 14 T Applied Field = 12 T \
Pag;i?g) ;ﬁtor c?;l?re;z;i?ﬁ) szsliliyc(l:’z:z) Coufgial:i?ﬁ) D:slil:yc(ﬁgl) t:
 At42K
1.263 (PF. = 60%) 503 . 24090 750 35919 '
0.600 (P.F. = 55%) 122 23732 187 36377
| ' At5.0K
1.263 (PF. = 60%) 308 14758 579 30030
0.600 (P.F. = 55%) 75 14539 144 28073
e, MG K ey
1.263 (P.F. = 60%) 65 3093 365 17471
0.600 (PF. = 55%) 16 3047 91 17693

4.2.2 Material Magnetization Properties

The magnetic refrigerant material within the AMR ring is a blend of pure and alloyed rare
earth metals which include gadolinium, dysprosium, and holmium [110]. The magnetiza-
tion curve of Gd, shown in Figure 1.1.3c, is indicative of the magnetization curves of these
refrigerants. Although all of the refrigerants have differing temperature dependencies
upon their magnetization, they all also operate at different temperatures because of the
thermal gradient within the AMR ring. The result is that all of the materials operate near
their respective Curie temperatures so they all have very similar magnetic properties dur-
ing operation. This similarity is shown by the B-H curves, in Figure 4.2.2a and Figure

4.2.2b, of Gd and Dy near their respective Curie temperatures of 293 K and 179 K. |

As the B-H curves show, the relative permeability of Gd and Dy is around 1.5 below
applied fields of 1 T and steadily decreases to unity as the magnitude of the applied field
increases. The data for these curves were obtained from a using a molecular field model

to simulate ferromagnetic materials properties. This simulation provided the magnetic 1
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Figure 4.2.2a Graph of B vs. p H for Gadolinium near its Curie temperature of 293 K.
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Figure 4.2.2b Graph of B vs. u,H for Dysprosium near its Curie temperature of 179 K.
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properties for materials at the atomic level. Below the Curie temperature the microscopic
domains of both materials exhibit spontaneous magnetization and this is reflected by their
B-H curves. In fact, a small applied field is necessary to align the domains and produce a
bulk, macroscopic magnetization effect. The B-H curves of Gd and Dy above the Curie
temperature represent the bulk material properties well. The magnetization curve of Gd is
also very representative of similar refrigerants. Therefore, for design purposes, the single
B-H curve of Gd at 295 K was used to model the magnetic properties of all the refrigerant
materials in the AMR ring.

Figure 4.2.2¢ shows the B-H curve of C1010 low carbon steel [111]. Because it saturates
at 2 T in low applied fields, it is useful for the construction of flux return paths and mag-
netic shielding. This is a typical curve of most soft magnetic materials so, for design pur-
poses, it was used to model the magnetic properties of the flux return material. In fact, the
structural and flux return path materials used are C1020 and 9% nickel steel but the mag-

netization curves for these materials were unavailable.

00 — 4 — Frp i liesdi. odse liuiis ! |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

H.H (T)

Figure 4.2.2¢ Graph of B vs. p H for C1010 low carbon steel.
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4.3 Partial Tokamak Configuration for Large AMRL
4.3.1 Early Designs

The early designs of the partial tokamak configuration were very approximate because
they used only six coils, each coil was identical, and all of the coils had a single current
density so the winding was not optimized. These designs proved inadequate for the
AMRL specifications but were instrumental in exposing the subtleties of the coil and flux
return path designs. These early six coil designs are shown in Figure 4.3.1a. Only the bot-
tom half of these designs was modelled, and shown, because of the geometrical symmetry
in the x-y plane. All of the windings in the six coil models are 8 cm wide with a 15 cm

inner diameter and 20 ¢cm outer diameter. They are spaced 24° apart and operate with a

bulk current density of 30,000 A/cm?.

(B) Six coils with iron wedges
between coils.

(C) Six coils with half circumference (D) Six coils with full circumference
iron flux return yoke. iron flux return yoke.

Figure 4.3.1a Early partial tokamak designs with six coils.

The results of the basic six coil model, shown in Figure 4.3.1a-A, indicate a maximum

field of 7.2 T in the windings which is acceptable for a current density of 30,000 Alem?.
Unfortunately, there is a strong radial field attenuation shown by a maximum field at the

inner circumference of the AMR of 6.5 T and 5.5 T at the outer circumference. The azi-
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muthal attenuation is also approximately 0.75 T from the central bore of the tokamak to
the bore of the end coils. Lastly, the mean field attenuation from the bore of any coil to the
gap position between the coils is also approximately 0.75 T. The sketch of the applied
field profile in Figure 4.3.1b shows the radial, azimuthal, and gap attenuation. Attempts to
reduce these three forms of field attenuation were made in the subsequent models shown
in Figure 4.3.1a-B, C, and D. These models used the selective placement of iron yokes to

try to reduce the different field attenuations.

Desired Applied Field Profile

? Field Profile along Inner Radius
7 of AMR Ring
£ 67 A . Field Profile along Outer Radius
x S " " \L‘ J’ ‘. Of AMR Ring
o + 4 [
of il s L
g 41
=
= 3
o
=
e
<

1 1 T I ] T T | OG
0 15 30 45 60 75 90 105120 135 150 165 180
Angular Position (degrees)

Figure 4.3.1b Sketch of the x-y plane applied field profile on the AMR ring of the six
coil partial tokamak model.

In the design shown in Figure 4.3.1a-B, iron wedges were placed between the coils to
increase the field between the coils and, therefore, reduce the gap attenuation. This design
did not significantly affect the field attenuation. Extending the wedges to a half circumfer-
ence yoke, as in Figure 4.3.1a-C, and a full yoke, as in Figure 4.3.1a-D, also had little
effect on the field attenuation. The only significant benefit of the yokes was the reduction

of the stray fields outside of the main bore.

Within the 150° total construction space, a 15° space was allotted outside the edge of the
end coils for the dewar, insulation, and thermal shield. This meant that the end coils had
to be placed 120° apart from edge to edge, as shown in Figure 4.3.1c. Their center to cen-

- ter placement varied depending on the coil size and this placement directly affected the
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End Coil

Center to center spacing \
between end coils depends k
upon coil width and diameter. i

120° from edge to
edge of end colls.

< Space for placement of

dewar wall, thermal shield,
and msulatlon

Figure 4.3.1¢ Schematic of end coil placement and dewar wall construction space.

size of the magnetization zone on the AMR ring. By using more coils, thinner coils could
be used so a larger magnetization zone was created. Increasing the number of coils also
decreased the gap size and, subsequently, the detrimental field attenuation between the

coils.

Simulations using eight coils indicated a more uniform field than the six coil models but
the field attenuation between the coils was on the order of 0.5 T, which was still undesir-
ably large. Ten coil designs had less than a 0.2 T gap field attenuation, which is less than

the 5% field homogeneity requirement, so all further simulations used ten coils.

The results of the earliest ten coil model are shown in Figure 4.3.1d. This shows the low

gap field attenuation but the azimuthal and radial attenuation are still present. The coils

for this simulation were modelled with a current density of 25,000 Ar’cmz, had a 15 cm
inner diameter, 22 cm outer diameter, and were 3.4 cm wide. They were spaced 12° apart

so they spanned an arc of 108° from center to center and 120° from end to end.

The applied field within the magnetization zone of this ten coil model was approximately
5.7 T, along the center of the AMR ring, which is much less than the specified field of 7T.
The reason for this low field, as well as the 1 T radial field attenuation across the AMR

ring, is the 1/r field dependence inherent to toroidal windings. This means that for an
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Applied Field vs. Angular Position
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Figure 4.3.1d Applied magnetic field profile of basic ten coil partial tokamak.

average bore field of 5.7 T the maximum field at the inside of the tokamak windings will
be 7.6 T. This value is confirmed by the simulation results in Figure 4.3.1¢ which show
the field magnitude vs. radial distance from the center of the AMR. Accordingly, for a
maximum field of 8 T in the windings, which is the chosen limit for the NbTi conductors,
the maximum possible mean bore field is 6 T for this AMR ring diameter. The field mag-
nitude specification of 7 T, therefore, cannot be met unless the AMR diameter is increased
to 120 cm while keeping the coil bore size constant. The AMR size is fixed, however, so

the 6 T mean applied field must be accepted as the maximum.

4.3.2 Compensating End Coils

Although the field attenuation in the radial direction can only be reduced by minimizing
the ratio of the AMR ring outer to inner diameter, the gap field attenuation can be reduced
by increasing the number of coils. It is also possible to reduce the azimuthal field attenua-
tion by altering the size of some of the coils. The field magnitude decreases significantly
near the ends of the partial tokamak so by using larger end coils, which produce a greater

field than the other coils, the field can be increased in this end region.




Model Name: Tokamak!0-A

Applied Field (T)

|
|
4
!

Radial Distance from AMR Center (cm)
Figure 4.3.1¢ Graph of applied field along radial segments at various angular positions
for basic ten coil partial tokamak.
Later simulations of the ten coil partial tokamak use these large compensating end coils.
The later simulations also use coils with a 13 ¢cm inner diameter, rather 15 cm as the earlier
models, because the mechanical design of the AMR housing, which occurred in parallel
with the magnetic design, indicated that 13 cm would suffice. These simulations still only
use single current density windings but these windings are optimized later. After multiple
simulations, the best results were found using the model shown in Figure 4.3.2a which has

the following description:

» Eight main central coils spaced 12° apart. Winding dimensions of 13 cm

inner diameter, 22 cm outer diameter, and 3.4 cm wide operating with a

bulk current density of 20,000 Alem?.

« Two end compensating coils spaced 14° from neighboring main coil.

Winding dimensions of 13 cm inner diameter, 25.2 cm outer diameter, and .
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4.7 cm wide operating with a bulk current density of 20,000 Alem?.

o Full circumference iron yoke surrounding coils. Dimensions are 24 cm

inner diameter, 28 cm outer diameter, and 128° arc length.

Figure 4.3.2a Diagram of single current density, ten coil partial tokamak with compen-
sating end coils.

This simulation estimated a maximum field of 8 T within the windings which is the target
maximum field for the NbTi conductor. The applied field profile of this simulation along
the inner circumference, centerline, and outer circumference of the AMR ring is shown in
Figure 4.3.2b. The reduction of the azimuthal field attenuation and the increased arc of
magnetization is visible by comparing this profile with the one in Figure 4.3.1d of the
basic partial tokamak. This reduction is due to both the compensating coils and the
increased arc length of the partial tokamak. The earlier construction zone arc length of
15° for the dewar wall and shielding has been decreased to 10° allowing the coils to be

placed farther apart.

This field profile has the greatest possible magnitude and size possible given geometric
constraints of the AMR and the conductor limitations of a single current density winding.
Now the coils may be optimized to use less superconducting wire making them, therefore,

less expensive.
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Applied Field vs. Angular Position

? b
Model Name: Tokamak10-Beta7c
~ 6 R=272.5mm (lnnerRadiug) - .« fr=memmmmmommm—=
= f | memimmes R=300.0 mm (Mean Radius)
o= S0 18 R=327.5 mm (Outer Radius)
—
=
5 M
S i
= 4
o [
. p—
= [
Q.. L
o F
<. b
: ;
2 =
m !
o
=
iy
Oh..,__ e o e oo o eV (Y T UMY W NN YA A VEAA DR A I S O NN A N Y (A S, SO N (A Y |
0 20 40 60 80 100 120 140 160 180

Angular Position (degrees)

Figure 4.3.2b Applied magnetic field profile of single current density, ten coil partial
tokamak with compensating end coils.

4.3.3 Winding Optimization

The method used to optimize the coils involves examining the field produced by one of the
single current density coils of the partial tokamak and then creating multiple current den-
sity coils that produce the same field without exceeding the T-J-H limitations of the con-
ductor. The outer windings of the coil operate at higher current densities than the inner
windings because the local field is lower in the location of these outer windings. Because
the partial tokamak uses two types of coils, main coils and compensating coils, each coil
must be examined separately. A maximum bore field of 2.25 T and 3.8 T is produced by
isolated main and compensating coils respectively as can be seen from the simulated cen-

terline field profile of both of these coils in Figure 4.3.3a.
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Centerline Field Profile of Single J Coils from Partial Tokamak
4
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Figure 4.3.3a Applied field profiles along centerline of single current density, main and
compensating coils from partial tokamak shown in Figure 4.3.2a.

The centerline field of a simple coil at any point z along the axis, as sketched in Figure

4.3.3b, may calculated analytically using Equation (4.3.3a) and Equation (4.3.3b) along

with the shape factors o = by/ag, B; = (I-z)/ay, and B, = (I+z)/a, [17].

wH, = %Jas {F(o,B)) +F(a, By) } (4.3.3a)

o

I-

F(a,B) = pu Blog {&_ M} (4.3.3b)

A
1+ 41 +p
Using these equations, the field profile of a multiple current density coil is found by super-
imposing the analytically calculated field profiles of two separate windings of different

diameters and current densities. Further, by adjusting the outer diameter of these coils,

T
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A

Y

Figure 4.3.3b Calculation of centerline field profile by dividing a solenoid into two
unequal sections [17].
because the bore diameter and the width are fixed, it is possible to create multiple current
density coils that produce the same centerline field profile as the single current density

coils.

The magnetostatic simulation shows that the field in the winding decreases from a maxi-
mum value at the inner bore of the winding to value of nearly zero at the outside of the
winding. A conservative estimate is to assume that the magnetic field varies linearly
through the winding from 8.5 T at the inner radius to 0 T at the outer radius. This assump-
tion allows the radius where the current density must change to be estimated by knowing
the field limit of the outer conductor. The manufacturer suggests changing the wire at the

point in the coil where the field is 7 T for coils of this size [108]. At 7 T a suitable current

density is 33,000 A/cm?. Allowing for a 10% factor of safety, so that the changeover
point occurs in a field of 6.3 T, it is possible to estimate the winding dimensions that pro-

duce the necessary centerline field profiles. The resulting coils are as follows:

s Central coils: Inner winding dimensions of 13 cm inner diameter, 14.5 cm
outer diameter, and 3.4 ecm wide operating with a bulk current density of
20,000 A/em®. Outer winding dimensions of 14.5 cm inner diameter, 18.8
cm outer diameter, and 3.4 cm wide operating with a bulk current density

of 33,000 Alem®.
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» Compensating coils: Inner winding dimensions of 13 cm inner diameter,

15 c¢m outer diameter, and 4.7 cm wide operating with a bulk current den-

sity of 20,000 A/em®. Outer winding dimensions of 15 cm inner diameter,

20.6 cm outer diameter, and 4.7 cm wide operating with a bulk current den-
sity of 33,000 A/cm®.

These are the final coil designs for the partial tokamak and they produce the same center-
line field profile as the single current density coils as shown in Figure 4.3.3a. Over 60
models of various winding assemblies were simulated to get to the final design. However,
only the simulations with noticeably positive or negative design attributes have been pre-
sented. In total, the partial tokamak using these optimized coils requires 40% less super-

conducting wire than the system using the single current density coils.

4.3.4 Final Partial Tokamak Coil Design

The optimized coils described in Section 4.3.3 were arranged in the fashion described in
Section 4.3.2 to form the final design of the partial tokamak coil configuration. The main
coils were spaced 12° apart and the compensating coils were spaced 14° from the neigh-
boring main coil. The iron yoke was increased in size from the previous designs to form a
toroidal shaped shield, as seen in Figure 4.3.4a, with an inner diameter of 30 cm, and outer
diameter of 34 cm, and an arc length of 132°. This large yoke is split into top and bottom
shells so the coils may be assembled together. The yoke also functions as a thermal radia-
tion shield as its operating temperature is around 50 K. The field profile of this final
design is the same as the profile described in Figure 4.3.2b with a mean bore field of 6 T
extending over an arc length of just over 100°. The coils were designed to operate at 4.5 K

with a maximum local field on the windings of 8.5 T.

Three superconducting magnet manufacturers were contacted about these coils and asked
to provide a rough cost estimate and any comments regarding the manufacturing of these
coils. The feedback from these manufacturers is presented in Table 4.3.4a. The manufac-
ture’s comments were not extremely encouraging and, therefore, were carefully consid-

ered during the critical design review of this system.
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Figure 4.3.4a Schematic of final partial tokamak coil design.

Table 4.3.4a: Manufacturer’s initial cost estimate and comments of partial tokamak
coils.

Manufacturer Cost Estimate Comments

1) Magnetic forces are uncertain and will
affect bobbin design.

2) Their magnetics software cannot handle
the partial tokamak arrangement so they
will trust the design as is but not guarantee

$4,250 (US)
per main coil.
Cryomagnetics, Inc.

(1<) S:(’i?}? gﬁ;p the performance.
o 3) Pricing includes testing in LHe, quench
ing coil.

protection, but not the persistent switches.
4) Manufacturing seems straightforward.

1) Current densities are too high according to
their experience.

2) o>1.4 for both types of coils which sug-
gests delamination problems due to ther-
mal contraction.

3) Many uncertainties so cost estimating is
difficult.

Oxford Instruments, | $10,000 (US)
Inc. [113] per coil

o B

e
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Table 4.3.4a: Manufacturer’s initial cost estimate and comments of partial tokamak

coils.
Manufacturer Cost Estimate Comments
American Magnetics, Such a job is outside of their current range
- none - :
Inc. [114] of expertise.

4.4 Split Pair Configuration for Small AMRL

Like the partial tokamak configuration, the design of the split pair coils was an iterative
procedure. Single current density coils were simulated to find an effective coil geometry
that provided the best field profile on the AMR ring. Then, the coils were optimized to

minimize the amount of necessary superconductor.

4.4.1 Design Variables

There are many dimensions of elliptical, split pair coils, as shown in Figure 4.4.1a, that
may be varied to create the desired magnetic field profile and magnitude. The inner width
and length dimensions, a and b, affect the size of the magnetization zone as well as the
peak field in the coil, which limits the current density of the conductor. The peak field
occurs at the inner side of the coil at the ends of the long axis because at this point the
winding has the greatest curvature. Therefore, as the ratio b:a increases, the ratio of the
peak field to the bore field also increases. The separation distance, s, between the coils is
one of the more influential dimensions as it significantly affects the magnitude of the field
between the coils as described by Barclay et al [45]. Like the partial tokamak, this gap

attenuation can only be reduced by placing the coils as close together as possible.

Gl | e w
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Top View of Elliptical Coils View at Section c-¢

Figure 4.4.1a Variable dimensions of elliptical, split pair coils.
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The field distribution is also affected by the width, w, and height, 4, of the winding but,
additionally, these variables affect the winding volume. Therefore, the height and width
dimensions of the winding must be considered carefully to keep the winding volume as
low as possible while still providing the necessary applied field. A good way to determine
the effect of varying these parameters is to examine the centerline field of two circular
coils in a Helmholtz configuration using Equation (4.3.3a) and Equation (4.3.3b). Table
4.4.1a shows estimates of the centerline applied field in the midplane and coil bore of two

coils with varying w:h ratios as sketched in Figure 4.4.1b. These coils have an inner diam-

! Coil with w:h = 1:4
\ I \V wih = 1:1

. K
Upper Coil = | = le— w:h=4:1
Midplane -------- oo
idplane Q" i
Lower Coil (= < Position of midplane
m | N field estimation.
Inner Diameter = 20 cm :
Separation = 10 cm | Position of coil bore
Winding Area = 25 cm? field estimation.

Current Density = 40,000 A/cm?

Figure 4.4.1b Sketch of circular split pair coils with varying w:h ratios.

eter of 20 cm, a separation distance of 10 cm, a fixed winding area of 25 cm?, and operate

with a uniform current density of 40,000 A/cm?. Although these parameters also affect
the field profile, they were held constant while the width to height ratio was varied from
1:4 to 4:1. These fixed parameters were used because they are of the same order of magni-

tude as similar parameters of the elliptical split pair design for the small AMRL.

Table 4.4.1a shows that for coils with a low w:h ratio, which resemble separated solenoids,
the centerline field is low in the midplane. According to the Biot-Savart law, which states
that the field at a point in space due a conductor is inversely proportional to the square of
the distance from the conductor, these results make sense because for windings of this
configuration much of the conductor is located far away from the midplane. As the wih

ratio of these coils increases, making them resemble separated “pancake” coils, the mid-

e

I
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plane field approaches a maximum and then decreases. This eventual decrease in field
makes sense for the same reason that the midplane field is low for coils with a small w:k
ratio. Although the midplane field approaches a maximum for coils of this shape, pancake
coils also produced very high, and undesirable, fields on the windings at inner circumfer-
ence of the coils. This occurs because coils with low 8 and high a values have high ratios
of maximum field to central field [17]. Therefore, coils with a w:A ratio near unity will
most likely have a good balance of the characteristics needed to provide a midplane field
of the required magnitude without producing unreasonably high local fields within the
windings.

Table 4.4.1a: Centerline magnetic field estimations of circular split pair coils with
varying w:h ratios as described in Figure 4.4.1b.

ch | Yt | CobBos | gt
bore field
1:4 4.94 5.86 0.84
1:3 5.30 6.05 0.88
1:2 S 13 6.25 0.92
1:1 6.33 6.50 0.97
it | 6.62 6.56 1.01
3:1 6.64 6.43 1.03
4:1 6.59 6.37 1.03

The other geometric variable that affects the field distribution on the AMR ring is the
placement, p, of the AMR ring with respect to the coils. The placement distance is mea-
sured from the center of the AMR ring to the centerline of the elliptical coils. The field
profile in the midplane of elliptical, split pair coils is oval shaped with a uniform central
field that decreases away from the center as seen by the sketch of the field contours in Fig-
ure 4.4.1c. This sketch shows that the placement distance will determine the arc length of

the magnetization zone on the AMR ring. If p>R, the arc will be small and as p becomes
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less than R the magnetization zone increases. However, if p<<R the ring will be placed
outside the region of highest field so the optimal placement will likely be a value slightly

less than the radius.

AMR ring of varying
placement (p)

Figure 4.4.1c Sketch of varying AMR placement with respect to the coils.

4.4.2 Design Evolution of Split Pair Coils for the AMRL

Initial simulations of split pair coils with NbTi conductors were made to see if a split pair
coil design could be applied to the first AMRL design with the large AMR ring. Figure
4.4.2a shows a cutaway sketch of one of these designs. It is modelled with a very large
yoke to examine the effect of a large flux return path even though a yoke of this size is too

large for a real system.

All of the early designs of these NbTi windings were made to operate at a single current

density of 19,000 A/cm? with a maximum local field in the windings of 8.5 T. The
designs of the NbTi split pair coils were examined over a parameter space which included
variable windings dimensions and yoke dimensions but a fixed separation distance of 15
cm. The design in Figure 4.4.2a provided the best results of all of the NbTi designs exam-
ined. The applied field of this design was calculated to be only 6.3 T over a 60° arc length
of the AMR ring. Although this was the best design of the NbTi split pair coils, it still did



75

Coil Dimensions

a=30cm
b=70cm
h=15¢cm
w=5¢cm

s=15cm

Yoke
Figure 4.4.2a Sketch of NbTi split pair coil design for large AMR ring.

not sufficiently meet the design specifications of the AMRL magnet system. In particular,
the magnetization zone was much too small: An elliptical split pair coil designed to pro-
vide an applied field over the specified 120° magnetization zone would be much larger
and, therefore, prohibitively expensive. Therefore, further designs of NbTi split pair coils
for the first AMRL were abandoned.

There was some investigation into the design of Nb;Sn split pair coils for the first AMRL

but it was immediately obvious that the coils would still have to be very large and, there-
fore, prohibitively expensive. There was no affordable magnet design that could meet the
specification of the first AMRL so the specifications of the AMRL were changed such that
an affordable magnet design was possible. The second AMRL design was specified to
have a smaller AMR ring diameter and a smaller magnetization zone. The specifications

of this second, smaller AMRL are given in Section 3.2.2.

The option of using NbTi split pair coils for this smaller AMRL was briefly examined but
it was concluded that the coils would still be too large and expensive. It was, therefore,

decided that the coils were to be made of NbySn conductors.

;
|
|
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The first models of Nb;Sn split pair coils for the small, 30 cm mean diameter AMR ring
were simulated with windings of dimensions a=20cm,b=36cm, w=4 cm, h =10 cm,
and s = 10 cm. The separation distance of 10 ¢cm is the minimum possible considering the
space needed for the radiation shield, insulation, dewar wall, and AMR housing. This

value of 10 cm is used on all consecutive designs. A schematic of this design is shown in

Figure 4.4.2b.

x=20c¢cm
il o
N A

x=0cm { \ \ \ \
X
L Lines in midplane along y J

which the field magnitude
is plotted in Figure 4.4.2¢c.

Top View

Figure 4.4.2b Sketch of Nb3Sn split pair coil model with 5 cm wide yoke.

For a current density of 43,250 A!cmz, coils of these dimensions produce a maximum
local field in the windings of 14 T. Although the current density was too high for the con-
ductor in this field, refining the model to correct this current density was considered
unnecessary because the windings were to be refined later during the optimization. So, for
peak field values of 14 T, these models provided fields in the midplane of 8 T to 9.5 T
depending on the size of the yoke. The yoke thickness was fixed at 5 cm because this was
the size of the steel plate available for construction. Thicker yokes also provided only a
marginal increase in the applied field in the midplane and increased the weight of the
assembly. The field profile along the midplane lines displayed in Figure 4.4.2b of this
Nb;Sn split pair coil is shown in Figure 4.4.2c.

N




77

= 0 2 3 .
5em x—y Midplone Field Profile
.......... ¥=l0em
x=5em
........... x=0cm
g A S IR o T Bt e 1 S s TRT™ -t N ) W T
; - E T
8 E 52 S
E - ",
= ~'P,) \'4.\‘-
7E i %
= 6 E £
= = :
g e
2
o =
=<{ 4 E
2E
| E
5
ﬂ el §
0

Dislonce {cm)
Figure 4.4.2¢ Plots of applied field magnitude along lines described in Figure 4.4.2b in
midplane of Nb;Sn split pair coil.
This design provides an acceptably sized magnetization zone of 90° of the necessary mag-
nitude however, like the single current density partial tokamak designs, the windings may

be optimized to use multiple current densities so less conductor material is needed.

4.4.3 Winding Optimization

This section presents a technique for reducing the total volume and, therefore, cost of the
windings without sacrificing the performance of the coils. An example of this technique is
shown but not the final optimized design of the windings is not shown. Further refinement
by Dr. Jeffery Hall resulted in the final design of the elliptical, split pair coils as presented

in the following section.

The solenoids from the partial tokamak were optimized by designing a multiple current
density coil, using simple analytic expressions, that produce the same centerline field as a
single current density coil. However, unlike simple solenoids, there is no simple, analytic

expression that describes the centerline field of elliptical windings. Therefore, the optimi-
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zation technique for the elliptical windings involved designing multiple current density
windings using the same number of ampere-turns as the single current density winding.
By maintaining the total number of ampere-turns in the windings while varying the cur-
rent density of the windings, the minimum winding area was calculated. Figure 4.4.3a

shows a spreadsheet analysis of the winding volume minimization.

The single current density design of the Nb;Sn elliptical coils has 1,730,000 ampere-turns.

The optimization results in Figure 4.4.3a were found by assuming a linear field profile
through the windings from 14 T to 6 T. This profile is a conservative estimate of the field

profile within the windings found using the field simulator.

The winding areas of sections with different current densities were calculated to maintain
1,730,000 ampere-turns within the entire winding matrix. These results were calculated

iteratively using Equation (4.4.3a) where AT},,,; is the total number of ampere-turns in the
winding matrix, J,, is the current density of the winding section with width W, and 4 1s the

winding height.

AT, = WPy + Wy + T, W) (4.4.32)

total ~

The winding widths were calculated with Equation (4.4.3a) and then the applied field (B,
and Bj; in Figure 4.4.3a) was estimated at the position where the current density changes.

If the current density was too high for the local field then the widths of the winding were
re-calculated until the field-current density relationship was satisfied. The minimum
winding area was found by varying the limit of the local applied field in the winding from
13 T to 7 T along with the appropriate current density. Although this is not exactly a true
optimization method, because the redistribution of the current densities in the current loop
may affect the overall field profile, the results were considered close enough to the optimal
winding configuration. For this optimization of 1,730,000 ampere-turns, the minimum

volume winding configuration is as follows:
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Multiple Wire Wrapped Superconducting Coil - Size Optimization

B(inner) B{outer)
R : ? i
| ' |

B(inner) T = 14
Blouter) T=6

‘ h (mm)=100

! J1 (A/sq.mm) = 84

| - Total Amp-turns= 1.73E+06

|
' h
B2 B3 | ‘ Necessary Information

w2 W3
Range of Applied Fields and Associated Iterative Calculations of
Practical Current Densities (A/sq.mm) Winding Width and Area
B2 (T) J2 B3 (T) J3 W1 (mm) W2 (mm) W3 (mm) _X-Sec. Area
13 156 12 231 11.12 22.24 55.61 8897
13 156 11 337 9.08 27.24 36.32 7263
13 156 10 445 8.44 T 25.33 6755
13 156 9 553 R.74 43.69 17.48 6991
13 156 8 707 9,99 59.93 9.99 7991
13 156 7 861 14.67 102.68 0.00 11735
12 231 11 337 18.43 27.64 27.64 7372
12 231 10 445 17.41 34.81 17.41 6963
12 231 9 555 18.37 45.93 9.19 7348
12 231 8 707 22.20 66.60 0.00 8880
12 231 7 861 37.34 130.68 -18.67 14935
11 337 10 445 25.31 33.74 8.44 6748
11 337 9 555 26.72 44.53 0.00 7124
11 337 8 707 33.02 66.05 -11.01 8807
1 337 7 861 58.21 135.83 -38.81 15523
10 445 9 555 34.40 43.00 -8.60 6879
10 445 8 707 43.34 65.01 -21.67 8668
10 445 1 861 79.49 139.11 -59.62 15899
3 Winding Nb3Sn Winding Area Minimization
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Figure 4.4.3a Spreadsheet results of winding area minimization for three-winding

Nb;Sn elliptical coils.
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» Elliptical, split pair coil dimensions of a = 20 cm, b = 36 cm, h = 10 cm,

and s = 10 cm.

» Inner winding configuration: w = 25.3 mm, J = 8,400 A/cmz, maximum

local field of 14 T.

» Middle winding configuration: w = 33.7 mm, J = 33,700 A/cm‘?, maximum
local field of 11 T.

»  Quter winding configuration: w = 8.4 mm, J = 44,500 Alem?®, maximum

local field of 10 T.

After the elliptical split pair coils were optimized, they were modelled with the magneto-
static simulator to verify the resulting applied field on the AMR ring. The simulation
results of this three-winding model are shown in Figure 4.4.3b, Figure 4.4.3¢c, and Figure
4.4.3d. Each of these figures shows the applied field profile on the AMR ring for different

ring placement distances. These figures show that, as expected, the size of the magnetiza-

Applied Field vs. Angular Position
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Figure 4.4.3b Applied magnetic field profile of three-winding, elliptical, Nb3Sn, split
pair coils around an AMR ring with a placement distance of 15 cm.
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Figure 4.4.3¢ Applied magnetic field profile of three-winding, elliptical, Nb3Sn, split
pair coils around an AMR ring with a placement distance of 13 cm.
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Figure 4.4.3d Applied magnetic field profile of three-winding, elliptical, Nb3Sh, split
pair coils around an AMR ring with a placement distance of 11 cm.



82

tion arc increases as the placement distance decreases. However, when the placement val-
ues becomes very small, as in Figure 4.4.3d for p = 11 cm, the field becomes less uniform

across the width of the ring.

This three-winding coil is an optimized design of the single winding coil shown in Figure
4.42b. Simulations show that it provides a maximum field of 9.5 T and a sufficiently
large magnetization arc. To translate this design into working magnet system it is neces-
sary to specify the diameters of the Nb;Sn wires that operate at the designed current densi-
ties of the three-winding coil in the maximum local field of each respective winding. This
is done by selecting an operating current and a wire packing factor. For an operating cur-
rent of 400 A and a packing factor of 55% an inner winding wire diamter of 1.826 mm

was calculated using Equation (4.4.3a)

;o [IPE _ (](Jmm) 4(4004) (055) _ 1 so6mm (4.4.3a)
w Jn lem [ A )n

8400 —
cm?

Similarly, the middle and outer winding wire diameters were calculated to be 0.87 mm and
0.793 mm respectively. These wires had to be custom made by a superconducting wire
manufacturer. At this point in the design, however, the Cryofuel Systems Group was
given the opportunity to purchase excess stock wire, with similar specifications to the cus-
tom wire, at discounted price. The desision was made to purchase the stock wire over the

custom wire and re-design the elliptical split pair windings to suit the available wire.

The final re-design of the elliptical split pair windings was a continuation of this work and
was completed by Dr. Jeffery Hall of the Cryofuel Systems Group. The winding height to
width ratio of the final design was altered from the previous designs so the magnet system
used less conductor which reduced its cost. The overall length and width dimensions, a
and b, have also been changed. The overall dimensions and operating conditions of the

windings are as follows:




« Elliptical, split pair coil dimensions of a = 15 cm, b =30 ¢cm, h = 5 cm, and

s=1032m.

 Inner winding configuration: w = 15 mm, J = 23,000 Alem? (using multifil-
amentary, Nb3Sn wire with a diameter of 1.2 mm), maximum local field of

126 T.

« Middle winding configuration: w = 30 mm, J = 32,100 Alem? (using mul-
tifilamentary, Nb3Sn wire with a diameter of 1.0 mm), maximum local field

of 11.5T

Quter winding configuration: w = 15 mm, J = 73,600 Alem? (using mul-
tifilamentary, Nb3Sn wire with a diameter of 0.6 mm), maximum local field
of 7T.

« Two steel yokes with concentric placement. The inner yoke has a wall
thickness of 5 cm, mechanically separates the upper and lower coil, and is
constructed of 9% nickel steel. The outer yoke has a wall thickness of 5
em, acts as a flux return path as well as a thermal shield, and is con-

structed of mild steel.

One of the significant differences between this design and the previous designs is the use
of a two ferromagnetic yokes. The inner yoke is made of 9% nickel steel and its primary
function is to act as the structure separating the coils and secondly as a flux return path.
The outer yoke acts as a flux return path as well as a thermal shield. It is to be maintained
at approximately 50 K while the inner yoke remains at the liquid helium temperatures
along with the coils. The sketch of this design is shown in Figure 4.4.3¢. The applied
field profile around the AMR ring for a placement distance of 15 cm is shown in Figure

4.4.3f.
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Figure 4.4.3¢ Sketch of final Nb3Sn, elliptical, split pair coil design.
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Figure 4.4.3f Applied magnetic field profile of final split pair coil design around AMR
ring with a placement distance of 15 cm.
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Chapter 5

Structural Force Analysis

5.1 Force Analysis

The purpose of the force analysis was to identify and quantify the internal and external
forces on the magnet assembly. These forces were used to design and analyze the support
structure for the magnet system. As mentioned previously, there are three external forces
that act on the SC magnet sub-system. The Lorentz forces acting between coils, the mag-
netic forces acting between all magnetic material and the coils, and the gravitational body

forces on the entire system assembly.

The Lorentz force on each winding of the partial tokamak or the elliptical split pair assem-
bly was calculated with the magnetostatic simulation software. The Lorentz force on an
clement of current in the magnetic field is calculated by the simulator using Equation

(5.1.0a).

Fe j (J x B)dVol (5.1.0a)
Vol

The simulator calculates the Lorentz force on an object or a set of objects by integrating
this equation over the volume of the bodies in question. This provides the components of

the Lorentz force in the X, y, and z directions.

The magnetic force on the ferromagnetic non-conductors was also calculated with the
simulator. Maxwell 3D™ computes the magnetic force on bodies using the principle of

virtual work. This technique calculates the force on a body based on the change in the
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energy of the system due to a small displacement of the body. The force on a body in the
direction of the displacement, c, is calculated by the simulator using Equation (5.1.0b)

[115].

_ Ol (g
F, = %[ii“a B od}j)dVal] (5.1.0b)
(7]

The validity of this magnetic force was also checked with Equation (1.1.3.a). The magne-
tization of a small volume of the material in the AMR ring was estimated using the gado-
linium magnetization curve in Figure 1.1.3c. The field gradient at the location of the
material volume in question was estimated using the magnetic field profile around the

AMR ring.

The gravitational force on the magnet assembly was calculated by estimating the mass of
each component of the assembly. This was done by estimating the density of component’s

material and multiplying this by the estimated volume of the component.

5.2 Partial Tokamak Configuration Forces

5.2.1 Coil Forces

A sketch of the Lorentz forces acting on the coils of the partial tokamak in the x-y plane is
shown in Figure 5.2.1a. Only the forces on half of the coils are shown because the forces

are symmetrical about the y-z plane.

A list of the x and y components of these forces is shown in Table A.1.1a in Appendix - A.
The net force calculated by the simulator in the x direction is zero because of the y-z plane
symmetry. During operation, the system experiences a torque about the AMR ring axis
due to the rotation of the AMR. This torque was estimated from the refrigeration power

and rotational frequency of the ring by Equation (5.2.1a).

RefrigerationPower _ 1000 W
RotationalFrequency  S5Hz-2nradians

Torque = = 318N-m (5.2.1a)
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@ Net Force = 17.6 kN

Figure 5.2.1a Lorentz forces in the x-y plane on individual coils of the partial tokamak
assembly.

Although the torque is important, a 31.8 Nm torque does not cause a large force on the coil

assembly compared to the other forces. The Lorentz forces that cause internal stress

within the coil were not examined because the partial tokamak design was abandoned for

the elliptical split pair configuration.

5.2.2 Forces on Magnetic Materials

The AMR ring is comprised of 18 bins of the magnetic refrigerant in the form of a packed
particle beds. The beds are layered with five different magnetic refrigerants. As discussed
in Section 4.2.2 the material properties of these refrigerants were assumed to be the same
as the material properties of gadolinium. The calculated magnetic forces on the materials
in the bins of the AMR ring are shown in Figure 5.2.2a. Each bin has an arc length of 19°
and there is a 1° gap between the bins. The volume of each bin is 274 cm® but the porosity
of the particle bed is 38% so each bin only contains 170 cm?® of magnetic materials. The
simulator assumes that the bins are 100% solid material so the virtual forces, calculated by
the simulator, were reduced by 38% to account for the void volume. A list of the x and y

components of these forces is shown in Table A.1.2a in Appendix - A.
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Figure 5.2.2a Magnetic forces on AMR bins in x-y plane.

There is also a small force on the AMR ring in the z direction because the ring is not cen-
tered in the x-y plane. It is centered 5 mm above the x-y plane and this causes a force in
the z direction of approximately 500 N. It also acts in the opposite direction of the gravi-
tational force so the net z direction force on the AMR ring is small compared to the other

body forces but important for seating the AMR ring on the bearing.

These magnetic forces, calculated using the virtual work method, were confirmed by
rough estimates using Equation (1.1.3.a). Bin-6, for example, is located in the portion of
the field profile in Figure 4.3.2b with the highest azimuthal field gradient. Between 100°
and 120° the field gradient is approximately 60 T/m in the azimuthal direction. The radial
portion of the gradient is small so it was omitted for simplicity. The average field on Bin-

6 is about 3 T so from the magnetization curve of gadolinium in Figure 1.1.3¢ the magne-

tization is about 7.0 x 10° A/m at 295 K. The force on this bin was then calculated by
Equation (5.2.2a).

F=MVB= (7 oxlosA][l.?'xlo““mj)[éogj = 7100N (5.2.2a)
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So, according to this calculation the force on Bin-6 in the azimuthal direction is 7100 N
while according to the virtual work method it is 5400 N, as seen in Figure 5.2.2a, in the
azimuthal direction. Similarly, the radial force on Bin-9 was estimated at 2800 N while
according to the virtual work method it is 2700 N as seen in Figure 5.2.2a. There are some
errors in the estimates of the values used in Equation (5.2.2a) but the forces calculated
using both methods are in close agreement. Therefore, they were considered realistic esti-
mates of the forces in question. These forces are not exact forces that the AMR would
experience during operation but are close. The real AMR ring is made of many materials
with similar magnetization curves and operating at a range of different temperatures.
Much more detailed simulations that include the temperature effects of the magnetization
are necessary to get more accurate force results. The presented results, however, are good

estimates for engineering design purposes.

There are also magnetic forces on the steel yoke surrounding the coils. The net forces on
this yoke are only in the y direction because the yoke is symmetrical about the x-y plane
and the y-z plane. Calculating the forces using the virtual work method showed that the

net force on the yoke is approximately -15 kN in the y direction.

5.2.3 Gravitational Body Forces

Table A.2.1a in Appendix-A gives a detailed description of the mass estimates of the com-
ponents in the partial tokamak magnet assembly. The two distinct sub-assemblies of the
total system are the coil assembly and the steel yoke. These two assemblies were consid-
ered separately because they operate at different temperatures and must, therefore, be
physically and thermally isolated from each other. The coil assembly was estimated to
weigh approximately 980 N (100 kg) and the steel yoke approximately 1180 N (120 kg).
The weight of the AMR ring is approximately 250 N (25kg) but it is not supported by the

magnet assembly structure.

5.2.4 Summary of Forces
A diagram of the net forces on the AMR and the partial tokamak magnet assembly is
shown in Figure 5.2.4a. There are no externally applied horizontal forces so the sum of

the net magnetic forces should equal zero. The results shown, however, indicate an imbal-



90

Horizontal Forces Vertical Forces

500 N (AMR -
Magnetic Force)

\J
250N
(AMR) | 1180 N
i l (Yoke)
gravity
980 N (Coil ¥
|-> Assembly)

| 2.65 kN (AMR)
15 kN (Yoke)

17.6 kN (Coils)

Figure 5.2.4a Schematic summary of forces on partial tokamak magnet assembly.

ance of the net forces. This indicates the limitation of the simulator’s force calculation
using finite element analysis. The sum of the net forces calculated by the magnetostatic
simulator was converging to zero as the finite element mesh was discretized further. This
increased discretization, however, did not affect the calculated results of the applied mag-
netic field profile and the energy error convergence criteria, discussed in Section 4.1, was
less than the 2% requirement. Further discretization to improve the accuracy of the force
calculations was not attempted because the problem was excessively large and beyond the
capacity of the available computing facilities. Therefore, as stated before, these forces

were considered good engineering estimates but not exact.

5.3 Elliptical Split Pair Configuration Forces
5.3.1 Coil Forces

The Lorentz force attracting the two elliptical coils together was estimated by the simula-
tor to be approximately 290 kN. This is equivalent to 30 metric tonnes so the structure
must be very strong to support this force. The net force on the winding in the x-direction,

as shown in Figure 4.4.3¢, is -1000 kN. This force was assumed to be distributed evenly
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across the winding and 60% of the winding (i.e. the wires) was assumed to be load bear-
ing. The average stress on the wires was then calculated to be 280 MPa at the cut along

the minor axis of the coil in the y-z plane.

The wire is a matrix of Nb3Sn and Cu. If the yield strength of the wire is similar to Cu,

which has a yield strength between 70 MPa and 110 MPa, the wire will not withstand this
load. The stresses on the windings cut along the major axis of the coil are even higher.
Therefore, it is necessary to use an external structure that “clamps” the windings in place.
This clamp around the coils must not only prevent catastrophic failure of the coil but also
prevent the winding strain from becoming so large that it impairs the current carrying

capacity of the wire.

5.3.2 Forces on Magnetic Materials

The magnetic forces on the AMR ring were not examined for this coil configuration
because they were examined for the partial tokamak configuration. The forces on-the
AMR ring in the elliptical split pair configuration were assumed to be on the same order of
magnitude or less than the ring forces in the partial tokamak configuration. This assump-
tion was made because the field magnitudes and gradients on the rings of both winding
configurations are similar but there less magnetic material is used in the smaller AMR of

the split pair configuration.

The coils are wound on solid steel bobbins that are bolted to the yoke. The magnetic force
on each bobbin was calculated to be 420 kN acting towards the opposite bobbin. This
force is even greater than the attraction between the windings alone. As the windings are
assembled on the bobbins, the total attractive force acting between the winding-bobbin

assemblies is on the order of 710 kN or 72 metric tonnes which must be supported by the

yoke.

5.3.3 Gravitational Body Forces

Table A.2.1a in Appendix-A gives a detailed description of the mass estimates of the com-
ponents in the elliptical split pair magnet assembly. The three distinct sub-assemblies of
the total system are the coil and bobbin assembly, the inner yoke, and the outer yoke. The

coil-bobbin assembly and the inner yoke were considered as one assembly because they
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are all maintained at liquid helium temperatures while the outer yoke is kept at around 50
K. To thermally separate these assemblies they must be physically separated so their
weights are important. The two coils and bobbins weighs approximately 2470 N (252 kg).
The inner yoke weighs approximately 1630 N (166 kg) and the inner yoke weighs approx-
imately 2090 N (213 kg).

5.3.4 Summary of Forces

A diagram of the net forces on the elliptical split pair magnet assembly is shown in Figure
5.3.4a. There are no externally applied horizontal forces so the sum of the net magnetic
forces equals zero. Therefore, little external structure is necessary in the horizontal direc-
tion. The magnetically induced horizontal loads are very large, however, and must be sup-
ported by the steel yokes. As was stated for the partial tokamak force calculations, these

forces were considered good engineering estimates but not exact.

§ gﬁ % Outer ;’lo}ki (;?1 020
Z teel, g
: U | i
£ -3 / 7 Inner Yoke (9% Ni
i kA ;; é é fj” Steel, 166 kg)
g g v, T

YU 7)) | B
l w7 / Nb3Sn Coils

4 (140 kg)

« 290 kN (Coils)

Figure 5.3.4a Schematic summary of forces on elliptical split magnet assembly.
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Chapter 6
Thermal Analysis of Magnet System

6.1 Thermal Analysis

The parasitic heat loads to the SC magnet assembly are conductively removed with a two
stage Gifford-McMahon cryocooler. The first stage loads are removed at approximately
50 K and the second stage loads are removed at approximately 4.2 K. The cryocooler has
a limited refrigeration capacity so the heat loads must be minimized. The purpose of the
thermal analysis was to estimate the heat loads of the magnet assembly and identify tech-
niques of minimizing these loads. There are four phases of system operation for which the
thermal loads were examined. These phases are cooldown, charging of the magnet, steady
state operation in persistent mode, and quenching. This analysis specifically examined the
split pair magnet configuration of the second, smaller AMRL but may be applied to any

conductively cooled SC magnet system.

6.2 Steady State Operation

The heat loads during steady state operation of the magnet were analyzed first because
they are non-transient and the simplest to examine. This analysis identified the mecha-
nisms of heat transfer and generation within the system and the elements of the design that
affect these mechanisms. Once these mechanisms were quantified, design concepts were

suggested that helped to minimize the heat loads.




6.2.1 First Stage Heat Loads
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The first stage of the cryocooler is connected to the outer yoke of the magnet assembly and

the copper current leads from the outside of the dewar. In addition to being a magnetic

shield, the outer yoke acts also acts thermal radiation shield intercepting radiant heat from

the inner walls of the vacuum vessel. The only mechanisms of heat transfer to the first

stage are conduction, Q,,,s»and radiation, Q,,;. There are no sources of heat generation

and convective heat transfer is negligible because the entire magnet assembly is kept in a

vacuum of less than 10 mPa (7.5 x 10™ torr) [58][59]. Figure 6.2.1a shows the heat loads

to the first stage.

Structural (“'ﬁ
Supports \ Cryocooler

Current Leads

N
’/‘\

Thermal Shield

annd
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Figure 6.2.1a Schematic diagram of the heat loads to the first stage of the cryocooler.

The radiative heat load to a body fully enclosed by an outer vessel is found using Equation

(6.2.1a).
- 4 @
Qraa = FeGAILT2_TlJ

Where the emissivity factor, F,, is defined as:

(6.2.1a)

(6.2.1b)



95

and e is the emissivity of surface and A4 is the area of the surface. The subscripts 1 and 2
denote the inner and outer vessels respectively. Low surface emissivities reduce the radia-

tive heat transfer but Equation (6.2.1b) shows that the emissivity factor, F,, is more
heavily influenced by the emissivity of the outer vessel, e,, than by the emissivity of the
inner vessel, ;. Therefore, if resources are limited it is better to put more effort into

reducing the emissivity of the vacuum vessel than the shield. This may be done by polish-

ing or electroplating.

The emissivity factor can also be reduced by adding floating shields with low emissivities.
This typically done with reflective multilayer insulation. As stated in section 2.5, the most

common commercial multilayer insulation (MLI) is NRC-2 and it has an effective heat
transfer coefficient between 300 K and 77 K of approximately 2.5 W/m? [92]. The shield

surface area is close to 2 m? and the shield is insulated with MLI. Using this heat transfer

coefficient, the effective radiative heat leak was calculated to be 5 W.

This heat leak value was confirmed by another method of estimating the radiative leak
using an apparent thermal conductivity, k,. According to Timmerhaus and Flynn [59], the
apparent thermal conductivity of 17-27 layers/cm of MLI is 50 pW/m-K. About 5 mm of
packed MLI is used around the shield so a heat leak of 5 W was calculated by Equation
(6.2.1c).

0= kAT = [50x10“6¥z](2m2)[§-°%§6%§5j = 5W (6.2.1¢)

The conductive heat losses through the structural supports and the current leads are also
described by Equation (6.2.1c¢) using the apparent thermal conductivity of the material and
the cross sectional area of the material. The apparent thermal conductivity is an estimate
of the average thermal conductivity over the temperature range in question. A more accu-
rate method of determining the heat transfer is to integrate the thermal conductivity over
the temperature range in question. When the temperature dependence of the conductivity
is taken into account, the one dimensional heat conduction through the supports of length

L and cross sectional area A is calculated by Equation (6.2.1d) [59].
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: A,
Qcmzd i _f (92_8[) (621(1)

§

Where 0 is the integral of the temperature dependent thermal conductivity, k, and is calcu-

lated by Equation (6.2.1¢).
TI
9, = jo kdT (6.2.1¢)

All of the structural supports in the magnet system are made of G-10 composite because it
has a high strength to conductivity ratio. Although the yield strength of G-10 is only
about half of the yield strength of stainless steel, the thermal conductivity is 1/10 to 1/20
of the conductivity of stainless steel. The net conductive heat leak through the all of the
supports to the first stage was calculated to be 1.2 W. Using similar calculations, the con-
duction through the copper current leads was calculated to be 15 W. The instrumentation
wire is 32 gauge phosphor bronze wire and only conducts about 0.3 mW which is insignif-
icant compared to the other loads. A detailed description of these estimates is given in
Table B.1.1a in Appendix-B.

The predominant heat leak is the conduction losses through the current leads. The only
way to reduce this load is to increase the path length, reduce the cross sectional area, or
increase the thermal resistivity of the leads. Unfortunately, changing these factors also
increases the Joule heating of the leads during charging. Detailed design of the leads such
that the combined conductive and Joule heating loads are minimized is an important con-
sideration if the windings are to be permanently connected to the power supply. The
AMRL magnet has been designed operate in a persistent current mode so the leads were
not designed to have a minimized heat load while carrying current. Instead, they were
designed so that their conductive heat leak did not exceed the refrigeration capacity of the
cryocooler during steady state operation. A thermal sink was designed to absorb the Joule

heating from the leads during charging.
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6.2.2 Second Stage Heat Loads

The thermal loads on the second stage are caused by the same heat transfer mechanisms
identified for the first stage. The radiative heating can be reduced by using MLI but a sim-
pler and reportedly better method is to cover all surfaces with adhesive aluminized mylar

tape [90][92]. Using this reflective tape provides an effective heat transfer rate of 12.5

mW/m? between 77 K and 4.2 K. This is a good way of reducing the radiative heat so the
magnet was designed to have this tape applied to all of its radiating surfaces. The shield

area is 2 m? so the radiative heat load was calculated to be 25 mW.

Like the first stage, the supports to the second stage are also made of G-10. The heat con-
ducted through these supports was calculated to be 120 mW. The high temperature super-
conducting current leads are made of BSCCO (Bi,Sr,CaCu,Og) which has a thermal

conductivity of IW/m-K at 77 K [116]. This value was conservatively assumed to remain
constant below 77 K so the calculated conductive load was 35 mW for the high tempera-
ture superconducting current leads. The heat transferred through the instrumentation

wires was calculated to be 0.2 mW which is insignificant.

The other source of heat at the second stage is the Joule heating due to the resistance of the
soldered joints in the superconducting circuit. At 4 K the resistance of the soldered con-
nections to the BSCCO leads is 10 nQ2 [96]. This was assumed to be the resistance at the

connections of the Nb3Sn winding wires so the total calculated heat generated from all of

the wire connections was 13 mW. A detailed description of all of the heat load estimates

to the second stage is given in Table B.1.1a in Appendix-B.

6.3 Charging

The heat loads on the magnet assembly during the charging phase equal the steady state
heat loads plus the extra loads caused by charging. The charging loads include the Joule
heating of the copper current leads, the heat supplied to the PCS to maintain it in a normal

state, the Joule heating of the PCS, and the Joule heating within the winding due to the
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eddy currents. The eddy current heating of the windings, however, has not been examined
in this work. The magnet has a low charging rate so the eddy current heating was assumed

to be very low.

The windings are designed to operate at 420 A. During the charging phase, which was set
to be approximately 1 hour [117], the current through the leads increases monotonically.

The Joule heating of the current leads is defined by equation Equation (6.3.0a).

W:‘reLeng!hJ
¢ WireArea

Oqg=PR=T [ﬁ (6.3.0a)
The temperature averaged electrical resistivity of the copper leads is 10® Q-m between
room temperature and 50 K [85]. There are two 0.35 m long leads with a diameter of 6
mm so the total calculated Joule heating of the leads at 420 A was 44 W. During the
charging phase, therefore, the heat load of the current leads increases from 15 W at zero
current to 59 W, which is the combination of the conduction and Joule heating at 420 A,
The steady state, first stage radiation heat loads and other conductive losses of 6.2 W must
also be added to the charging loads of the current leads. Therefore, the heat load applied

to the first stage of the cryocooler during charging increases from 21.2 W to 65.2 W.

The refrigeration power of the cryocooler is at least 30 W at the first stage [118]. The
additional heat loads from the current leads during charging, therefore, exceed the capac-
ity of the cryocooler and will increase the second stage temperature. To avoid this temper-
ature increase, Dr. Hall designed a heat sink for the current leads [117]. The heat sink is
made of stainless steel block that are connected to the first stage. The current leads are
thermally connected to stainless steel blocks which absorb the heat from the leads. The
heat sink has large enough thermal mass to absorb the excess heat produced during charg-

ing without increasing the second stage temperature of the cryocooler.

The persistent current switch was designed by Dr. Hall. It is made of NbTi superconduct-
ing switch wire and has a normal state resistance of 50 QQ when maintained between 15 K
and 20 K. The combination of the applied heat and the Joule heating of the switch, while

it is in a normal state, is 60 mW [117]. This increases the total heat load to the second




99

stage during charging to 260 mW. Because the switch is at 15 K to 20 K during charging
but must operate near 4.5 K in persistent mode, the switch was designed to be thermally
insulated from the second stage of the cryocooler by a connection made of G-10. The
connection was designed so that there is a temperature differential between the switch and
the cryocooler of about 15 K, as heat is conducted from the switch, due to the low thermal
conductivity of the G-10. The switch is then maintained at 15 K to 20 K during charging
but when charging is complete the heater is turned off and the switch cools to its supercon-

ducting state.

6.4 Cooldown

The outer yoke has a mass of 213 kg and must cooled to 50 K. Inner yoke and coil assem-
bly has a mass of 418 kg and must be cooled to 4.2 K. The cooling rate of these assem-
blies depends on their respective heat capacities and the cooling power of the refrigerator.
The heat capacity of materials decreases at cryogenic temperatures so the cooling rate of
the assemblies is non-linear. The total cooling time of the assemblies was estimated by
calculating the total thermal energy removed during the cooldown and assuming an aver-

age refrigeration power of the cryocooler.

Because the heat capacity is temperature dependent, the cooldown time was estimated for
three temperature ranges. It takes 62 hours to cool the magnet assembly from 300 K to
100 K. From 100 K to 50 K, it takes 32 hours to cool the entire assembly. From 50 K to 4
K., only the inner yoke and coil assembly must be cooled and take 60 hours to do so. The
total cooldown time was calculated to be 154 hours. The complete calculations of the

cooldown time are shown in Appendix-B.

The conduction cooled magnet by Hata et al. [78] had a reported total mass of 190 kg and
took 56 hours to cool to operating temperature. The mass and cooldown time of Hata’s
system are both approximately one third of the corresponding values calculated for the
AMRL magnet system. The calculated cooldown time of the AMRL magnet system is

considered a good engineering estimate and acceptable for this work.




6.5 Quenching

During the quenching process the superconducting wire becomes normal and the stored
magnetic energy of the system is dissipated as Joule heating within the windings. Ideally
the energy 1s dissipated uniformly throughout the windings and causes uniform heating of
the windings. Unfortunately, the localized zone where the quench begins remains normal
for a longer period of time than the rest of the windings over the duration of the quench.
This zone then rises in temperature more than the rest of the windings. Section 2.6.4
describe the quench process, the protection methods, and literature regarding the subject.

A detailed quench analysis is an extensive problem and beyond the scope of this work.

During operation, the split pair magnet systems contains 640 kJ of stored magnetic energy
as was calculated with the magnetic field model. This energy dissipates within the wind-
ings so the average temperature rise of the windings may be calculated in a similar fashion
to the cooldown time calculations. The windings contain 125 kg of conductor and 50% of
this is copper. The magnetic energy was conservatively assumed to be absorbed only by
the copper in the windings. The heat absorbed by the copper was then calculated to be
10.24 J/g using Equation (6.5.0a).

Q = -5 ——— = [024& (650&)

The heat absorption of copper as it heats from 4.2 K to a final equilibrium quench temper-

ature, 7, was calculated by integrating the heat capacity of copper as described by Equa-
tion (6.5.0b).

g = _[T" C(T)dT = 1024 (6.5.0b)
42K g At
A final equilibrium quench temperature of 98 K was calculated for a stored energy of

10.24 J/g in copper. This means that the final temperature of the windings after a quench

will be 98 K at most if the quench is dissipated uniformly.
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Although there is localized heating of the wires during the quench, this value shows that
the winding temperature will not exceed 100 K after the system reaches thermal equilib-
rium. This temperature is a good lower limit design value to prevent large stresses

induced by differential thermal expansion [17].

This work examined the mechanisms, prediction techniques, and protection methods of
superconducting magnet quenching. Further work in this topic was done by Dr. Hall, who
designed the quench protection circuitry. According to his estimates, the system will
quench in less than 100 milliseconds and local overheating of the wire will not occur.
This small quench time, however, means that there are induced voltages on the order of
3000 to 4000 volts within the winding so extra dielectric insulation has been added to the

conductor.

6.6 Cryocooler and Conduction Pathways

The object of the conduction cooling system is to maintain the magnet assembly, and par-
ticularly the windings, at the lowest temperature possible. The heat loads on the magnet
assembly must be conducted to the cryocooler through a conduction pathway. This path-
way must be designed with the least thermal resistance possible. If the pathway resistance
is low, the temperature differential between the cryocooler and the magnet assembly will
be small for a given heat leak. Figure 6.6.0a shows a sketch of the second stage conduc-
tion pathway that was designed as part of this work for the split pair magnet system. This
pathway was designed to have the smallest possible temperature difference between the

cryocooler and the magnet given the design constraints of the system.

In Figure 6.6.0a, the numbered points identify important locations along the thermal path
from the cryocooler to the windings. Point-2 is a copper flange that is soldered to the flex-
ible copper braid at point-3 and bolted to the second stage of the cryocooler at point-1.
Copper braid is used between point-3 and point-4 because the connection between the
cryocooler and the windings must remain flexible to prevent stresses due to thermal con-

traction. Point-5 is also a copper flange that is soldered to the copper braid and this flange
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Materials Legend

‘/First Stage (50 K) [] copper (solid)
|"* ) RH copper (braid)

I/ aluminum

== indium joint
1 Second Stage (4.2 K)
2
3
6 4
aluminum band
5
copper
7 wire

SC windings

Figure 6.6.0a Sketch of thermal conduction path between superconducting windings
and second stage of cryocooler.
is bolted to the aluminum band, point-6. This aluminum band is clamped around the out-
side of the windings to conduct heat from the windings and to share the magnetically

induced stresses in the windings.

The connection between the aluminum clamp and the windings was designed using the
connection technique described by Yazawa et al. [84] so the thermal resistance would be
minimized. During the construction of the SC coil, the outer winding is wrapped with
copper wire but this wire is not part of the electrical circuit. After the coil has been epoxy
impregnated, the exterior of the winding is machined to expose the copper wire and
indium sheet is inserted between the freshly machined copper surface and the aluminum
bands that are clamped around the coils. A sketch of this connection is shown in Figure

6.6.0a.




The thermal resistance of the conduction pathway is dependent on the pathway length,
cross sectional area, and thermal conductivity of the material. Additionally, there is a ther-
mal contact resistance at all physical connections along the pathway. The temperature dif-
ferential across a continuous section of the pathway of length Ax is given by Equation
(6.6.0a) which is a re-arranged version of the basic conduction equation of Equation

(6.2.1c).

sl
AT = prox (6.6.0a)

The temperature difference across the physical connections, or joint, is given by Equation

(6.6.0b) where k.. is the thermal contact resistance of the connection.

AT = _Q._
kA (6.6.0b)

C

To minimize the thermal resistance of the pathway, all of the copper components were
specified to be made of oxygen free high conductivity (OFHC) copper. The soldered con-

nections were specified to be made with indium solder and all of the bolted connections

with indium gaskets.

Using Equation (6.6.0a) and Equation (6.2.1c) with the steady state heat loads calculated
in Table B.1.1a, the temperature difference between the cryocooler and the windings was
estimated to be approximately 0.6 K. A summary of the temperature differences through

the conduction path is shown in Table B.3.0a in Appendix-B.

During this work a commercially available two stage Gifford-McMahon cryocooler was
identified and purchased. Commercially available two stage Gifford-McMahon cryocool-
ers capable of operating at 4.2 K with passive rare earth regenerators were determined to
be too expensive. It was decided, therefore, that a standard two stage GM cryocooler
would be purchased and the second stage regenerator would be modified to use low tem-

perature, high heat capacity, passive magnetic regenerator materials.




104

Several cryocooler suppliers were contacted and many different models of two stage GM
cryocoolers were identified. The cryocoolers were evaluated based on their refrigeration
capacity, compressor power, and potential ability to be modified. An important criteria
was the need for a mechanically actuated valve for the helium refrigerant. All of the
reported literature on 4.2 K cryocoolers indicated that this mechanical valve was neces-
sary because it allowed the gas inlet and exhaust timing to be modified to improve the
refrigerator performance. Only two suppliers could provide two stage GM cryocoolers
with mechanically actuated valves so they were short-listed and evaluated further. A sum-

mary of the quotes from these suppliers is listed in Table C.1.0a of Appendix-C.

The selected cryocooler was a Balzers UCH 130 [76]. This was chosen because previ-
ously reported modifications to this model, operating at 4.2 K with rare earth regenerator
materials, were proven to work [75][76]. It also could be modified by the supplier, at an
additional cost, to provide 0.5 W at 4.2 K with a neodymium particle regenerator. The
task of modifying the cryocooler was beyond the scope of this work but was continued by
Mr. Walter Merida of the Cryofuel Systems Group as part of his M.A.Sc. thesis. Mr. Mer-
ida has conservatively estimated the cooling power of the modified cryocooler to be at

least 30 W at S0 K and 0.5 W at 4.2 K [118].

The second stage cooling power of the cryocooler is greater than the calculated heat loads
to the second stages so the temperature of the cryocooler during operation will remain at
4.2 K or slightly lower. Because the temperature differential between the cryocooler and
the windings was calculated to be 0.6 K, the coldest part of the windings will be approxi-
mately 4.8 K or lower. This does not mean that the windings will be at a uniform temper-
ature of 4.8 K. The temperature distribution throughout the windings is dependent upon
the distribution of the heat load on the windings. The detailed analysis of the heat load
and a temperature distribution throughout the windings is beyond the scope of this work.
Experimental results of similar conduction cooled systems, however, indicate a tempera-
ture differential through the windings of 1 K. The conduction cooled SC magnet systems
by Urata et al. [83], Furuyama et al. [64], and Herd et al. [80] had measured temperature
differentials of 0.1 K, 1 K, and 1.4 K respectively across the SC windings.
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6.7 Summary of Thermal Analysis
The calculated heat loads on the magnet and the operational temperatures of different
locations within the system are summarized below in Table 6.7.0.a.

Table 6.7.0.a: Summary of estimated heat loads and temperatures of the elliptical
split pair magnet assembly for the AMRL.

During Operation in Dotise Chareis
Location within Persistent Current Mode ULig Laagng
Magnet Assembly
Heat Load | Temperature Heat Load Temperature
First Stage 212 W S0K 212> 652 W S0K

Second Stage 200 mW 42K 260 mW 42K
SC Winding --- 48~58K -=- ---

Other Operational Information

Estimated Cooldown Time 154 hours
Equilibrium Temperature of Windings after Quench <100 K




Chapter 7

Conclusions and Future Work

7.1 Conclusions

The economic analysis of the LNG refuelling station showed that for systems with lique-
faction efficiencies of at least 20%, capital cost is the greatest factor that affects the deliv-
ered LNG price. Liquefaction efficiencies greater than 20% provide only marginal
economic benefits in the cost of the delivered fuel to the consumer. AMRL systems are
very capital intensive so it is necessary to reduce their costs if they are to become commer-

cially viable for LNG production.

This thesis presents a substantial part of the analysis and design of a conductively cooled
superconducting magnet system for a rotary active magnetic regenerative liquefier. The
individual topics examined in this work have been examined by other researchers but this
work represents a unique synthesis of these topics. The winding configurations applicable
to a rotary AMRL were evaluated and the partial tokamak and the elliptical split pair con-
figurations were selected as suitable configurations. These configurations were then ana-
lyzed and designed. This is the first published work that has examined the details of

applying the partial tokamak magnet configuration to a rotary AMRL.

The superconducting coils of these configurations were designed and optimized using
computer modelling of the windings to calculate the resulting applied magnetic fields.
The forces acting on the components of these two magnet systems were calculated. The

estimates of these forces were used in the structural design. After a critical design review,
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the analysis and design of the partial tokamak was then abandoned due to the high overall
cost of the AMRL and the mechanical complexities of the associated componentry of the
AMRL.

A partial tokamak coil configuration was designed to magnetize a region of 100° for a
rotary AMR with a mean radius of 30 cm and a width of 5 cm. Based on literature, this is
the first detailed analysis of a partial tokamak coil configuration for a rotary AMR. The
configuration was designed to use ten superconducting solenoids made of NbTi filamen-
tary wire. The end coils of the magnet assembly were designed with more ampere-turns
than the central coils. These end coils produced a larger field than the central coils and
decreased the azimuthal attenuation of the applied field so that the arc length of the region
of uniform magnetization was maximized. The field attenuation between the coils of
designs with less than ten coils was unacceptably large and caused a field “ripple” effect.
The ten coil design had a gap field attenuation of less than 5% which met the field unifor-
mity specifications. The applied field along the mean radius of the AMR ring was 6 T and
the radial field attenuation across the width of the AMR was 1 T. The 6 T field was less
than the specified field of 7 T but was the maximum attainable field given the performance
limits of the NbTi conductor and the size of the AMR ring. This partial tokamak configu-
ration could only provide a 7 T field if the AMR ring had mean radius of at least 60 cm
and a width of 5 cm. An AMR of this size would also only have a radial field attenuation
of approximately 0.5 T. The general conclusion of the partial tokamak configuration is
that it is better suited to rotary AMRs with higher ratios of mean radius to width. The par-
tial tokamak configuration also does allow for good utilization of the field by the AMR but

requires a complex, coupled mechanical design of the entire AMRL.

An elliptical split pair coil configuration was designed to magnetize a region of 90° for a
rotary AMR with a mean radius of 15 cm and a width of 5 cm. The windings were
designed to use Nb;Sn filamentary wire. This design provided a uniform field of greater
than 7 T over the 90° magnetization region but had maximum local field within the wind-
ings of approximately 12.6 T. This high ratio of local field in the winding to mean applied
field on the AMR is inherent to this configuration because of the large gap between the

coils. Reducing the gap distance reduces this field ratio and, therefore, the amount of con-
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ductor necessary for the windings. The large gap of this design was necessary for the
large G-10 pressure housing of the AMR ring. If the G-10 housing was not hermetically
sealed, as the pressure differential across the width of the AMR is only on the order of 30
kPa, then it could be smaller thus reducing the space between the coils. The dewar walls
of the magnet system, which are made of stainless steel, could then be designed to with-

stand the pressure of the helium gas.

The elliptical split pair coil was designed to be conductively cooled by a two-stage, low
temperature Gifford-McMahon cryocooler. The coils were designed to provide the 7 T
field at an operating temperature of 5 K. The thermal loads on the elliptical split pair mag-
net configuration were calculated, the conduction cooling pathways were designed, and a
suitable commercially available cryocooler was selected. According to the thermal analy-
sis the windings will operate at less than 5.8 K but the temperature distribution within the
windings is unknown. The performance of the magnet may, therefore, be reduced if the
operating temperature in the high field section of the winding does attain the designed
operating temperature. The successful operation of this magnet design depends on the
assumption that the modified cryocooler will meet its cooling power performance esti-
mates. If the modified cryocooler does not provide adequate cooling then the magnet sys-
tem will not provide the specified magnetic field. The magnet will still work but to lesser

capacity. If it is too warm it will not work at all. This, however, is unlikely to occur.

7.2 Suggestions for Future Work

The work completed in this thesis substantially examines the analysis and design of a
superconducting magnet system for a rotary AMRL. Because of constraints on the scope
and duration of this project there remain several topics that merit further research. Topics

that should be researched further are described in the following list:

« The predicted system performance of the elliptical split pair magnet configuration
designed in this work should be confirmed by experimental testing of the constructed
system. These tests should examine the applied magnetic field profile with magnetic
field probes, the estimated forces within the system by strain measurement, and mea-

sure the temperature distribution within the system during operation.
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An thermo-economic analysis of the effect of the conduction cooling system input
power requirements on the overall liquefaction efficiency is needed. This should
examine the scaling effects of the cooling system for the magnet on the AMRL and

compare conventional liquid cryogen cooled systems to conduction cooled systems.

A more detailed quench analysis should be done. It should examine the effect of the
inductive coupling between the windings on the quench propagation, the heat genera-
tion and dissipation in the windings, and the induced voltages between the windings.
This analysis should be coupled with a detailed thermal and stress analysis of the
windings.

An overall stress and strain analysis including thermal stresses and magnetic stresses
during cooldown, operation, and quenching should be done. This should be used to
identify high risk sections of the mechanical design and suggest design concepts to

minimize these risks

A detail thermal simulation of the system is necessary to provide a better idea of the
overall temperature distribution within the magnet assembly. A better estimation of
the winding temperature would provide a better idea of the operating characteristics of

the magnet. This could also be used to improve the conduction pathway design.

An experimental analysis of the contact resistance of realistic mechanical connections
at 4.2 K should be done. This should examine bolted and soldered connections similar
to the connections used in conductively cooled superconducting magnet systems. This
should also examine the effect of using gaskets made of indium and other soft, con-

ductive materials.

A thorough technical and economic feasibility study of the chainsaw AMRL configu-
ration [42] is needed. The superconducting magnet system is the most expensive com-
ponent of an AMRL system. Because the chainsaw design uses a simple solenoid

magnet configuration it will be less expensive than an equivalent sized rotary AMRL.
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Appendix - A

Body Forces on Magnet Assembly

A.1 Large AMRL - Partial Tokamak Configuration

A.1.1 Coil Forces
The x-y components of the coil forces shown in Figure 5.2.1a, as calculated by the mag-

netic field simulator, are listed in Table A.1.1a.

Table A.1.1a: Lorentz forces on partial tokamak coils of large AMRL in x-y

directions.

Coil Name (as shown in | Lorentz Force | Lorentz Force
Figure 5.2.1a) in x-Direction | in y-Direction

Coil - A -148.4 kN 166.2 kN

Coil - B -23.4 kN -35.8 kN

Coil - C -20.2 kN -37.0 kN

Coil - D -13.4 kKN -41.4 kN

Coil -E -5.7 kN -43.2 kN

Total (all 10 coils) ON 17.6 kN




A.1.2 Magnetic Material Forces

121

The x-y components of the magnetic forces on the AMR material bins shown in Figure

5.2.2a, as calculated by the magnetic field simulator, are listed in Table A.1.2a. Values are

rounded to the nearest 10 N.

Table A.1.2a: Magnetic forces on AMR bins of large AMRL in x-y directions.

Bin Name (as shown | Magnetic Force | Magnetic Force
in Figure 5.2.2a) in x-Direction in y-Direction
Bin - 1 <ION <ION
Bin - 2 <ION <ION
Bin - 3 <I0ON <lI0ON
Bin - 4 20N 40 N
Bin-5 110N 350N
Bin- 6 2980 N 4530 N
Bin-7 3460 N 1120 N
Bin - 8 1430 N -2090 N
Bin-9 330N -2670 N
Total (all 18 bins) 0 2650




A.1.3 Gravitational Forces

A list of the components in the magnet assembly, their volumes, and estimated masses are

shown in Table A.2.1a.

Table A.1.3a: Estimates of weight of partial tokamak magnet assembly.

Component Estimated Material Estimated Ouantit Total
Y Weight

Name Volume Density Mass

6.5 g/cm3
250N

Main Coils 494 cm’ (65% Cu, 3.2 kg
45% FRP)

6.5 g/em’

Compensat- 3
ing Coils 943 cm (65% Cu, 6.1 kg
45% FRP)

3
Coil Bobbin 3 | 8.96g/em ; 310N
SLEvRIE ] 0o (100% Cu)

3
il | R o 1180 N
oke 15,000 cm (100% Steel)

Cu, FRP, & 300 N

Coil Separa-
Steel

tion Structure

2160 N

Total




A.2 Small AMRL - Elliptical Split Pair Configuration

A.2.1 Gravitational Forces

A list of the components in the elliptical split pair magnet assembly, their volumes, and

estimated masses are shown in Table A.2.1a.

Table A.2.1a: Estimates of weight of elliptical split pair magnet assembly.

Component Estimated Material Estimated Ot Total
Name Volume Density Mass y Weight
6.5 gfcm3
Main Coils | 10,750 ¢cm? (65% Cu, 70 kg 2 1370 N
45% FRP)
: ; 7.9 g/em
Coil Bobbins 3 g 56 2 1100 N
ofi Bobomns | L100cm | ooger e
7.9 o/cm’
Inner Yok 3 g 166 k I 1630 N
Anet toke: | 2LO00CHC | o anes sl &
7.9 g/cm? -
Outer Yok 3 & 213k 1 2090 N
HteE; YOR® 0| 12,000/ enx S0 4 6660 Sreet) g
Total 631 kg 6190 N
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Appendix - B
Heat Loads on Magnet Assembly

B.1 Heat Loads During Steady State Operation
B.1.1 First Stage Loads

Based on an effective conduction coefficient of 50 uW/m-K for MLI, the radiative heat
loads are estimated to be on the order of 5 W. The conductive heat loads to the first stage

are calculated using Equation (6.2.1d) and Equation (6.2.1¢) where:
e 0;,=160W/matT= 300K for G-10;
e 0,=13WmatT= 50K for G-10;
« 0;,=45000WmatT= 300K for Cu wire;
s 0,=9000WmatT= 50K for Cu wire; and
o k,~ 20 W/m-K for phosphor-bronze wire from 300 K to 50 K.

A summary of all of the heat loads to the first stage is shown in Table B.1.1a.




Table B.1.1a: Heat loads to first stage.
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Lo Length | CrossSectional o ) Heat
Description (i) Kot ety Material | Quantity Load (W)
Radiative Heat 0.005 m Gt ss A oo MLI in
from Dewar to thick ) S e 5
Outer Yoke Zm o
Main Supports 0.45 1.59x10™% G-10 4 0.21
Alignment Pins 0.025 7.85%x107° G-10 2 0.95
Cu Current 5
et 0.35 7.13x10 Cu 2 15
Instrumentation 8 phosphor-
Wire §.3 3x10 bronze “H el
- 21.2

Total
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B.1.2 Second Stage Loads

The conductive heat loads to the first stage are calculated using Equation (6.2.1d) and

Equation (6.2.1¢) where:

» 0, =13W/matT= 50K for G-10;

0, =0.8 WmatT=4.2K for G-10;

k,= 1 W/m-K for superconducting current leads from 50 K to 4.2 K.

L]

* k,= 20 W/m-K for phosphor-bronze wire from 50 K to 4.2 K.

The Joule heating of the electrical connections is calculated by:

Oq = PR (B.1.2a)

Where the resistance of the electrical connections at 4 K is 10 nQ and the operating cur-

rent is 400 A. For 8 connections the total Joule heating is calculated to be 13 mW. A sum-

mary of all of the heat loads to the second stage is shown in Table B.1.1a.

Table B.1.2a: Heat loads to second stage.

o Cross Sectional . : H
Description Leir;]g)t ks AreaL(mz) Material Quantity ?i:\];,(;ad
Radiative Heat Sarfice Avea Reflective
from Outer Yoke --- 5o Mylar Tape 25
to Inner Yoke & 12.5 mW/m2
Main Supports 0.13 1.59x1074 G-10 8 120
BSCCO Current e p
% oads 0.13 5.03x10 BSCCO 2 35
Instrumentation 8 phosphor-
Wire 02 3x10 bronze 20 02
Joule Heating - - --- -—- 13
Total 3 193
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B.2 Estimation of Cooldown Time

The cooldown time of the magnet assembly was estimated for three temperature ranges
because the heat capacity of the magnet assembly is temperature dependent. The magnet
assembly is constructed mostly of steel and copper. The heat capacity of these metals if
similar in this temperature range but copper has a slightly higher heat capacity. The heat
capacity of the magnet assembly was assumed to be equal to that of copper so the

cooldown time estimates are conservative.

B.2.1 Cooldown from 300 K to 100 K

The cryocooler has a cooling power of approximately 115 W at 77 K [76] so the average
cooling power between 300 K and 100 K was assumed to be 200 W. The average heat
capacity of copper in this temperature range is 0.35 kJ/kg-K. The mass of the assembly is

631 kg so the stored thermal energy was found by Equation (B.2.1a).

kJ

0.35@%)(3001!:_1001{) = 44170kJ (B2.la)

E=mC(I,-T) = (63lkg)[
The cooldown time of 62 hours was then estimated by dividing the total thermal energy
stored in the system by the cooling power of the cryocooler as in Equation (B.2.1b).

E _ 44170kJ _

Time = = = 62hour B.2.1b
lime e o lingPawer . 001 ol ol

B.2.2 Cooldown from 100 K to 50 K

The cryocooler has a minimum cooling power of 30 W at 50 K so the average cooling
power between 100 K and 50 K was estimated to be 50 W. The heat capacity of copper
decreases in this temperature range so the total thermal energy absorbed was calculated by
integrating the heat capacity over this temperature range [59]. The thermal energy was
calculated to be 9.17 kJ/kg so the total thermal energy of the assembly was estimated to be

5790 kJ. Using Equation (B.2.1b) the cooldown time was calculated to be 32 hours.
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B.2.3 Cooldown from 50 K to 4.2 K

The cryocooler has an assumed cooling power of 1 W at 4.2 K so the average cooling
power between 50 K and 4.2 K was assumed to be 3 W. The absorbed thermal energy was
estimated, using the same method as in Section B.2.2, to be 1.56 kJ/kg. Only the inner
yoke and winding assembly, which has a mass of 418 kg, must be cooled to 4.2 K. The
total stored energy was then calculated to be 652 kJ resulting in a cooldown time of 60

hours.

B.3 Thermal Conduction Pathway

The temperature differentials through the second stage conduction pathway shown in Fig-
ure 6.6.0a were found using Equation (6.6.0a) and Equation (6.5.0b). A summary of the
calculations is shown in Table B.3.0a. The values of the contact resistance were obtained

from Salerno [88] and Radebaugh [86].

Table B.3.0a: Temperatures within second stage conduction pathway during steady
state operation.

spmbitvec | Kot | G0 | o | ava | T

in Figure 6.6.0a | (mW) (E;‘;g;‘é’;"g (i;iﬁig‘:; | (cm?) (K)
1 02 193 95 26 0.08
2103 158 30000 | 475 0.002

( &;tz"sim) 79 2000 238 0.45

4105 79 30000 | 2.38 0.002
5106 79 95 17.5 0.05
6107 79 43 200 0.01
Total AT 0.6




Appendix - C

Cryocooler Evaluations

C.1 Description of Suitable Cryocoolers
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The quotations and specifications of the two stage GM cryocoolers from Balzers [76] and

CVI [119].

Table C.1.0a: Summary of cryocooler specifications.

Balzers CVI
Model UCH 130 CGR 511
Price ($ Can) $ 30,022 $ 31,602
Delivery Time 4 weeks 8 weeks
Warranty 12 months 18 months
opciigmionCoit | lswgaKk | 12We K
simultaneous not simultaneous
Lowest No-Load Temperature 6.5K 10K
No Load Temperature Stability +02K +0.5K
Variable Speed DC Motor Controller No Yes
Weight 14 kg 17.2 kg
Maintenance Interval 9,000 hours 15,000 hours
Compressor Type Scroll Scroll
Static Charge Pressure 250 psig 210 psig
Water Coolant Requirements 3.0 gpm 1.0 gpm




Table C.1.0a: Summary of cryocooler specifications.

Balzers

CVI

Electrical Requirements

200-230V
3 phase, 60 Hz

208 V
3 phase, 60 Hz

Nominal Input Power

6.5 kW

5.5 kW

Electrical Standards

Not CSA Approved
-must be inspected

CSA Approved

Oil Adsorber Life

26,000 hours

N.A.

Helium Gas Lines

2 x 32 ft lines

2 x 10 ft lines

Cold Head Controller Cable

50 ft

10 ft
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