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ABSTRACT

This report presents the conceptual design of an ETF compatible. toroidal
field coil, employing helium bath cooled NbTi alloy conductor. It constitutes
fulfillment by Team One (GA/MCA) of Phase II of its effort in the DOE/OFE/D&T
12 Tesla Coil Development Program (FIP/A No. 16869). This study provides con-
tinuity of the entire Team One effort, ensuring that the prototypical conductor
as developed is reactor compatible, and establishing the viability of an actual

reactor TF-coil concept employing such conductor.

The ten TF-coil array generates a peak field of 11-1/2 tesla at 2.87 m
radius, corresponding to a major axis field of 6.1 tesla. The 10 kA conductor
is an uninsulated, unsoldered "Rutherford" cable, employing NbTiTa alloy as
developed in Phase I of this effort. The conductor is encased within a four
element "frame'" of stainless steel strips to provide hoop and bearing load

support.

The coils are pancake wound directly onto the weldment formed by the
central, radial spine, and inner perimefer wall of the stainless steel helium
vessel. Overall current density of the coil/helium vessel in the annular
centerpost region is 1000 amp/cmz, fuor an average conductor current density

of 4794 amp/c:m2 .

The helium bath is pumped to 0.24 atmosphere, corresponding to a sat-
uration temperature of 3 K. The bath is heat exchanger subcooled to an
operating temperature of 2.5 K, providing an adequate margin for single

phase absorbtion of a plasma disruption.

Quench protection is provided by intercoil dump resistors, voltage signal
activated by mechanical switches. Verification of a coil's ability to sustain
-a full quench without suffering overvoltage or overtemperature damage is pro-
vided by a computer analysis, which accounts for all significant dynamic

parameters.

Although not provided in the ETF Interim Design, this study indicates
that the provision of diagonal inter-coil struts may be necessary to support

the immense out-of-plane loads.
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1. INTRODUCTION

1.1. SCOPE OF WORK

This report presents the conceptual design of an ETF compatible 12 tesla
toroidal field coil, employing helium bath cooled NbTi alloy conductor. It
constitutes fulfillment by Team One (GA/MCA) of Phase II of its effort in the
DOE/OFE/D&T 12 Tesla Coil Development Program (FTP/A No. 16869).

1.2. PARTICIPANTS

This study has been performed by General Atomic's Superconducting Magnet
Group, a branch of the Fusion Division's D&T progrgﬁ; and by the Magnetic
Corporation of America, working under subcontract to GA. Related preliminary
work (Phase I) was performed during FY'79 by Dr. David Larbelestier, et al.,

--at the University of Wisconsin.

The following GA personnel participated in the study, in the capacities

indicated:
Dr. Sibley Burnett — Fusion D&T Program Manager
John Purcell — Fusion D&T Program: Technical Manager
John Alcorn — Superconducting Magnet Group: Manager
Dr. Wilkie Chen — Magnetics, Stability, A-C Loss Analysis
Dr. Yen-Hwa Hsu * — Cryogenic, Quench Analysis

Lew Creedon . - — Structural Analysis

The following MCA personnel participated in the study:

Dr. Z. J. J. Stekly
Harvey R. Segal
Ted DeWinter
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1.3. TEAM ONE EFFORT OF THE DOE/OFE/D&T 12 TESLA COIL DEVELOPMENT PROGRAM

1.3.1. . Mission

The basic mission of this effort is to‘demonstrate the feasibility of,
and establish an engineering data base for utilizing helium bath cooled NbTi
alloy to generate a peak toroidal field of 12 tesla in a tokamak reactor.

(The other teams of this program utilize Nb3Sn for their designs.)

General Atomic Company is the leader for Team One, with the Magnetic

Corporation of America (MCA) as industrial subcontractor.

1.3.2. Scope

The four-year effort is being implemented in four closely related

phases:

I. Experimental development of a NbTi alloy, compositionally and
process optimized for 12 tesla operation at bath temperatures

below 4 K.

II. Conceptual design of an ETF reactor compatible toroidal field
coil system, employing the NbTi alloy selected by Phase I, and

an appropriate bath cooling regime.

III. Design, construction and testing of a solenoid coil utilizing
the sclected reactor prototypical conductor and bath conditions.

This coil will be tested at the LLNL High Field Test Facility.

IV. Tests performed at the GA High Field Test Facility to assist in
design of the test coil and to aid interpretation of results

therefrom.

Phase I was completed during FY'79 by the University of Wisconsin
(Dr. David Larbelestier, et al.) and MCA. A ternary alloy containing
25 weight percent tantalum was selected on the basis of its upper critical
field (Héz) and currept density performance at temperatures in the
1.8 — 3 K range.
1-2



1.4. RELATION TO OTHER PHASES OF THE TEAM ONE EFFORT

1.4.1. General

‘This study of a 12 tesla ETF coil provides continuity of the entire
Team One 12 tesla effort, ensuring that the prototypical conductor as
developed is reactor compatible, and establishing the viability of an

actual reactor TF-coil employing such conductor.
1.4.2. Relation to Phase I

(Experimental development of a NbTi alloy, compositionally and

process optimized for 12 tesla operation at bath'temperatures below 4 K.)

During FY 1979 the Engineering Experiment Station of the University of
Wisconsin (Dr. David Larbalestier, et al.,) experimentally investigated the
upper critical field of various NbTi alloys, as a function of chemical com—
position and temperature (between 4 K and 1.7 K).. A ternary NbTiTa alloy
(32/43/25‘weight percent) was selected, which exhibits an upper critical
field of 15.4 tesla at 2 K — a full tesla higher than comparable binary
NbhTi alloys.

MCA verified the practicality of this alloy from the standpoints of
conductor processing and current density. Therefore this TF-coil design

concept, and the Phase III Test Coil are based upon this material.
1.4.3. Relation to Phase III

(Design, construction and testing of a solenoid coil utilizing the
selected reactor prototypical conductor and bath conditions. This coil

will be tested at the LLNL High Field Test Facility.)

For a cabled conductor/support strip configuration as specified for
this TF-coil design, the product of effective heat transfer rate Q(W/cmz)

and effective cooled perimeter C.P. .(cm) can only be determined with

1-3



confidence by superconducting recovery tests performed using similar con-
figurations and comparable operating parameters. This data is one of the
primary goals of the experiments to be performed upon the Team One Test

Coil at the LLNL High Field Test Facility during FY'82.

1.4.4. Relation to Phase IV

(Tests performed at the GA High Field Test Facility to assist in design

of the test coil and to aid interpretation of results therefrém.)

A test facility has been established at GA having the capability of
generating 10 tesla within the 20 cm bore of its nested solenoid pair.
Both background field coils employ NbTi; the 40 cm bore 8 tesla qoil,
built by MCA, is intrinsically stable, and without internal cooling; the
insert coil was "dry" wound by GA using 'barber pole" wrapped cable, sup-
ported by stainless steel strip wound on its 0.D: A vacuum insulated tube
can be inserted within the 20 cm bore for testing samples at subatmospheric

pressure, and temperatures down to 1.8 K.

With this apparatus, heat'pulse/recovery data is being obtained on
various cable samples which will augment, and greatly assist interpreta-
tion of the FY'82 LLNL HFTF results. Also a series of saturated superfluid
helium tests are being performed to better understand the parameters of this

bath cooling option.
1.5. BASIC PARAMETERS

The basic parameters of the Team‘One TF-coil design concept are presented

in Table ‘1-1.

As discussed further in Section 2, the ETF guideline parameters as
regards size, number of coils, etc., are those which prevailed at the ETF

Design Center in June 1980.



TABLE 1-1

ETF 12 TESLA TOROIDAL FIELD COILS — TEAM ONE CONCEPT
BASIC PARAMETERS

Numﬁer of coils -
Total ampere turns
Total storcd energy
Total inductance
Peak field
Current
Total weight (10 coil/He vessels)
Coil straight section height
Mean radius of outer coil leg
Conductor:
Superconductor
ftabilizer

Configuration

Coil cooling

Structural material

10

165 x 10°
40 GJ
800 H
11-1/2 T
10 kA
3.42 x 10° kg
7.2 m

J
11.5m

NbliTla
Cuppet

Unsoldered, 3-level
Rutherford cable

fHe bath, 3 K
saturation temperature
subcooled to 2.5 K

Austenitic stainless
steel

1-5
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2. DESIGN CRITERIA

2.1. RELATION TO ETF

The magnet system presented is generic in concept for a large tokamak
fusion device, such as the Engineering Test Facility (ETF). It should be
pointed out that ever since establishment of the ETF Design Center in 1978,
the reactor concept, and hence TF-coil requirements, have undergone con-
tinual evolution. Thus, for this and othef 12 Tesla Program TF-Coil studies,
it was necessary to select a set of guideline parameters at some point, and
complete the design on that basis.s In the case of the Team One concept, the
guidelines were adjusted in mid-1980 to reflect the ETF "Design 1" parameters
as regards number (10) and. size of TF coils (Refs. 2-1, 2-2). Also, the peak
field was reduced to 11-1/2 tesla, for reasons discussed in Subsection 2.3
below. The 10 kA current was selected primarily upon the basis of compati-
bility with the conductor to be used in the 12 tesla test coil of this

program.

In order to identify the origins of the various requirements and con-
straints to which the toroidal field coils have been designed, they are
presented under three generic headings: 1mposed Dimensional Cunstraints,

Functional Requirements, and Functional Burdens.
2.2. DIMENSIONAL CONSTRAINTS

These are set by physics machine size requirements, and spatial demands
for other reactor components within and around the toroidal fieid coil
A envelope. The coil outer radius in the centerpost region is set by the
plasma chamber dimensions and requisite inboard blanket and shield thick-
ness (the shield requirement being set largely by the maximum allowable
'lifc;ime neutron fluence to the coil conducting and insulating components).

This sets the peak field and ampere turn requirement. The outer leg mean
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equatorial radius is set by internal and intercoil space demands versus the

need to minimize external equilibrium (EF) coil to plasma distances (and

hence currents).

The corresponding number of coils, 10, was selected by the ETF Design

Center based upon maximum allowable field ripple and intercoil access

considerations.

The basic dimensional constraints employed in this design are:

Number of TF-coils 10
Centerpost outer radius of 1F-coil helium vessel 2.9 m
Mean radius of TF-coil outer leg at equator 11.5 m

2.3. PERFORMANCE REQUIREMENTS

Peak Toroidal Field: The peak field requirement is set by the
need for a given field at the plasma axis and the maximum per-
missible radius of the coil in the centerpost region, as described
above. In this case it was initially set simply by the program

mandate for 12 tesla.

However, the design shown herein is based upon 11-1/2 tesla peak,
since it now appears that ETF will not require more than this.
Reference Designs 1 and 2 of the Design Center specify 5.5 tesla
at the major axis of 5.4 m, and a corresponding peak toroidal

field of 11.4 T.

As a matter of fact, the maximum TF-coil centerpost helium vessel
radius of this design is 2.94 m. Allowing 6 cm for vessel wall
thickness, and 1 cm for ground insulation, the peak field required
is only 10.4 tesla. The additional 1 tesla results from the fact
that the ETF TF-coil design employs a rectangular centerpost coil
pack. Neveftheless, an additional tesla may eventually be required
for various reasons, including a margin for long burn impurity
control.
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Maximum Allowable Field Ripple at Plasma: The calculated peak
value for a 10 coil array of the indicated imposed dimensions is
* 1.0%, which is compatible with physics requirements. The

corresponding ripple at the plasma axis is * 0.10%.

Coils Must Accommodate Plasma Neutron Heat Flux and Normal Opera-—
tional ac Heat Loads Without Jeopardizing Stability: The lifetime
fluence shielding requirements for the TF-coil centerpost region
materials (copper, insulation) result in a modest heat flux (5 kW)
in this design. ‘

Coils Must Absorb Plasma Disruption Without Going Normal: This is
a significant concern due to the external location of the EF-coil

system.

Coils Must be Cryogenically Stabilized Against a "Maximum Credible"
Normal Operating Disturbance: The only such disturbance is local
transient mechanical motion of a conductor in response to the mag-

netic field loads.

Coils Must Survive All Perceived Credible Fault Conditions Without
Damage: The only two major such conditions envisioned are a coil
quench, initiated by low liquid level, and a sudden loss of system

vacuum.

Coils Must Meet All Above Requirements Following Exposure to the

Design Lifetime Neutron Plasma Fluence.

Coils Must Meet the Above Requirements Without Replacement of

Major Components Throughout the Design Reactor Lifetime.

TF-Coil System Must Survive All Perceived Credible Accident Con-
ditions Without Endangering Personnel or Causing Major Damage to
Other Reactor Components: This requirement includes such mishaps
as a severed coil circuit, resulting in arcing and unequal coil

currents.
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2.4. FUNCTIONAL BURDENS

These are the quantified environmental conditions within which the

TF-coils must function.

° Centerpost plasma neutron flux: 5 kW

® Plasma pulse duration: 100 sec

) Cycle duration: 135 sec

° Total lifetime fluence (max): 1 X 109 rad; equivalent to a

fast neutron fluence of 1 X 1018 n cmz.

°® Out-of-plane (overturning) moment per coil: (see Section 3, Fig. 3-3).

) Operating poloidal field experienced: Bl and B“ = 0.15 tesla/sec

for 1 sec.

) Plasma disruption field experienced: AB = 0.5 tesla in 500 ms.

) Conductor stability criterion: 100 mJ/cm3 over 1 meter (GA

selecled).
® Peak design dump voltage: 1 kV (GA selected).
REFERENCES
2-1. "ETF Parameters,'" ETF-M-80-DC-057, Issue No. 4, June 25, 1980.

2-2. "ETF Interim Design Description Document," ETF Design Center,

Section 5, Magnetic System Design Summary, July 1980.
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3. DESIGN ACONSIDERATIONS

3.1. INTRODUCTION

Basically, all of the TF-coil design considerations fall into five
closely interrelated generié categories: Performance; Reliability, Reactbr
Compatibility, Cost, and Safety. All of these factors underlie the basic
design considerations discussed below,'and the resultant selected design

features.

The principal specific issues confronted in design of the ETF toroidal

field coils are the following:

o Selection of appropriate superconductor material.

) Coil cooling method.

®  Selection of an appropriate conductor/support configuration.

° Accommodation of the eddy current heat loads induced in the coil/

helium vessel structure by a plasma disruption.

N\

) Support of the coils égainst the immense out-of-plane (overturning)
loads generated by interaction of their current with the fringing

field of the externally located equilibrium field (EF) coils.

° Verification of a coil's ability to sustain a low liquid level
induced quench without damage, based upon a selected protection

scheme.
° ,TF-coil and reactor costs.
e Reliability.
e Maintainability.

° Safety/failure modes.



3.2. SUPERCONDUCTOR/TEMPERATURE SELECTION

3.2.1. Introduction

Ten tesla is about the upper practical limit for employment of NbTi
alloys cooled with 4.2 K liquid helium at one atmosphere. Therefore, for
the peak fields (11 — 12 tesla) anticipated for ETF toroidal field coils,

three viable bath cooling options exist:

e Nb3Sn at 4.2 K nominal temperature.
) NbTi alloy, using He I at temperatures in the 2.5 — 3.5 K range.
° NbTi alloy, using superfluid helium (He II) at temperatures below

the lambda point 2.17 K.

Despite its superior 4.2 K performance above 10 tesla, Nb3Sn is an inherently
brittle material, requiring special design and manufacturing techniques to

accommodate its limited tolerance for tensile strain. Therefore, in order to
insure the viability and reliability of TF-coil designs for near term machines
such as ETF, General Atomic and Magnetic Corporation of America favor employ-

ment of NbTi alloys at bath temperatures below 4 K.

Specifically, a NbTiTa alloy, operating in a 3 K saturation temperature
bath, subcooled to 2.5 K, has been selected for the basic design. An attrac-
tive alternative however appears to be use of the same material at 1.8 K

using saturated superfluid helium (He II).
3.2.2. NbTi Alloy Selection

The NbTiTa alloy employed in this design was selected as a result of
the Phase I portion of the Team One Program, completed during FY'79.
Dr. David Larbalestier, et al., of the Materials Science Center, University
of Wisconsin, working under subcontract to GA, performed upper critical
field (Bcz) tests upon a large number of candidate NbTi binéry, ternary and

quaternary alloys with the goal of selecting one or more possessing the best
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high field performance at temperatures below 4 K. Eventually a ternary alloy
of NbTiTa, 32/43/25 by weight percent, was found to exhibit the most promis-

ing Bcy performané;: specifically, 13.85 tesla at 3 K. This indicated that

such material would offer acceptable design current densities at 12 tesla

and practical bath temperatures (2.3 — 3 K). This study was reported upon

in Refs. 3-1,3-2.

In order to verify and optimize the selected material's JC performance,
and insure its manufacturing practicality, MCA performed a series of process
parameter tests upon a series of composite filamentary wire samples. Jc was
determined over a range of magnetic fields and temperatures, as a function
of heat treatment and cold work. No unusual manufacturing difficulties were
encountered, and as anticipated, cold area reduction of 105 or more is desir-

able for JC optimization.' This work was reported upon in Ref. 3-3.
3.2.3. Performance of Selected Conductor

The MCA JC performance data upon which this design is based is shown
5

in Fig. 3-1. This data is based. upon a total area reduction of 1.60 x 10°:1

from an initial 4 in. diameter billet.

MCA DATA

Wire diameter = 0.025 ¢cm
Critical current measured

1 v,
10T e at t uV/em

t 1t

1

SUPERCONDUCTOR CRITICAL CURRENT DENSITY (kA/cm?)

TEMPERATURE (K)

Fig., 3-1. Short sample performance
of 32 Nb/43 T1/25 Ta-
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3.3. COIL COOLING METHOD

3.3.1. Introduction

Bath cooling has been selected in lieu of forced flow, based upon con-

siderations of design simplicity and operational reliability.

Forced flow cooling introduces complexities of conductor design, pump-
ing, and parallel path manifolding which, in the opinion of GA and MCA, offset
any potential benefits of improved heat transfer. In principle, forced flow
cooling through simple well defined channels is well understood and is charac-
terized by relatively high heat transfer rates (example: '"hollow" monolithic
conductor). However, the flow path geometries of cables or braided conductor
presently under consideration for large TF-coils are torturous. Proper under-
standing of such geometries will require congiderable analytical and experi-
mental effort. Certainly a far greater body of practical operational expe-

rience exists for bath cooling of large superconducting coils.

The possibilities of coolant path blockage or pump failure are reliability
concerns for a forced flow system. Bath cooling on the other hand is inherently

reliable so long as the coils remain fully immersed in liquid.

As demonstrated in this report, even a full quench of a bath cooled coil
will not damage it, provided that its design is integrated with a proper pro-

tection circuit.
3.3.2. Selected Bath Conditions

A bath saturation temperature of 3 K was selected, which corresponds to
the current sharing temperature of NbTiTa superconductor at 4/3 times its
design current density of 30 kA/cm2 and 11-1/2 tesla (see Fig. 3-1 above).

The corresponding operating bath pressure is 182 torr (0.24 atm, or 3.5 psia).

During normal operation, the bath is subcooled to a nominal temperature
of 2.5 K. This is achieved through a heat exchanger located in the outer leg
of each TF-coil.
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At the subcooled temperature, the superconductor is operating at about

60% of its short sample current density.

During a local thermal disturbance (a conductor motion induced normal
zone), the helium adjacent to the conductor will heat beyond the saturation
temperature. The resulting vapor (bubbles) will migrate out into the bulk

liquid and re-condense.

The relatively modest neuttron heat load of 5 kW to the centerpost region
can easily be accommodated, without bubble evolution, by natural convection

within the coil.

In the event of a plasma disruption, the total field change of 0.5 tesla
will generate about 7.0 MJ of eddy current heating in the ten TF-coil helium
vessels (only a small amount of heat is generated in the cabled conductor)..
As described below in Section 5.3, this amount of heat can be absorbed by
the 10 m3 helium volume of each coil without raising its temperature above
the 3 K saturation point. Thus the coil will not quench, and the bath oper-
ating temperature of 2.5 K can be restored in 4 hours by the refrigeration
capacity required to absorb the neutron heating. 'This operating mode is

shown on the helium phase diagram, Fig. 3-2.

3.3.3. Alternative Superfluid Helium Operation

A bath cooling alternative worthy of serious consideration is employment

of superfluid helium.

Preliminary invéstigation of an ETF-like TF-coil, bath cooled with
"saturated He II at 1.8 K was presented in General Atomic Report GA-A15818
(Ref. 3=4). |



The key characteristics of saturated superfluid helium bath cooling

are as follows:

® HIGH THERMAL CONDUCTIVITY: 104 W/cm-K at 1.9 K and q = 0.5 W/cm2

(this is 2 X 103 higher than annealed copper).
. PP

As a result, almost all of the enthalpy of the entire bath volume
up to the lambda point (2.17 K) is available to absorb heating from

a local source.

Heat transport takes place so rapidly that it is almost impossible
to sustain an appreciable temperature gradient. Hence, all vapor

evolution takes place at the liquid surface.

) HIGH HEAT TRANSFER RATE TO COOLANT: The surface heat flux from a
solid depends upon several factors, but is several times that of
He I. Thus the amount of stabilizer material can be significantly

reduced, for a given stability criterion.

o NEAR ZERO VISCOSITY: The viscosity of He II is vanishingly small

(<10='11 poise); at least 106 times less than that of He I.

3.3.4. Helium Phase Diagram

Figure 3-2 is a phase diagram of helium (HZ). As the temperature
decreases along the saturation curve past the lambda (A) point the char-
acteristics of helium make an abrupt and dramatic change. Above the
A-point, the substance is commonly referred to as "helium I", below it

as "helium II".

Helium I exhibits properties similar to other liquids, while He II
possesses unique characteristics. He II is thought of by theoriticians as
being composed of two intermixed fluids; one being a normal liquid helium
component while the other is "superfluid'". The latter component possesses

zero entropy, high heat conductivity and zero viscosity. It is often
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referred to as a "quantum fluid", its characteristics being analogous to
superconducting metals in that both allow a flow of matter without friction
(electron flow with zero voltage in the case of superconductors). The
relative amounts of the two components of He II vary with temperature;

from all normal helium at 2.17 K (A-point) to almost all superfluid at

1.0 K. Nevertheless, by engineering convention, He II will hereinafter

be referred to as superfluid helium.

Helium is also unique in that it possesses no solid/liquid/vapor
triple point. It cannot be solidified, except under very high pressure

(25 atmosphere at zero K).
The lambda line, which separates He I and He II is almost a constant
with temperature. ‘Thus, little temperature margin can be gained by oper-

ating at greater than saturation pressure.

Properties of helium I at 2.5 and 3 K are presented in Table 3-1.

TABLE 3-1
PROPERTIES OF HELIUM I
Subcooled
Saturated | from 3 K | Saturated

Property 2.5‘K 2.5 K 3K
Temperature (K) 2.5 2.5 3
Pressure (torr) 77.49 182 182
Thermal conductivity (milliwatts/cm-k) 0.19 0.19 0.21
Vigcosity (micropoise) 36.4 33.5 37.6
Enthalpy (J/g) 4.02 4,25 5.3
Latent heat of vaporization (J/g) 22.7 24.75 23.6
Specific heat (J/g-K) 2.28 2.157 2.49
‘Vapor-liquid density ratio 67.6 32.75 31.9
Density (g/cm>) 0.1448 0.1455 0.1412
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3.4, CONDUCTOR/SUPPORT CONFIGURATION
3.4.1. Current

The selected conductor current of 10 kA was based upon existing manu-
facturing capability/cost considerations, and for compatibility with the
conductor to be employed in the test coil of this program (Phase III). In
fact however, a TF-coil current in the 15 — 25 kA range may well prove

optimal for large tokamak reactors such as ETF.
3.4.2. - Conductor Configuration

A three-level uninsulated, unsoldered cable design was selected, in

lieu of a monolithic or soldered cable design, for the following reasons:

1. To minimize ac¢ losses from the poloidal field system and plasma

disruptions.

2. As a conventionél, modular fabrication method for producing high
current conductor at reasonable cost, and with good area reduction

of the composite superconducting elements.

3. For optimal cryogenic stability, by virtue of its high effective

surface to area cooling characteristics.
4. For ease of coil winding by virtue of its flexibility.

Unsoldered, cabled construction would be especially attractive for Nb3Sn

conductor in order to limit both manufacturing and operational strain.

A similar three-level cabled conductor (5 kA current) is employed in
the LASL/BPA 30 MJ energy storage coil presently under construction by
General Atomic. The final conductor design benefited from an extensive

performance and manufaclurlug development effort by LASL.
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3.4.3. Conductor Support

Inherent in a cabled conductor design is its limited ability to support
hoop and transverse bearing loads (the latter occurring in the centerpost
region of a TF-coil). Therefore, in the selected design, the conductor is
sandwiched between two pretensioned stainless steel strips for hoop load
support, and flanked by two bearing load support strips. Austenitic stain-

less steel is employed for these support elements.

Conductor internal (core) support was ruled out due to the stiffness of
the composite material; a serious disadvantage during coil winding. Also,
additional provision must be made for support of the centerpost radial

bearing loads.

A logical alternative to the muiticomponent, encasing box structure
selected herein is the use of a single element,ext:uded channel (as employed
by the General Electric/IGC 12 Tésla TF-Coil Design). The perceived advan-
tages to GA of the selected structure are: ease of structural element fab-
rication (rolled strips versus extruded channel); flexibility during winding;

and minimization of bearing stresses in the interturn insulation.
3.5. ACCOMMODATION OF PLASMA DISRUPTION INDUCED HEAT LOADS

The inevitable eddy current heating resulting from a plasma disruption
must not drive the TF-coils out of the superconducting mode — that is,

cause them to quench.

This is not a trivial consideration in ETF, where the widely spaced,
high current equilibrium field (EF) coils are located outside of the toroidal
envelope. Being loosely coupled magnetically to the disrupting plasma, they
are unable to inductively absorb its energy. Thus the surrounding TF-coils
experience the full field change (AB ~ 1/2 T) resulting from the loss of

plasma current.
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This condition has been carefully analyzéd, as desdribed below in
Subsection 5.3. The results demonstrate that the selected cabled conductor
absorbs relatively little of this energy. Some 7 MJ of eddy current heat
is generated within the stainless steel helium vessels; fortunately even
this amount can be absorbed by the subccoled liquid helium without raising
the bath to the conductor critical temperature (the point at which resistive

current sharing begins).
3.6. OUT-OF—-PLANE LOAD SUPPORT

A basic design decision for ETF was location of the plasma equilibrium
field (EF) coils outside of the TF-coil envelope. The primary motivation
~for this decision is machine maintainability; to allow intact removal of the
high current, superconducting outer EF-coils if requir%d for repair, replace-
ment or access to other major reactor components. Incidentally, this phi- .
losophy has been adopted also for INTOR and the STARFIRE commercial reactor
study.

Despite its perceived overall advantage, external location of the
EF-coils requires that their total current be increased by a factor of five
relative to the alternative location within the TF-coil bore (but necessarily A
outside of the blanket and shield). External location of the EF-coils
imposes two major burdens'upon the TF-coil system: they cannot inductively
react the energy of a plasma disruption; and they expose the outer TF-coil
region to large fringing fields,.which interact with the TF-coil current
Lo generate immense out-of-plame (overturning) loads. This fringing field
is a function both of the EF-coil currents, and of the fact that, for machine
accessibility reasons, the EF-coils must necessarily be few in number. (A
relatively uniform distribution of the EF-current around the toroidal envelope

would exclude most of the poloidal field from the 1F-coils.)

The magnitude of the overturning loads on each TF-coil is shown in
Fig. 3-3. In the ETF Design Center concept as of June 1980, this load is
resisted hy cold intercoil web structures between adjacent helium vessels,

except for a clear outer leg region about 8 m high. An immense vacuum tank
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encloses all of the TF- and EF-coils, except for the 8 m high outermost
region of each TF-coil, which is individually surrounded by its own vactank

section. These features are shown in Section 4, Fig. 4-1.

Although GA has not thoroughly reviewed this support method, it does
not appear adequate to resist the applied torques without the addition of
intercoil bracing between the upper and lower high load regions, either
in the form of diagonal struts or shear panels. Such a requirement would
of course impose a serious constraint upon intercoil accessibility, although

five of the ten intercoil bays could probably be left open.
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3.7. VERIFICATION OF A COIL’S ABILITY TO SUSTAIN A LOSS OF LIQUID
QUENCH WITHOUT DAMAGE

The ETF TF-coils must be designed to withstand a quench, or rapid
transition from the superconducting to resistive state, without damage.
Such an occurrence would probably never transpire during the course of

a machine's lifetime, but it must be regarded as a possibility.

The primary threats to a coil under such a circumstance are excessive
voltage and temperature. The engineers' task here is to design an inher-
ently reliable coil protective (energy dump) system, and to analyze the

postulated event with a reasonable degree of accuracy.

~As a first principle, all of the TF-coils should be connected in
series to a single power supply, in order to insure that all carry the
same current. Secondly, the total dump resistance should be distributed
uniformly between the coils in order to minimize the peak voltage. These
intercoil dump resistors must of course be short circuited by a mechani-

cal breaker during normal operation.

Traditionally, conductor temperature rise has been estimated on the
basis of temperature versus time constant for a given copper current
density, with no allowance for the changing parameters of normal region

growth,

Such an approach yields grossly pessimistic results for a large coil
of given substrate current density, since it fails to account for such
time dependent factors as normal region size, coolant pressure, and
decaying current. Therefore, a time dependent computer analysis has
been developed to predict éctual parameters within a quénching coil with
reasonable accuracy. The results therefrom are presented in the Sub-

section 5.2 below.



s

3.8. TF—COIL AND REACTOR COSTS

3.8.1. General

For a TF-coil system with given overall dimensions, number of coils,
and peak field, its cost is primarily a function of design complexity and
amount and type of materials required. Beyond this, its effect on overall

reactor cost depends upon several factors, including:

) Its centerpost radial thickness.

[ ] Thé amount of inboard shielding required to protect the coils

from excess heat load and/or radiation damage.

) The effect of its out-of-plane support structure upon machine

accessibility.

3.8.2. Direct Cost Factors

One of the'fdundations of this concept is simplicity and, where
appropriate, reliance upon techniques éroven in previous large, success-
ful superconducting magnets. For example, the method of pancake winding
the coils directly into the inner wall, and against both sides of a
central radial flange of the helium vessel, was used for the SLAC LASS
magnet. The three-level unsoldered Rutherford cable is similar to that
being employed for the BPA 30 MJ Energy Storage Coil presently un&er
construction by General Atomic for LASL. Certainly helium bath cooling

is a well proven cooling technique for large magnets.

NbTi alloy superconductor was selected for reasons of cost as well

as reliability.
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3.8.3. Relations to Overall Reactor Cost

3.8.3.1. Centerpost Radial Thickness — Radial thickness of the TF-coils in
the centerpost region can be a major reactor cost factor if such thickness
so restricts the OH-coil bore space as to force the toroidal peak field
point outward beyond that set by other factors (on axis field, selected
peak TF-coil field, inner shielding, etc.). It should be borne in mind
however that, when necessary, the OH-coils can be embedded within the
‘centerpost support cylinder so that the latter's thickness does not further
restrict the 0.D. of the OH-coils. This method was described in Volume VI,
Magnetics, of the GA TNS Study, General Atomic Report GA-A15100 (October
1978) (Ref. 3-5). '

In the design presented, the average centerpost coil/helium vessel
current density is 1000 A/cmz, whereas the average conductor current den-
sity is 4794 A/cmz. This factor of 4.8 results primarily from the large
amount of stainless steel strip inevitably required for hoop load support,
and by the fact that cabled conductor inherently includes a substantial
void fraction.

The ETF Design Center coil/helium vessel current density criterion is
1200 A/cm2.~ This value could be achieved with the concept presented if the
peak field were adjusted to the 10.5 tesla required (at that field the bath

saturation tempcraturc could be incrcased to 3.5 K).

3.8.3.2. Inboard Shielding Required — The amount of inboard shielding

required to protect the TF-coil centerpost region from excessive heat

load and radiation degradation is an important reactor cost factor. Reactor
cost is roughly proportional to plasma radius; for ETF this amounts to at

least $1M/cm.

For the ETF the inner shielding has been designed to limit the lifetime

9 18 2

"TF-coil: centerpost fluence to 1 X.107 rad, equivalent to 1 X 10 ° n/cm

(fast neutrons). The two principal considerations in this regard are
mechanical degradation of the coil insulation, and electrical degradation -

of the copper stabilizer.
i 3-15



Irradiation tests at Brookhaven National Laboratory and elsewhere
indicate that epoxy-fiberglass laminate (NEMA G-10) retains about 80% of

its mechanical integrity up to 5 X 109.rad.

At the design fluence, the resistivity of pure copper increases by
about 8 X 10_8 f2-cm. However, for ETF, it is anticipated that the TF-coils
will be brought up to room temperature at least once during its lifetime for
scheduled maintenance. Such an "anneal" will restore all but 17% of the
copper's initial conductivity; hence, at the end of its operational life
the radiation induced resistivity will probably not exceed about 5 X 10_8 fi-cm.

This is the basis upon which the conductor was designed.

The estimated heat flux to the coil centerpost region is 5 kW. This
modest value can easily be accommodated by natural convection within the

coils.

3.8.3.3. Out—Of—Plane Support Structure — This structure is necessarily
massive in order to support the immense out-of-plane loads generated by
the discrete, high current external EF-coils. The related design con-

siderations are discussed in Subsection 3.6 above.
3.9. OPERATIONAL RELIABILITY

This is achieved through a comhinatinon of sonund, straightforward decign,
good manufacturing practice, and comprehensive component and system testing.
An effective quality assurance program is an essential element to achieve

this end.

3.10. MAINTAINABILITY

At best, the removal and replacement of a TF-coil following an in-service
failure would be a costly, time consuming operation. The principal diffi-
culties here would be removal of machine components surrounding the coil, and
timely manufacture of a replacement. Nevertheless, the coils should be

designed for relative ease of removal from the toroidal array.
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3.11. SAFETY/FAILURE MODES
3.11.1. General

Despite the most enlightened engineering, manufacturing and operational
practices, certain failure modes must be considered within the realm of pos-—
sibility. Two such mishaps which should be faced in the design of any
superconducting magnet are a sudden inrush of air from a vacuum system
rupture, and a sustained arc resulting in gross material erosion. For a
properly designed and protected coil, the two failure modes of lead '"crow-
barring" or complete severing of the coil circuit are considered "Acts of

God" — that is, situations beyond the control of engineer or operator.

Nevertheless, in all of the above cases, the TF-coil system should be.
designed so that, even though one or more coils may require replacement,

the threat to personnel or other major reactor components is minimal.

3.11.2. Vacuum Rupture to Air

Any major vacuum rupture, such as severing of a pumping line, could
result in overpressurizing of one or more helium vessels through cryo-
condensation of the inrushing air. Clearly, for this and other reasons,
each helium vessel should include an overpressure relief valve of adequate
flow capacity. A further deterrent to this threat is provided by multi-

layer aluminized mylar, or other insulation covering the helium vessel.

3.11.3. Sustained Arc Within Coil

The remote possibility exists that, due to a manufacturing error, a
sustained low voltage (1015 V) arc can develop within a coil during dis-
charge. In the worst case, this can result in gross erosion of the adjacent
coil structure, and differential coil currents, Although the coil would
indeed be ruined, proper design of the support structure should insure that

it does not damage other machine elements.
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4. SELECTED DESIGN FEATURES

4.1. GENERAL

Figure 4-1 is an elevation view of ETF Design 1 showing one TF-coil.
The number (ten) and overall dimensions of the Team One coil shown match
those of ETF. However, its 11-1/2 tesla peak field (at 2.87 m R) corre-

sponds to a major axis field (B, ) of 6.1 tesla.
£/

The coil shown is 116 cm thick in the centerpost region, corresponding
to its overall coil/helium vessel current density of 1000 A/cmz. This
necessitates embedding the solenoidal OH- and EF-coils within the center-
post support cylinder, as éhown. This concept was employed for the super-
conducting OH-coils of the General Atomic TNS Reactor Study, as described
in Volume VI, Magnetics, of GA TNS Project Report GA-A15100 (1978). 1In
this scheme, each of the OH-coil segments are wound within a bobbin formed
by a section of the graphite-—epoxy centerpost. The TF-coils bear radially
inward against the flanges of the centerpost — no radial bearing load is
borne by the OH-coils. The OH-coils may be encased within individual helium
vessels, or flooded through helium access ports in the centerpost sections; .
In the latter case, an epoxy-fiberglass helium barrier must fit tightly

around the entire centerpost/OH-coil assembly (achieved through differential

contraction during cooldown).

In the ETF Interim Design, cold intercoil web structures connect adja—.
cent upper (and lower) coil regioné to resist the out-of-plane loads (as '
shown in Fig. 4-1). An immense vacuum tank encloses all of the TF-coils,
except for the 8 m high outermost region of each, which is individually
enclosed: However, GA believes that several_intercoil diagonal braces (or
shear banels) may be required to resist opposing torsional loads of the
.upper and lower regions. Although not shown in Fig. 4-~1, such a scheme is

illustrated in Subsection 4.4.3.3 below.
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Table 4-1 is a summary of selected TF-coil features, while Table 4-2
lists the basic calculated parameters of this system. Figure 4-2 depicts

the basic dimensions of one constant tension TF-coil.

TABLE 4-1
SUMMARY OF SELECTED FEATURES

CONDUCTOR
Superconductor Material:
High field regions: NbTiTa (32-43-25 wt%)
Low field (0 — 5 T): NbTi
Stabilizer:
Material: Copper, RRR = 200:1 (minimum)

Maximum current density: 6 kA/cm3
(coil protection limit)

Operating current: 10 kA
Geometry: Rutherford cable, unsoldered, uninsulated

Number of field grades: Four: O0-5T, 5-8 T,
: 8-10 T, 10-11-1/2 T

COOLING
Type: Liquid helium bath
Operating conditions:
Bath operating temperature: 2.5 K
Saturation temperature: 3.0 K

Dath pressure: 182 torr (0.24 .atm)

COIL

Type: Pancake (spiral) wound
Bifurcated (two symmetric sections)

Conductor support: Interturn stainless steel strip, plus
flanking strip for bearing load support

Ground, interturn and interlayer insulation material: Epoxy:
fiberglass laminate (G-10CR)



TABLE 4-1 (Continued)

HELIUM VESSEL
Material: Austenitic stainless steel
Configuration:
Coil cavity bifurcated
Trapezoidal cross section in centerpost region
Rectangular cross section in outer, curved region
Support:

Centering loads: by cold Centerpost Support cylinder:
Graphite epoxy laminate

Out-of-plane loads: Cold intercoil webs, per ETF
Design Center

VACUUM TANK
Material: Austenitic stainless steel

Configuration: Common vactank around coil/He vessels,
except for 8 m high outermost coil region

COIL CIRCUIT
Connection: All coils in series
Design charging time: 12 hours

Protection circuit: Switch/dump resistor, parallel
circuit between each coil

Dump resistor resistance: 0.25 Q each

bt



TABLE 4-2

ETF 12 TESLA TF~COILS — NbTi ALLOY CONCEPT

- 4 CALCULATED PARAMETERS

Total ampere turns
Total stored energy
Total inductance

" Total weight of 10 coil/helium vessels

Total coil height (less chimney and Supports)i

Centerpost straight section height

Coil/helium vessel radial thickness in
centerpost region

Field ripple at plasma extremity
Field ripple at plasma axis
Mean perimeter of one coil
Average conductor current density

Average coil/helium vessel current density in
centerpost region

Plasma disruption heat load to entire c01l/he11um

vessel structure, delayed F-coil decay:
Centerpost region (from plasma decay)
Outer coil region (F-coil decay)
Overturning moments per TF-coil, due to
external F-coils:
OQuter coil regionlb

Centerpost region

165 x 10°
40 GJ
800 H
3.4 x 10° kg
13.6 m

7.2 m

1.10 m

1+

1.07%

I+

0.10%
35 m

. 2
4794 A/cm

1000 A/cm®

6 MJ
1 MJ

806 x 10° Nm

678 x 10° Nm
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Fig. 4-2. Dimensions of coil/helium vessel,
constant tension shape

4.2. CONDUCTOR

The 10 kA conductor is a three-level, unsoldered, uninsulated "Rutherford
cable', whose general structure is depicted in Fig. 4-3. For ETF the final
conductor consists of ten 1000 ampere cables, each of which is a six-around-

one bundle of similarly configured subcables.

Four conductor grades are employed, the high and low field grades being
shown in Figs. 4-4 and 4-5. Grading is based upon three centerpost region
parameters: amount and type of superconductor required (as a function of
magnetic field), amount of copper stabilizer required (a function of mag-
netoresistance, radiation degradation, cryostability and/or protection
criterion limit), and required bearing load support (a function of cumulative

radial bearing load).
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Fig. 4-4. 10 kA conductor/support module,
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Fig. 4-5. 10 kA conductor/support module,
low field region (0 — 5 tesla)
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Note that in the high field region, three composite strands plus three
copper strands surround one copper strand to form a subcable, while the
0—-5 tesla grade has a single NbTi/Cu composite strand surrounded by six

copper strands.
4.3. CONDUCTOR SUPPORT

The conductor is housed within a multi-component stainless steel strip
support frame. Collectively, these support elements carry almost all of the
hoop, radial bearing (centerpost) and circumferential bearing (outer region)
loads generated within the coil. Allowable combined stress is 80 Kpsi
(316 LN, or equivalent). The conduétor, its support strips and one inter-
turn insulation strip are collectively referred to as a 'conductor/support
module" since these components are wound simultaneously. In a pancake wound
coil the coil/support module must be of constant width. Yet the stainless
steel sidewall strips which flank the conductor in this design must become
progressively thicker with diminishing centerpost radius, in order to bear
the cumulative radial loads. Fortunately, in this and similar designs, the
required conductor area, and hence width for a given(number of cables, is

diminishing proportionately.

This is emphasized in Fig. 4-6 which shows the high and low field
conductor/support modules together. Also indicated are the helium ventila-

tion cutouts in the sidewall support strips.
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4.4. COIL/CRYOSTAT DESIGN

4.4.1. General

Figure 4-7 is an elevation section of one TF-coil/helium vessel, vacuum
tank, centerpost support cylinder, and associated elements in the upper
region. Figure 4-8 shows cross-sections of one coil/helium vessel, and
related vacuum tank elements in both the centerpost, and outer region.
Figure 4-9 shows the helium vessel to vactank tiebars in the outer cryostat

region.

—=—1— — g He RELIEF VENT

CURRENT E] r__| ~ QHe FILL LINE
5 r| g He VENT LINE

Jnbidl

HELIUM VESSEL

COMMON VACTANK

tCENTERPOST SUPPORT CYLINDER WITH
EMBEDDED EF— AND OH-SOLENOID COILS

rig. 4-7. TF-coil/cryostat and related elements
section view of upper region
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Fig. 4-9. Helium vessel to vactank tiebars
in outer coil region

Each coil is independently immersed in liquid helium within its own
stainless steel helium vessel. However, all 10 coil/helium vessels (plus
the centerpost support cylinder, and superconducting OH- and EF-coils)
share a common vacuum volume. Note that in the centerpost region, all
10 TF-coils are surrounded by a common vacuum tank; in the outermost 8 m
high region each coil/helium vessel is surrounded by, and supported within

its own vacuum tank leg.

Figure 4-10 is an isometric view illustrating the transition of the

helium vessels from the centerpost to outer regions.

4.4.2. Coil/Helium Vessel Detail

Figure 4-11 is a cross-section of half of one coil/helium vessel in

the centerpost region.

The coils are spiral wound, the 22 full height pancakes having 58 turns
each. The pancakes are wound directly onto the weldment consisting of the
minimum perimeter wall (the outer radius element shown in the centerpost

section), and the central radial spine of the helium vessel. Thus, one-half
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Fig. 4-10. Cryostat
details
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Fig. 4-11. Toroidal field coil/helium vessel
half section in centerpost region
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of a coil is wound and its side and outer perimeter wall elements installed.
The coil/helium vessel is then inverted, and the process is repeated for the

other half.

Figure 4-12 is a detail section of the coil/helium vessel, at the
inner corner of the outer coil region. Shown here are detail relationships
of the cabled conductor/support modules; interturn, interlayer and ground
insulation, and the helium vessel. Despite its solid looking appearance in
the centerpost cross section, 26% of the coil/helium vessel volume is helium.
Much of this is interstitial cabled conductor space; also only about 257 of
the interlayer and coil-to-ground volume is occupied by insulation material,

as evidenced in Fig. 4-12.

Transverse helium migration through each conductor/support module is
allowed by the twist pitch of the cabled conductor and by the cutouts (or
"mouseholes'") in the stainless steel side strip. Vertical helium flow is
allowed by the diagonal perforation and radial groove pattern in the inter-
layer insulation, and by the diagonal, interrupted pattern of the coil-to—

helium vessel (ground) insulation.

GROUND INSULATION SHEET (G—10)
GROUND INSULATION SPACERS (G—10)
BEARING LOAD SUPPORT STRIP (STAINLESS STEEL)
HOOP LOAD SUPPORT STRIP (STAINLESS STEEL)
10 kA CABLED CONDUCTOR
INTERTURN INSULATION (G-10)
INTERLAYER INSULATION (G-10)

R LI LTI T LA

AN
DRI 7 55

N
N
N

\% 7/
/////////?/ﬁ

A

N

T ~————005——— {135

Z HELIUM VESSEL (STAINLESS STEEL) ALL DIMENSIONS IN cm

Fig. 4-12. Coil detail: High field conductor region
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The coil/cryostat '"chimney" region is shown in Fig. 4-7 above. Each
coil has a pair of room temperature conductor leads, in order that it can
be connected to adjacent coils through a dump resistor/switch circuit.
These leads are cooled by helium boiloff gas. Additional boiloff gas is
removed through the helium ventline, through which the 2He fill line counter-
flows. In addition, a gaseous helium relief vent is provided, set to open

at 3.0 atm absolute pressure.

Although not shown in these illustrations, a subcooling heat exchanger
is located within the outer, lower portion of each helium vessel. Liquid
at 2.4 K is circulated through the tubes of this device in order to subcool
the helium bath from its saturation temperature of 3 K to a nominal 2.5 K.
Natural convection, driven by the subcooler and centerpost neutron heat load,

should be sufficient to insure a reasonably uniform bath temperature.

An important design consideration for ETF is access between the outer
TF-coil legs, to accommodate the neutral beams, bundle divertor, and torus
sectors. In fact, this has led ETF to the adoption of a ten (vice twelve)
coil array, and rectangular TF-coil cross sections. A possible coil/helium
vessel option for easing this constraint is shown in Figs. 4-13 and 4-14.
Here the flanking, partial height cail layers are ramped radially outward
in making the transition from centerpost to outer region, thus reversing
the trapezoidal shape. Although certainly a coil winding complication, the
increased intercoil access of some 50 cm may justify it. (Referring to
Fig. 4-14, note that in the outer coil region, each partial height layer is
wound upon non-metallic spacer elements laid upon the layer below. Each
such set of spacers can extend to the rectangular helium vessel inner wall,
except in the outermost 8 m high intercoil access region.) Here, small
spacers, trapezoidal in section, are attached to the extended interlayer
spacer material, as shown in Fig. 4-13. After winding, the angled side
wall helium vessel plate is placed atop the coil for closure weldment (some
fitting of the intervening ground insulation will be required to obtain a

proper closure).



ALL DIMENSIONS IN cm /L\ZS\L
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Fig. 4-13. Possible coil/helium vessel option for
increasing intercoil access

R T T o T T e

Fig. 4-14. Coil helium vesscl option showing

flanking layer transitions
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Table 4-3 shows the coil/helium vessel component fractions in the
centerpost cross section. Table 4-4 gives the component weights per

coil/helium vessel.

A locally stiffened sheet aluminum thermal radiation shield is inter-
posed between the helium vessels and vacuum tank in both the centerpost and
outer regions. This shield is cooled with liquid nitrogen convectively
circulating through attached tubing. Both the helium vessels and thermal
radiation shield are wrapped with multilayer aluminized mylar insulation.
Collectively the helium vessels, vacuum tank, thermal radiation shield,

multilayer insulation and associated plumbing comprise the TF-coil cryostat.

TABLE 4-3
COIL/HELIUM VESSEL COMPONENT FRACTIONS
IN CENTERPOST REGION

Area Fraction
(cm2) Percent
Conductor, net 3,442 20.8
Support strip 5,447 33.0
Insulation 698 4.2
Helluwm vessel 2,635 6.0
Helium 4,297 26.0
16,519 100
TABLE 4-4

COIL/HELIUM VESSEL COMPONENT WEIGHTS
PER UNIT (kg) x 103

Conductor 108
Support strip 153
Insulation D
Helium vessel 74
Helium _2_

342
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4.4.3. Load Support

4.4.3.1. Centering Loads — In the straight, centerpost region the i dl1 X B
(Lorentz) forces on each conductor are directed radially inward towards the
machine axis. This accumulated load of about 12,400 psi average at the coil
inner radius must be borne by the centerpost support cylinder (Fig. 4-1).
Thus, in this region the inner radius helium vessel wall must bear against
the "outer" turn of each full height coil layer (though interposed ground
insulation of course). Also, the flanking partial height coil layers must
bear against brackets attached to the helium vessel sidewallé (Figs. 4-8

and 4-11).

4.4.3.2. HoopLoads — 1In its outer, curved portion, the coil is self-
supporting against hoop loads by virtue of the conductor support strip.
Tﬁerefore, the coil layers,do not bear against the outer helium vessel wall
except in the straight centerpost region, as seen in the upper view of

Fig. 4-8 and in Fig. 4-7. This radial gap between coil and helium vessel
outer wall is used as required for interlayer crossovers, stainless steel

support strip terminations, and subcooling heat exchangers.

4.4.3.3. Out-Of-Plane Loads — The out-of-plane (overturning) loads as a
function of perimeter are shown for one coil half in Sec. 3, Fig. 3-3. 1In
the ETF Design Center Interim Design concept of July 1980, this load is
borne entirely by the upper and lower intercoil web structure (shown in

Fig. 4-15), and by bending in the outer coil legs.

In the Team One concept, the central radial web of the helium vessel
bears the coil out—of-plane load, transmitting it to the inner and outer
helium vessel walls (see Fig. 4-8). Although this load is immense, the
outer coil region remains compacted against itself and the central flange,

due to the self-generated encircling field.

In the upper, and lower, outer coil regions, the helium vessels are
supported by the intercoil web structures. These elements will indeed

constrain the upper (and lower) regions of all ten TF-coils to rotate about
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Fig. 4-15. Out-of-plane load bearing structure

the machine vertical axis as rigid "wheels", in response to the out-of-
plane loads. However, it appears necessary to connect the upper and lower
web supported regions with diagonal intercoil struts (or shear panels) in
order to resist the torsional moment between them. Such a strut is shown
.diagrammatically in Fig. 4-15. (Complete analytical treatment of out-
of-plane load subport within ETF has not been possible, nor is it within

the scope of work of the 12 tesla study.)

It is recognized that such intercoil struts (or shear panels) would
interfere with machine access for the bundle divertor and neutral beams,
and with torus sector removal. However, since the upper, and lower,
TF-coil regions are rigidly interconnected by the web structures, diagonal
- struts need be included only in the five intercoil bays not required for
beam and divertor access. Though necessarily at liquid helium temperature

during operation, they must be demountable for torus sector removal.
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In the outermost coil region, where no intercoil webs exist, the
out—of-plane running load can be shared by the helium vessel and its
surrounding vacuum tank element by an array of paired epoxy-fiberglass

tiebars, as shown in Figs. 4-9 and 4-13.

Though details are not shown herein, it is quite feasible, and may be
appropriate to resist the centerpost torsion loads by vertical shear strips
located in the "V'" shaped gap between the outer portions of each TF-coil

straight section (see Figs. 4-8, 4-11, and 4-15).

4.4.4. Coil Winding

As shown in Fig. 4-16, each coil layér (pancake) is wound directly onto
the weldment formed by the inner wall, and central radial spine of the stain-
less steel helium vessel. Dhring winding, each such weldment is horizontally

mounted upon a rotating winding rig, as shown in Fig. 4-17.

Hydraulic or pneumatic clamps may be required to provide radial and

transverse pressure against the coil during winding, as shown in Fig. 4-16.
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Fig. 4-16. Coil winding detail
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After one-half of the coil is wound, the surrounding outer and sidewall
helium vessel elements are installed. This operation may be performed with
the coils still on the winding rig, since radial and vertical pressure must
be applied to the plates during welding. The helium vessel structure is

then inverted and the other coil half wound.

In the concept presented, the cabled conductor, four support strip
elements, and interturn insulation strip must all be wound together. Fur-
ther, the support strips must be wound under about 20 Kpsi pretension. As
indicated in Fig. 4-17, this is accomplished by assembling the support
elements around the conductor upstream of the tensioning device. (The con-
ductor is independently given a modest pretension by ''drag'" on its supply
spool.) The four stainless steel support strip elements are keyed together
for proper alignment by length-wise grooves in the top and bottom strips,

and mating ridges in the extruded sidewall strips.

Figure 4-18 shows winding, at ANL, of the superconducting pancake
coils for the NAL (Fermilab) 15 foot bubble chamber magnet. The supply
spools, tensioning devices, etc., are similar to those envisioned for the
ETF coils. Figure 4-19 shows the arrangement used for winding the super-
conducting coils of the SLAC LASS magnet. The automatic (cam/solenoid
operated) hydraulic pressure jacks are shown. Note that the pancakes are
being wound against the inner wall, and radial flange of the helium vessel,

as specified herein for the ETF coils.
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Fig. 4-18. NAL 15 ft bubble chamber
(coil winding at ANL)
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Fig. 4-19. SLAC L.A.S.S. solenoid
(coil winding apparatus)
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4.4.5. Power Supply and Protection Circuit

The wiring diagram for the TF-coil power supply leads and energy dump
system is shown in Fig. 4-20. The coils are charged in 12 hours during

plant startup but function in a steady state mode during normal operation.

Since the stored energy of the fully charged TF-coil system is 40 GJ,
coil damage would result in the event of a single coil quench if this energy
were dissipated internally. To avoid this, the system is discharged rapidly
by forcing the current to flow through resistors placed between the coils
in the circuit and activated by mechanical switches. The 10 water cooled
resistors and mechanical switches are located above the reactor, between

the coil "chimneys'.

DUMP RESISTOR (10)

R = 0.25§2
(WATER IMMERSED)

MECHANICAL
DUMP SWITCH (10)
(NORMALLY CLOSED —
S OPENS ON VOLTAGE

SIGNAL)
TF — COIL (10)
L = 80 HENRIES
10 kA

DC - POWER SUPPLY (1)
185 VOLTS
P =2.0MW

Fig. 4-20. TF-coil operating/protection circuit
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During startup and normal operation, the power supply charges the coils
with the dump resistors (R) bypassed by the ¢losed switches (S). If a coil
is detected to be quenching (by a voltage signal) the switches are opened,

forcing the current to flow through the dump resistors.

All power and dump leads are room temperature copper conductors rated
for 10,000 amps. The 20 power leads to the TF-coils are cooled by boiloff
helium gas from the coil cryostats in order to minimize heat conduction to

the superconductors.

Connected in series, the 10 coil toroidal arrangement has an inductance
of about 800 henries. A single current-regulated power supply rated at
100 volts and 10,000 amps cﬁarges the magnet system in 12 hours. The
resistance of the power leads is small and can be neglected in the charging

time calculation.

The dump voltage can be limited to 2.0 kV by grounding each dump resistor

at its mid-point, through a high resistance connection.
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5. SUMMARY OF DESIGN ANALYSES

5.1. CONDUCTOR CRYOGENIC STABILITY — HIGH FIELD REGION

5.1.1. Superconductor Performance

— Critical current density of NbTiTa (32/43/25 wt%) at 11-1/2 tesla
and 3 K = 40 kA/cm2 (MCA data). See Section 3, Fig. 3-1.

- Selected operating current density = 30 kA/cmz.

'5.1.2. Stability Criterion

Conductor shall recover from a transient heat disturbance of 100 mJ/cm3,

acting over a conductor length of one meter.
- 100 mJ/cm3 is an LCP/ETF heat input criterion. One meter length
is regarded by General Atomic as a 'maximum credible' motion

induced disturbance for recovery.

— Equivalent radial motion under full field as represented by

100 wd/cm’
W=F-x=@xidl) + X%
= 12 tesla x 10% amp x 1 m x x
X = 0.25 mm

But, assume that only about half of the heat generated by conductor
motion goes into the conductor itself. The remainder is absorbed

by surrounding elements, ¢o that x' ~ 0.5 mm.



— Equivalent conductor temperature increase:
] 25
For copper: C_ AT = 90 mJ/cm3 = Ah
o P
.. Conductor peak temperature = 25 K.

5.1.3. Method of Analysis

Recovery is calculated by a computer program which includes appropriate

nucleate/film boiling characteristics, current sharing, longitudinal con-

duction, K(t) and Cp(t). For given input values of initial heat pulse,

copper area, copper resistivity, and effective cooled perimeter, the pro-

gram calculates whether recovery will, or will not} occur.

The resultant conditions under which recovery will just occur can be

compared with the quasi-static criterion:

(Q x C.P.)eff (l) } I pcu
2

The following analysis input and results are based upon one 1000 amp ''second

level" cable at 11-1/2 tesla.

5.1.4. Input Parameters

COPPER RESISTIVITY:

P .
RT 171 : -8

1.10 x 1077 Q-cm ,

where 5 X 10-8 {i-cm = fast neutron degradation, based upon one anneal cycle,

and a total fluence of 1 X 109 rad. See Fig. 5-1.
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Fig. 5-1. Radiation induced resistivity increase of
copper at 4.9 K, as a function of fast
neutron fluence (E > 0.1 MeV) (Ref. 5-1)

ASSUMED EFFECTIVE COOLED PERIMETER:

C.P.eff = 1/2 x "flowered" envelope of a 1000 amp cable, as shown in
Fig. 5-2.

Fig. 5-2. High field conductor assumed
‘effective cooled perimeter of
one cable (= 0.50 X-enclosing
surface shown)
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HEAT TRANSFER CHARACTERISTICS OF LIQUID HELIUM AT 3 K SATURATION TEMPERATURE:
See Fig. 5-3. Determined as described in Section 5.5 below.

HEAT INPUT:

The heat input of 100 mJ/cm3 was translated into an initial temperature

of 25 K over a length of 1 m.

5.1.5. Analysis Results

Using the above input parameters, the computer analysis indicated cold

2

end recovery for a copper current density of 3650 A/cm®. This corresponds

. , 2
to an effective maximum recovery heat transfer rate of 0.26 W/cm".

5.1.6. Correlation With Experimental Data

For a cabled conductor/support strip configuration as specified for
this design, the product (Q X C‘P')eff can only be determined with con-
fidence by recovery tests performed using similar configurations and

comparable operating parameters.



Indeed, this is one of the primary goals of the experiments to be
performed upon the Team One Test Coil at the LLNL High Field Test Facility
during FY'82. Also, data is being gathered with smaller but similarly
configured samples at the General Atomic High Field Test Facility which
will yield preliminary information and greatly assist in interpretation
of the later LLNL HFTF results.

Meanwhile, as a rough guideline for this design, General Atomic drew
upon recovery data performed by LASL on preliminary second-level cable for

the BPA 30 MJ energy storage coil (now under construction at GA).



5.2. QUENCH PROTECTION

~ A magnet quench analysis for the case of a low liquid level and a
normal region starting in the gas space has been performed using the GA
developed code "QUENCH". This computer program accurately accounts for
all the important processes in the cryostat during a magnet quench. It
tracks liquid level, cryostat pressure, coil temperature, normal region
dissipation, energy deposited into the helium bath, current decay, etc.
The results show that the magnet will not suffer damage, provided either
dump resistors are utilized or, alternatively all the liquid in the 10
'cryostats is expelled at about the same time. If, however, all the energy
in the TF-coil sysﬁem were to be dumped into one coil it would be severely

damaged by both voltage breakdown and overheating.

The computer program is basically a two-dimensional, time-dependent
thermal transient code with liquid helium cooling in the region just below
the liquid level. The behavior of thermal transport in the third dimension
is extended out from the 2-D results since the thermal properties in the

turn-to-turn direction are about the same as in the layer-to-layer direction.

The magnet is assumed uniformly anisotropic with simplified geometry
consisting of an arc at the top and bottom and two straight sections. The
thermal conductivity is assumed to be temperature independent. Magneto-
resistivity and radiation induced resistivity are included in the total
resistivity but do not change during the calculation. The heat capacities
of the support structure, copper and superconducting material are integrated
together. Local temperature dependent resistivities and specific heats
enable the calculation of. ohmic heating in the winding structure as the
stored energy of the field is dissipated in the equivalent LR circuit. . The
compressibility of liquid helium is also accounted for. The pressure relief

valve is set at 3 atm absolute.

Figure 5-4 shows the coil parameters as a function of time for a con-
ductor with a copper current density of 6000 A/cm2 and an average field of
5 T. It shows that peak resistive voltage over the normal region is

1.9 kV, while the peak temperature is 115 K at that time. The peak
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Fig. 5-4. Coil quench data

temperature rises up to 115 K in 280 seconds and would probably not exceed

120 K when the current has decayed to zero. The voltage over each 0;25 Q

dump resistor is initially. 2.5 kV, being‘opposed by the inductive reactance

of each coil as indicated in Fig. 5-5. The IR drop does not produce a large
voltage in the coil because part of every turn of the coil is resistive during
a quench. The IR drop of each turn is almost canceled by its 2%% rise. The
net accumulated voltage relative to the ground is controlled by the dump

resistor.
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Fig. 5-5. Distributed quench voltages
(shown for seven coil circuit)
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5.3. DISRUPTION ANALYSES: TF—COIL HEATING DUE TO PLASMA DISRUPTION

5.3.1. Summary

The heating in the ETF TF-coil system due to plasma disruption has
been estimated. Due to the utilization of low loss cabled conductor, the
heating in the conductor is not the dominant heat source. On the other
hand, the coil helium vessels are relatively thick and massive metallic
objects, and the eddy current heating in the helium vessels represents
the majority of the heat load. By controlling the poloidal coils after
the disruption so that the poloidal coils are de-energized in more than
one minute, the total heating can be limited to about 7.0 MJ, which will
raise the helium bath temperature by 0.11 K, but otherwise should not

cause other significant problems.

5.3.2. General Considerations

Due to the absence of inboard poloidal coils in ETF, when plasma dis-
ruption occurs, the centerpost region of the TF-coils will experience the
fast poloidal field variation due to the abrupt disappearance of the plasma
current. The plasma first wall, blanket and shield will slow down the field
variation somewhat. A reasonable time duration is about 0.5 sec at the
TF-coil centerpost region. The field variation in the TF-coil outer leg
region will depend on the manner in which the poloidal coils are controlled
after the disruption. Since the poloidal coils are relatively far away
from the plasma, it should be possible to control the poloidal coils inde-
pendently after the plasma disruption. A reasonable time for de-energizing

the poloidal coils may be one minute.

The selected cabled conductor effectively reduces the amount of heating
to reasonably low values. The coil helium vessels, on the other hand, are
relatively thick, gnd relacively large in dimension. Each stainless steel
helium vessel forms a D-shaped tubular conducting structure 40 m in circum-
ference, about 1.55 m x 0.34 m in cross sectional dimensions, and 5 cm in

wal: thickness. Since the helium vessels form part of the coil structural
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support against out-of-plane loads, the wall thickness must be above a
certain minimum (> 5 cm). Under a pulsing poloidal field, such large
scale metallic objects will develop significant amounts of eddy current
heating. Since the helium vessels are kept in contact with the bath, the
heat generated will eventually fiow into the bath and need to be removed
through the refrigeration system. Moreover, the heat input will raise the
bath temperature and pressure; therefore, excessive heating may decrease

the stability margin of the conductor and lead to coil quench.

It is possible to slow down the field pulse by installing flux shields
around the coils. However, in the centerpost region, it is impractical to
place a room temperature or liquid nitrogen temperature flux shield around
each individual coil. A common flux shield for the entire centerpost can
be installed, but such a flux shield may interfere with the operation of
the ohmic heating coil. Furthermore, the choice of the material for the
flux shield may be important in terms of strength and shielding performance.
The flux shield may be utilized as part of the structure for taking the
out-of-plane loads, therefore it may be necessary to use stainless steel

as the flux shield marerial.

5.3.3. Heating in Superconductor

A three-leveled cable conductor will be utilized in the TF-coils. The
conductor will be graded for a number of field regions but the pulsed field
loss calculations were carried out for the 6 T field region which represents
the average conditions for all the field grades. The relevant conductor

parameters are listed in Table 5-1.

The distribution of poloidal field generated by the plasma current was
computed using the 2-D magnetic field code EFFI. The mean square values of
the perpendicular and parallel field components were then calculated. The
-3 .2

T

the average parallel field component squared <Bﬁ> is 1.30 x 10_1 Tz.

average perpendicular field component squared <Bi> is 7.93 x 10 , and

5-9



TABLE 5-1

PARAMETERS RELEVANT TO LOSS ANALYSIS
FOR ETF TF-COIL CONDUCTOR

Ampere—-turns per coil
Coil perimeter
Current per turn

Conductor (6 T typical):

Configuration

Strand diameter

S/C strands perAcable

Cu strands per cable

Cu:Sc ratio in S/C strands

S/C strand twist pitch

First level cable twist pitch
Second level cable twist pitch

Flual cable LwlsL plich

pCu

' peff 1 of first level cable

peff 1 of second level cable

peff 1l of final cable

15.8 MA-turns
40.0 m

10 kA

3-level, non-
insulated cable,
7 x 7 x 10 strand
0.0686 cm

180

310

3.77:1

1.5 cm

6 cm

18 cm

90 cm

8

6 x 10 = Q-cm

6 Q-cm

6 x 10
1.2 x 107> Q-cm

2.4 x 107> Q-cm
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It is expected that the filément and superconducting strand coupling eddy
current losses are the dominant loss components as compared to hysteresis loss.
Since the coupling eddy current loss depends strongly on the transverse con-
ductivity of the cables, the accurate estimation of the losses will require a
reliable estimate of the effective transverse conductivity OT,eff'

The eddy current loss can be decomposed into the loss due to the coupling
of the superconducting filamenté in the strand, and the loss due to the coupling

of the strands (sub-cables) in the first level cable (higher level cables).

Actual measurements of effective transverse cdnductivity carried out by
R. Schermer at LASL on the 30 MJ coil conductor indicated that (Ref. 5-2) for
the first level cable with completely uninsulated strands, the effective
transverse conductivity is 10_2 less compared to the solder-filled cable with
the same strand construction. The solder-filled cable has a conductivity
comparable to Cu. Similarly, the second level cable with uninsulated strands

- shows another factor of two reduction in O as compared with the solder-

T,eff

filled second level céble. The measurement of OT off OO the final cable was
b

not carried out due to its large size. However, a conservative estimate is

that going from the second level cable to the final cable OT of f will drop
. »

by another factor of two.

For a sinusoidal time varying field, the loss per unit volume due to

the perpendicular field component is

2 -1
_ ,.-16 o (HOL [ 4] 3 _
Pe,l/v = 10 ‘X 4 ( 2ﬂ) 1 + (L/2m8) (W/cm™) s (5-1)
where 0 = conductivity of matrix in §-cm
L = twiet pitch of the filaments in cm
H = field amplitude in Oersteds
w = 2nf with £ being the frequency

-9 -1/2
§ = skin depth = (2nwo x 10 7} - (cm) s
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and the loss per unit volume due to the parallel field component is

2

-16 ¢ 2 (/L) 1 3

P /V =10 = (HWR ) + = [(W/cm™) s (5-2)
e, 2 ( o [1 T ( Q'Q/HS)A 1%]

where Ro radius of the cable

characteristic distance for field reversal.

Results of the analysis are summarized in Table 5-2. It can be seen
that the total energy deposition in all 10 TF-coils per disruption is about
0.4 MJ if the plasma currents decay in 0.5 sec.. It is reasonable to assume
that only the plasma current decays in 0.5 seconds while the poloidal coils

can be controlled to de-energize in > 1 minute.

TABLE 5-2
PULSED FIELD LOSS' IN ETF TF-COIL
CONDUCTOR DUE TO PLASMA DISRUPTION

1st Level 2nd Level Final
S/C Strand Cable Cable Cable
. -4 -4 ~4 -3
Loss power per unit 7.44 x 10 1.19 x 19 5.36 x 10 6.69 x 10
volume (W/cm3) ‘
Volume per coil (m3)| 3.78 8.83 10.3 10.3
. ' 3 3 3 4
Power per coil (W) 2.82 x 10 1.05 x 10 5.52 x 10 6.89 x 10
Total power for 10 coils = 7.83 X 105
Total energy deposition = 3.92 X 105

per disruption \a

(a)

Assuming plasma current decay is 0.5 sec.
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5.3.4. Heating in the Helium Vessel and Shield

If a room temperature or liquid nitrogen temperature flux shield is
used to slow down the field pulse experienced by a coil helium vessel, then
these two metallic structures constitute two coupled inductors, and the
energy deposition on each can best be computed by a circuit simulation pro-
cedure, Variations in the external field is simulated by the introduction
of the third inductor which is driven by a voltage source. Figure 5-6 is

a sketch of the electrical circuit involved.

The currents in the three inductors Ii’ i = 1:3 are described by the

set of coupled differential equations:

g= : Mo T = Yy 3 =1:3 ' : (5-3)

where Vj is the voltage drop in each inductor loop and Mjk are elements of
the inductance matrix. The set of equations can be solved numerically
given the initial conditions Ij (t = 0), and the waveform of the driving

voltage VD(t).

,b
L fo Ju o gm o du

Lp = DRIVE CUIL
Ly = FLUX SHIELD
L3 = HELIUM VESSEL

Fig. 5-6. Circuit depicting the pulsed field
heating in the flux shield and the
helium vessel in the outer leg regiom-
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5.3.4.1. Outer Leg Region — In this case, the drive coil is used to deliver
the field change experienced by the TF-coil. A 10 m section of the helium
vessel and vacuum vessel was simulated in the analysis. The drive coil with
larger dimensions was used. The parameters of the circuit elements involved

are summarized in Table 5-3.

TABLE 5-3
PARAMETERS AND RESULTS IN CALCULATING THE HEATING
ON OUTER LEG PORTION OF HELIUM VESSELS

Shield Helium Drive(a)
(Vacuum Vessel) Vessel Coil
Height (m) : 10.0- 10.0 10.0
Radius (m) 0.5 0.42 4.0
Thickness (cm) 3.0 5.0 10.0
Resistivity (uR) ‘
Stainless steel case 50.0 50.0 -
CASE 1:
Current decay time (s) - - - 0.5
Energy deposition(b)(MJ) |
Stainless steel case | 4,22 4.15 -

(a)
(b)

Used to simulate poloidal field pulse.

Scaled to give total heating in all 10 TF-coil outer legs.



5.3.4.2. Centerpost Region — The helium vessel of each coil forms a conducting
loop by itself. However, sinée all 12 helium vessels are closely packed into
a ring in the ceﬁterpost, and a common flux shield is used to slow down the
field pulse (see Fig. 5-7), the inner walls of .all the helium vessels and the
outer walls of them effectively forms two connected loops with equal and
opposite shielding currents flowing in them (Fig. 5-7). The effective resist-
ance of each loop is increased due to the fact that shielding currents must
flow through the side walls as well. The entire system consists of four
inductors, however, the condition that the inner and outer loops simulating
the helium vessel inner and outer walls have equal and opposite currents can
be used to eliminate one inductor from the system, and only-three equations

are required to fully describe the system (Fig. 5-8).

The parameters for the analysis are summarized in Table 5-4. The results
are also shown in Table 5-4. Because it is not possible to further slow down
the field perturbations created by the disruption of the plasma current, the
1.7 MJ of energy deposited in the helium vessels cannot be reduced very much

further.

STARFIRE TF=COIL CCNTERPOET
EDDY CURRENTS IN HELIUM AND VACUUM VESSELS .
' EQUIVALENT EDDY CURRENT PATTERN

N

FLUX SHIELD
-~ (VACUUM VESSEL) .

ﬁ/%uum VESSELS

CONDUCTOR WINDING

/)
!
/\ Y
EDDY CURRENTS /

Fig. 5-7. Eddy current flow pattern in the centerpost
helium vessels and flux shield

FLUX SHIEL
_— D

\ ly

HELIUM VESSEL

OUTERWALL
-INNER WALL
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Lp = PLASMA
Ly = FLUX SHIELD
L3 = HELIUM VESSEL OUTER WALL

HELIUM VESSEL INNER WALL

Fig. 5-8. Circuit depicting the pulsed field heating in
the flux shield and the'inner and outer walls
of the helium vessel in the centerpost region

TABLE 5-4

PARAMETERS AND RESULTS IN CALCULATING THE
HEATING IN THE CENTERPOST He VESSEL

Shield | . Helium
(Vacuum Vessel) Vessel | Plasma
Height (m) . 10,0 10.0 4416
Radius (m) 3.00 - ' 5.4

Inner wall (m) - 2.10 -

Quter wall (m) - 2.94 -
Thieckness (cm) 3.0 5.0 260.0
Resistivity (pr-cm)

Stainless steel case 50.0 50.0 -
Current decay time (s) - —— 0.5
Energy depositiou(a) MJ)

Stainless steel case 13.43" 1.53 -

(a)Total for 12 TF-coils.



5.3.5. Summary

The results of the pulsed field heating in the ETF TF-coils due to

" plasma disruption can be summarized as the following (with stainless steel

vacuum vessels):

°® With delayed decay (1‘min)'in poloidal coils:
Total heating for 12 coils per disruption
Conductor 0.39 MJ
He vessel 6.54 MJ

5.3.6. Conclusions

° With delayed decay in poloidal coil currents, the energy deposition
" per disruption is about 7 MJ per coil, which can be absorbed by
the helium without quenching the coil.
°® Estimated bath temperature rise is 0.11 K.
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5.4. HEAT TRANSFER IN SUBCOOLED fHe

Attempts have been made to characterize the heat transfer properties
of subcooled liquid helium. A survey of experimental as well as theoretical
results was conducted. The objective is to construct a numerical model for
the heat transfer characteristics valid within a certain range of tempera-
ture and pressure. The numerical model will bé applied to the normal zone

simulation studies.

Figure 5-9 is a typical heat transfer curve for liquid helium. The
meaning of the symbols are listed in Table 5-5. As seen in Fig. 5-9, there

are four distinctive regions of heat transfer characteristics:

Region I. Convective region, with T < TSAT' Since nucleate boiling
does not occur until the.temperature reaches the saturation tempera-
ture, natural convection is the dominant heat transfer mechanism in

this region, and the typical heat flux is very low (< 0.05 W/cmz).

Region II. Nucleate boiling region, with T < T—TB <T This

SUB PNB®

region is characterized by the width (T - TSUB)’ and the peak

PNB
nucleate boiling flux QPNB'

Region III. Unstable region, or the transition region between nucleate

boiling and film boiling, with TPNB <T- TB < TMFB'

characterized by the width (TM.FB - TPNB)’ and the minimum film boiling

This region is
flux QMFB'

Region IV, Film boiling region, T - T, > T This region is char-

B MFB*
acterized by the slope of the heat transfer curve, i.e., the heat

transfer coefficient.
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Fig. 5-9. Typical heat transfer curve
for subcooled liquid helium

Experimental measurements of 2He heat transfer data have been carried
out in numerous cases. However, most of theée measurements dealt with a
specific portion of the temperature range only. Very few measurements dealt
with subcooled bath. Furthermore, the results of these measurements are not

always in agreement.

There have been empirical or theoretical studies made on the %He heat
transfer characteristics. Correlations and comparisons with experimental.
measurements were also made. In general these correlations can provide a
means of predicting the general features of the heat transfer properties in

terms of the physical propérties of the He liquid and vapor.

The following is an attempt to develop a model based on which the basic
features of the heat transfer characteristics to a subcooled He bath can be
" determined approximately. The model should be able to describe the heat
transfer characteristics in the temperature range'2.2 K<T< 5K, and if

the amount of subcooling Tsub is not large (TSub < 1 K).
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TABLE 5-5
LIST OF SYMBOLS

"Minimum film boiling temperature, K

Specific heat

Gravitational acceleration, 980 cin/sec2

Heat transfer coefficient in film boiling region,

W/K*cm?

Thermal conductivity of helium vapor, in W/cm*K

Latent heat of liquid helium, in J/g
Pressure, in atm
Critical pressure of helium, (2.26 atm)

Saturation pressure of helium

Saturation minimum film boiling flux, W/cm2

Minimum film boiling flux, W/cm2

Saturation peak nucleate boiling flux, W/cm2

Peak nucleate boiling flux, W/cm2

Heat flux at saturation temperatute, w/cm2

Surface temperature, K

Bath temperafure, K

' (a)
Peak nucleate boiling temperature, K(a)
Sub-cooling temﬁérature, K(a)
Density of helium liquid, g/cm3
Density of helium vapor, g/cm3'

Surface tension of helium liquid, dynes/cm

Viscosity of helium vapor, poise (gm/cmesec)

(a)

In reference to the bath temperature.
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The model assumes a piecewise linear heat transfer characteristic. Then

the parameters T T and hFB will describe the

sus® ‘e TMrB® Osar’ %enB® QFs
heat transfer characteristics as shown in Fig. 5-9. Numerical fittings for

some of the helium physical properties are given in Section 5.4.1.

1. REGION I, CONVECTION REGION

For a bath temperature TB and operating pressure PB’ the sub-

cooling temperature TSUB is

Tsys = Tsar ~ Tp ® (5=4)

, T .
where TSAT is tﬁe saturation temperature for the pressure PB. The
heat flux at TSAT is
2
QSAT = 0.05 (T - TB) (W/em™) . (5-5)
2, REGION II, NUCLEATE BOILING REGION

The peak nucleate boiling temperature TPNB is given by the
empirical relation (Ref. 5-3)

Togg = 1+0 (1 - PsAT/PC) + Tgup (K) g5-6)
where PSAT is the He saturation pressure for temperature TSAT’
and Pc is the critical pressure of He

P, = 2.26 (atm) . : (5-7)

The peak nucleate coiling flux QPNB is computed according to the

empirical relation (Ref. 5-4)

1/4 |
ag(py - P,) C T
=0.22 L p, —r v (1 + 1.75 P—LSUE) ,(5-8)

QpNB 2

Py
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where L is the latent heat of LHe, pv and pz are the densities
of He vapor and liquid, respectively, 0 is the surface tension,
g is the gravitational acceleration, and Cp is the specific heat of

. < - i
He Thus, the heat flux for TSUB T TB < TPNB is

Q= Qgpr * (’,QPNB ) QSAT) (T ~Tp - TSUB) / (TPNB ) TSUB)- (5-9)

' Figure 5-10 is a plot of QPNB as a funption of pressure for different
amounts of subcooling, as computed according to Eq. (5-8) (Ref. 5-4). How-
ever, the value of the saturated peak nucleate boiling flux tends to be high,
as can be noticed from its value at P = 1 atm.

For scaling estimations, the value of QPNB can be determined from the

value of the saturation peak nucleate boiling flux QPNBO and the dependence
of Qpyg o0 Pys Py
1/2 1/4 | i}
Qpyp @ P (pg - pv) . : (5-10)

v

The value of QPNBO can be computed from the third order polynomial

fitting
Poupo = 0-62163 + AP x [1.2203 + AP
(5-11)
x (- 0.87784 + AP x 0.1054)] W/em?)
where '
AP = P - 0.1 (atm) . (5-12)
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Fig. 5=-10. Peak nucleate boiling flux versus
pressure and subcooling
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REGION III, UNSTABLE REGION

In the unstable region TPNB <T - TB < TMFB’ the heat transfer
characteristics can be assumed to be either one of the following

two forms, depending on the degree of optimism taken in the approach.

Q = Qurp (W/cmz) (pessimistic) (5-13)
= Qg * (QPNB ) QMTB)(TMFB T TB)/%&MFB ) TPNB)
(5-14)
(W/sz) (optimistic) ,

The minimum film boiling temperature T

Mpp 1S 8iven by Ref. 5-3.

Tyrp = 3.25 (1 - PB/PC) + Toup o (5-15)

and the minimum film boiling flux QMFB is

. 1
oglpg - P,) /4 )
Qg = 04 Lo, [—— W/ em®) (5-16)
(ng + Py )

For scaling estimations, the value of QMFB can be obtained from

the measured saturation minimum film boiling flux QMFBO and the
dependence of QMFB on py and Oy
1/4 -1/2
QMFB a P, (DQ - pv) (DQ + pv) . (5-17)

The value of Q can be computed from the polynomial fitting
MFBO

_ -2
QMFBO = 5.9478 X 10 = + AP x [0.28361 + AP

(5-18)
X (0.28652 X 10'2 - AP x 0.72384 X 10_1) (W/cmz)

where AP is given by Eq. (5-12).

Figure 5-11 is a plot of QMFBO as a function of pressure.
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4, REGION IV, FILM BOILING REGION

The he;t flux in the film boiling region is given by
(T - T, >T

B MFB)
- _ _ 2
Q = Qg + hpp (T T, TMFB) (Wem®) . (5-19)
where hFB (for a horizontal cylinder) is given by (Ref. 5~4)

. =' o -1/8 H, (T = Tgyr)
FB | glp, - p,) 3

- '
ko 0,(Pg = p,) gL

-1/4

(5-20)

. 5 11/2
X <0.37 + 0.28 — ,
gD (pz‘ pV)

where U, and kv are the viscosity and thermal conductivity of the
vapor, respectively, D is the diameter of the horizontal cylinder

(or roughly the dimension of the surface), and

]2
s [L + 0.34 va (T - TSATﬂ
L

(5-21)

The relation (5-20) may be simplified to a form which can be used for

scaling purposes

hg o 0514 (o - 078 | (5-22)
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EXAMPLES
As examples, the following cases are presented:

1. 4.2 K bath, no subcooling, 1.0 atm pressure

The above procedure yields the following set of parameters:

Tsyp =0 K

Top = 0-57 K

Typp = 1-84 K

Qqup = 0 W/en®
Qpyg = 1-09 W/en?
Qupg = 0-261 W/em®
hyg = 0.06 W/Kecm”.

2. 2.5 K bath, 0.25 atm pressure, 0.5 K subcooling

Tgup = 3.0 K
sup = 05 K
Toyg = 1-4 K
T = 2-5 K
Qgpp = 0.025 W/ cm?
Qpyg = 0-86 W/ cm?
Qg = 0-196 W/cm?
hpg = 0.047 W/Kecm?
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5.4.1. Numerical Fitting of Helium Physical Properties

Third order polynomial fits have been made to a number of physical

parameters of He liquid and vapor.

1. Saturation Vapor Pressure as a Function of Temperature
If AT =T - 1.0 (x) 1.0 K <T<5.25K
Then Pear = exp33.0729 + AT x [6.6271 + AT x (- 1.9479
+ AT x o.21551)]$ D)

(1 N/m2 = 9.8756 x 1070 atm)

2. Saturation Temperature as a Function of Pressure ‘
If APg = fn P - 2.77 (P in'N/mz)
15.96 N/’ < P < 2.264 x 10°  N/m?

Then TSAT = 0.99835 + APQ x [0.19837 + APQ T (- 0.035643
-2
+ 0.62852 x 10 © X APJL)] . (X)
3. Helium Saturation Liquid Density as a Function of Temperature
If AT2 =T - 2.2 (X) 2,2 K<T<5.1K
Then Py = 4.0 % 10_3 X §36.688 + AT2 X [— 2.5274 + AT2

x (1.2681 - 0.64087 x ATzils (8/cm’)
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Helium Saturation Vapor Density as a Function of Temperature

If AT, =T - 2.2 (K) 22K<T<5.1K
Then p, = 4.0 x 1073 x exp g- 1.6094 + AT, X [2.2359 + AT,
3
x (- 0.61661 + 0.10193 x ATZ)]f (g/cm>)

Latent Heat of Helium as a Function of Temperature

If AT, =T - 2.2 X) 2.2 K<T<5.1K
Then L = 22.491 + AT, X [@.572 x 1072 + AT,
x (1.6087 - 1.038 x ATZ)] (3/g)

Helium Saturation Liquid Specific Heat as a Function of Temperature

If AT, = T - 2.2 (K) 2.2K<T<5.1K

Then C = 2.3055 + AT2 X [1.7019 + AT2

p,¥

x (— 2.278 + 0.96753 x ATZ)] (J/g, K)

Helium Surface lension ags a Function of lemperature

0= 9.67 X 10_2 X (5.2-1) (dynes/cm) T < 5.2 K
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5.5. CONDUCTOR SUPPORT

5.5.1. Conductor/Support Strip Configuration

See Section 4, Figs. 4-4 and 4-5.
5.5.2. Support Strip Material and Design Stress

Stainless steel type 316LN; or 316, 25% cold worked
Minimum yield stress @ 4 K = 120 Kpsi

‘Design maximum allowable total stress = 80,Kpsi.'

5.5.3. Hoop Stress Support

Average tensile force per conductor turn:

R

_ BiR K _1, M

T = 5> wherg K =3 &n R1
J 12X 10% X 2,64 o 14T _ e, 103
= n 2.30 . ! 1

(26,200 1b)

High field/low bearing load region:

Thickness of top, and bottom, strip

- % x (2262 x 6.45) em? x —1

525 om - 0-248

Use 0.25 cm thickness for all top, and bottom support strips.
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Low field/high bearing load region:

Average bearing pressure over inner radius of TF-coil centerpost

Amp-turns XB

- avg .
- Py T Ri 14 Kpsi

Bearing stress in flanking support strips of low field conductor

where w = Top, + bottom, strip width = 4.25 cm
= Sidewall strip width = 0.70 cm
A, = Assumed circumferential packing factor = 0.80

K = Factor for sidewall strip helium ventilation
cutouts = 1.3

o, = 65.0 Kpsi.

Tensile stress in support elements

Assume 507 of sidewalls are effective for temsile loads
o, (avg) = 60 Kpsi

Acceptable for top, and bottom strips, since

o, (allow) = 80 - 0.3 (65) = 60 Kpsi.
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