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0.0 Abstract

The program of MHD magnet technology development conducted for the U.S. Department of Energy by
the Massachusetts Institute of Technology in the period from October 1982 through April1984 is summarized.
This program, a continuation of the program underway during the preceding five years and separately
reported, included the development of computer codes for design scaling and cost estimating, the use of these
codes in evaluating the impact of design current density on magnet cost and reliability, the study of magnet
winding design improvements for lower cost and increased reliability, and the review and documentation of
past work on MHD magnet cost estimation and cost reduction.

Also included were an investigation of a major magnet structural failure, follow-up recommendation
of actions to minimize failure risk in the future, review of channel-magnet interfacing with contractors
involved in advanced power train studies and the development of several preliminary magnet designs and
cost estimates in support of Pittsburgh Energy Technology Center MHD plant studies. The overall effort
during the past 1-1/2 years tended to focus on smaller, early commercial size magnet systems rather than
the large baseload systems that were given major attention earlier in the program.

1.0 Introduction

A program to develop superconducting magnets for commercial magnetohydrodynamic (MHD) power
generation plants, initiated in 1976, is being carried out by the Massachusetts Institute of Technology, Plasma
Fusion Center (PFC) under the sponsorship of the U.S. Department of Energy (DOE) and the Pittsburgh
Energy Technology Center (PETC). The overall objective of the program is to prepare the technological and
industrial base for minimum time, cost and risk implementation of superconducting magnets for MHD.

Work accomplished in the period from 1976 through 1982 was summarized in "MHD Magnet Technology
Development Program Summary" published by MIT in November 1983 (Reference 1). The purpose of this
report is to summarize the work accomplished in the period from October 1982 through April 1984. Because
funding during this report period was at a drastically reduced level, it was possible to implement only a few
of the recommended tasks listed in Section 3 of Reference 1. Specifically, effort was applied to upgrade cost
estimation procedures, to determine the impact of design current density on magnet cost and to evaluate
alternative conductors and winding designs. These tasks were selected because cost and reliability of windings
are critical to the ultimate development of a satisfactory commercial-scale magnet.

Additional effort was expended in developing preliminary designs and cost estimates for magnets asso-
ciated with alternative MHD flow trains under consideration by PETC, as well as in evaluating past MHD
magnet experience and documenting magnet data.

Although limited in scope because of funding restrictions, the work accomplished in the report period
has been valuable in establishing a firmer base fpr the future magnet technology development that will be
necessary to reach the overall objectives of MHD.

2.0 Summary of Results

* Design current density has a significant impact on magnet cost and reliability, according to results of
computer-aided studies at MIT (Appendix A, Reference 2) . The impact is greater in magnets in the
size range for early commercial (small) MHD plants than in magnets sized for large baseload plants. The
use of higher current density reduces cost significantly, but tends to affect reliability criteria adversely.
Quantitative data have been generated to serve as a guide in making cost/risk trade-offs for future MHD
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magnet designs.

" Winding designs can be modified successfully to permit higher current density operation (and hence

lower overall magnet cost) with minimum adverse effect on reliability criteria, based on MIT studies

which were underway at the end of the report period. The studies which focused on smaller, early

commercial-size magnets, considered improvements involving the use of higher strength substructure

with more compact bath-cooled conductors and also the use of internally-cooled cable conductors with

minimal or no substructure.

* The failure of the force containment structure of the High Performance Demonstration Experiment

(HPDE) MHD magnet during testing at Arvin/Calspan in Tullahoma can be attributed to an overload

condition.which had not been identified in stress analysis accomplished during the magnet design phase.

This was the finding of the MIT investigation (Appendix B, Reference 3) done in 1983. A result of the

failure and subsequent investigation was to call to the'attention of the magnet community the need for

action aimed at reducing the chances of failures in future large magnet systems. A specific action taken

was the Magnet Failure Workshop (Appendix C) held in Grenoble, September 1983, in conjunction with

the 8th International Conference on Magnet Technology.

* The following preliminary MHD magnet designs with accompanying cost estimates and recommenda-

tions were developed during the report period, in support of the PETC MHD program:

4.5 T superconducting magnet design and cost. estimate for MERDI (29 MWe)

4.0 T water cooled magnet design and cost estimate (alternative ETF magnet)

4.5 T water-cooled magnet design and cost estimate (retrofit, 50 MWe)

4.5 T superconducting magnet design and cost estimate (retrofit, 35 MWe)

" MHD channel/magnet interfacing was reviewed with the GE and AVCO Advanced Power Train Study

(APT) team in January 1984 and interfacing information packages were sent to APT contractors, GE and

Westinghouse, and to PETC. A support program definition for technical assistance to APT contractors

(GE, AVCO and Westinghouse) was supplied to PETC (Appendix D).

3.0 Recommendations

* Continue the development of conductor and winding designs incorporating improvements to provide for

higher design current density with minimum adverse effect on reliability.

* Maintain and upgrade computer codes for MHD magnet design scaling and cost estimating. Continue

use of codes in support of cost/risk trade-off studies of alternative magnet designs.

" Continue work on establishing structural design standards for MHD magnets and on other investigations

(see Appendix B) to reduce chances of failure in large magnet systems.
" Work with APT contractors on channel/magnet interfacing considerations, including means to facilitate

channel changeout and means for supporting the flow train and maintaining its alignment with respect

to the magnet.

" Continue evaluation and documentation of past work in cost estimating, cost analysis and cost reduction
of MHD magnets, with the end-product to be a report covering cost-related work done in the period
from 1976 to the present.

Note: The above recommendations are related specifically to the tasks described in this report and
worked on in the period October 1982 through April 1984. In addition to these recommendations, the
recommendations listed in Tables 3.2-1 and 3.2-1 of Reference I remain valid and should be considered in
connection with overall MHD magnet technology development.

2
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4.0 Summary of Work Accomplished

Summaries of work accomplished in each of the tasks on which effort was expended in the period October

1982 to April 1984 are given in the sections which follow. Where appropriate, references containing more

detailed information are cited and/or detailed data compilations are included as appendices to this report.

4.1 Development of Computer Codes for Design Scaling and Cost Estimating

Development of computer codes for design scaling and cost estimating of MHD magnets was started in

1982 as an initial step in a program to analyze the effect of design current density* variation on the overall

cost and reliability of linear MHD magnet systems. Particular attention was given to the smaller systems

presently envisioned for early commercialization.

To determine the effects of varying current density, it was planned to calculate major characteristics

and estimated costs for a series of magnets, all of the same design and field strength, but with varying

design current density (and also with varying bore size and active length in order that size, as affecting

power generation, be taken into account). The variation of cost and of reliability criteria could then be

plotted versus design current density to give a graphic representation of the magnitude of the effect. Scaling

techniques and computer codes were developed to perform the calculations required.

The conceptual design of the magnet developed by MIT for the MHD Engineering Test Facility (ETF)

200 MWe Power Plant4 .5was selected as a baseline for the design scaling and cost scaling operations, While

this was not necessarily an optimum design, it was selected as being a representative design on which adequate

technical data and estimated cost data were available. The winding in this magnet was of the rectangular

saddle coil configuration, a shape also used in the CDIF/SM6 and CSM' designs.

Two codes were developed, the first to calculate design characteristics and the second to calculate costs.

The codes were put to use starting early in 1983 in the study of the impact of design current density on

magnet cost and reliability (see Section 4.2). After the study was completed, the design scaling code was

upgraded to calculate emergency discharge (dump) voltage and conductor heat flux. It was then used in

a study of magnet winding design improvements (see Section 4.3). Further information on the codes is

contained in Appendix A and Reference 2.

4.1.1 Design Scaling Code

The design scaling code (mhd scaler 1) was developed for use in obtaining preliminary design data and

making parametric studies on magnets in the size range from test facility size (CDIF) to large baseload size.

Field strength variation from 4 T to 7 T was taken as the range to be considered. (The codes will handle

sizes and fields outside the stated ranges, but errors may become larger).
The code was not intended as a precise design tool, but rather as a simple means of determining

approximate design characteristics to use in making comparative studies. It was intended that a portion

of the output from the design scaling code (component weights, etc.) would be used as part of the input

to the cost estimating code described in Section 4.1.2. The design scaling code assumes that the magnet

incorporates a rectangular configuration of the type shown in Fig. 4.1.1.1 and a conductor and substructure

arrangement as shown in Fig. 4.1.1.2.

The winding dimensions which determine the design characteristics of the magnet and which are used

* as used here, "design current density" is the average current density in the overall winding cross section

when the magnet is operating at design field strength

3
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in the computer code are shown in the winding elevation and plan views, Fig. 4.1.1.3, and in winding cross

section in the plane of the peak on-axis field, Fig. 4.1.1.4.

The inputs to the design scaling code fall into five categories, as indicated in Tables 4.1.1-1 and 4.1.1-11.

An explanation of the nature of each category is contained in these tables. When using a given baseline

design and studying the effects of variations due to changes in one design parameter, most of the inputs will

remain constant. For example, it is necessary to vary only one input, namely "winding build," to make a

series of calculations for magnets of different current densities, provided size, field strength and configuration

remain the same.

It should be noted that the size-determining primary inputs are not actual warm bore dimensions, but

are winding inside dimensions and characteristic lengths. When a new magnet size is to be analyzed using

the scaling code, the appropriate winding dimensions must be arrived at by preliminary design work or by

engineering estimate, starting with the desired warm bore dimensions.

It should also be noted that design current density is not introduced into the calculations as a direct

input (current per unit area), but instead is specified indirectly through the input "winding build" (linear

dimension). The code calculates the current density necessary to produce the specified peak on-axis field

and supplies the appropriate-current density value as an output. Although this approach may necessitate

iteration and/or cross-plotting where data for a particular current density are desired, the approach makes

for simplicity in calculating and was adopted for that reason.

The computation section uses simple mathematical relationships to calculate winding cross-sectional

area, mean turn length and other dimensions. The ampere turns required to produce the specified field

are calculated using a formula based on Maxwell's equations for magnetic fields produced by currents in

infinitely long parallel wires. It is assumed that currents are concentrated in the centers of each winding

quadrant. An empirical correction factor is used to account for the difference between infinite parallel wires

and the finite saddle coil geometry. Approximate magnetic forces and pressures in the plane of peak on-axis

field are also calculated using formulae based on Maxwell's equations with empirical factors. Stored energy

is scaled from the baseline design using a formula including ampere turns and characteristic lengths.

The portion of winding cross-sectional area allocated to substructure is determined based on calculated

magnetic pressures and input design stress in substructure. Areas allocated to superconductor, stabilizer,

insulation and helium passages are then calculated using input design current density in superconductor
and input space factors. Finally, volumes are calculated using appropriate areas and mean turn lengths

(calculation of weights is accomplished in the cost calculating code described in Section 4.1.2).
Safety criterion "dump voltage" is calculated using the input "heating factor" which is related to a

preselected maximum allowable conductor temperature during quench. Stability criterion "heat flux" is
calculated using inputs "copper resistivity" and "cooled perimeter."

The output of the design scaling code includes dimensions and design characteristics of the winding,
volumes of winding components, scaling factors with reference to the baseline design, safety and stability
criteria, and approximate overall dimensions of the magnet. The output data which are used as inputs to
the cost calculating code described in Section 4.1.2 are listed in Table 4.1.1-I.
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Table 4.1.1-1

Design Scaling Code Inputs Listed by Categories, withI

Category Input

Explanations, Sheet 1

Symbol Explanation

1. Magnet size

and field

strength

parameters

2. Magnet

configuration

(shape)

parameters

3. Conductor

and winding

detail

design

parameters

Distance, winding side

bundle to X-Z

centerplane in plane of

peak on-axis, field

Distance, end winding

bundle to X-Y

centerplane, inlet end

Distance, end winding

bundle to X-Y

centerplane, exit end

Mean length, winding side

bundle

Distance, plane of peak

on-axis field to inlet end

of side winding bundle

Peak on-axis field

Angle, magnet centerline

to winding side bundle

centerpoint, quadrant

cross section, plane

of Bprime
Distance, side bundle to

X-Y centerplane,

quadrant cross section,

plane of Bprime
End turn-up angle

Crossover corner radius,
inside

Winding bundle divergence

from X-Y plane

Winding bundle divergence

from X-Z plane

Winding build

Design current in

conductor

Space factor, conductor

metal

m These inputs change

only when magnet

size and/or field

strength change.

fi

f2

Bprime

phi These inputs change only

when magnet configuration

(winding shape, etc.)

changes

e

theta

r

alpha

beta

b Winding build is changed

I~. to produce change in

design current density

lam-m Design current is

generally increased

5
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Design Scaling

Table 4.1.1-1, cont.

Code Inputs Listed by Categories, with Explanations, Sheet 2

Category

3. cont.

4. Empirical factors

5. Baseline design data

(for scaling and

checking)

Input

Shape factor, conductor

Design current density in

superconductor

Conductor insulation

thickness

Conductor insulation

solidity factor

Design stress, substructure

Substructure solidity factor

Heating factor

Copper resistivity

Cooled perimeter factor

Correction factor,

field-current relationship

Overall length factor

(add on)

Overall diameter factor

(add on)

Force factor, Y direction

Force factor, Z direction

Maximum pressure factor,

Y direction

Maximum pressure factor,

Z direction

Cross sectional area of

substructure, quadrant

Ampere turns

Mean distance between

end bundles

Overall distance over

end bundles

Winding volume

Substructure volume

Conductor metal volume

Radial distance to corner,

exterior

Stored energy

Symbol Explanation

K14 with increasing magnet

jsc size (engineer's judgment)
Design current density

ti in superconductor and

copper resistivity (both

K19 related to maximum field

in winding) should be

sig-sub changed when peak

K3 on-axis field is changed.

G Other inputs may remain

rho constant over moderate

K18 range of sizes and

field strengths

Kiprime These inputs may remain

constant for a given

K4 baseline design, over a

moderate range of

sizes, field strengths

and design current

densities

K5

K6

K7

K8

K9

asubb

lb

Vsubb

Vrnb

u2b

These inputs are

constant for a given

baseline design.

Stored energy, ampere

turns and mean distance

between end bundles

are used by code in

scaling calculations.

The other inputs

are for checking only.
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Fig. 4.1.1.4 Winding cross section in plane of peak on-axis field, typical MHD magnet winding
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4.1.2 Cost Calculating Code

The cost calculating code (mhd scaler proc 2) was developed to calculate MHD magnet component

weights and costs, and overall system costs using input data (component volumes, scaling factors) obtained

with the aid of the Design Scaling Code described in Section 4.1.1 (see Table 4.1.1-Ill) together with material

densities, cost algorithms and empirical factors derived from past experience in magnet construction and

cost estimating, and baseline magnet data.

The calculation section of the code calculates weights of winding components by multiplying volumes

from the design code by the appropriate input densities. It calculates weights of other components by scaling

from the baseline data, using scaling factors from the design code. It calculates costs of components and

manufacturing operations by applying cost algorithms (costs per unit weight) to the appropriate weights. It

calculates other costs (accessories, design and analysis, project management, etc.) by applying an (input)

empirical factor to the square root of the total accumulated cost up to that point. It calculates contingency

allowance by applying a (input) contingency factor to the total magnet system cost including other costs.

The output data include component weights, component and magnet system costs, magnet and magnet

system cost per unit of weight ($/kg) and magnet system cost per unit of stored energy ($/kJ).

4.1.3 Future Modifications

The codes in their present form have been very useful in cost studies and design improvement investiga-

tions (including cost/risk tradeoff studies). The experience led to the conclusion that continued use would

be worthwhile and modifications should be incorporated to increase the versatility of the codes.

Work was started on modification of the design scaling code to accomplish the following:

Accept warm bore dimensions as input.

Calculate magnet design characteristics directly (without "baseline" design input).

Calculate component and system weights (this was done previously as part of the cost calculating

code).

Handle circular saddle coil configuration as alternative to rectangular saddle coil configuration.

Work was started on modifying the cost calculating code to incorporate both an alternative conductor

cost algorithm ($/kA-m) and a more complete breakdown of costs.

It is recommended that this effort be continued and that both codes be upgraded to increase their

usefulness in future design and cost studies.

11
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'I'able 4.1.1-I

Inputs to Cost Calculation Code Which are Outputs of Design Scaling Code

Input Symbol

Total length, conductor

Ratio, copper to superconductor Rr

Volume, superconductor V00

Volume, copper VeU

Volume, substructure V,,b

Scaling factor, surface of cold mass (envelope) FA

Scaling factor, winding volume F,

Scaling factor, energy FE

Scaling factor, volume of cold mass (envelope) F,

12
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4.2 Study of Impact of Design Current Density* on Cost and Reliability of MHD Magnets

It has been generally recognized that the cost of an MHD magnet tends to become lower as design

current density is increased, although the magnitude of the effect was not identified. It has been understood

also that when high design current densities are selected in the interest of cost reduction, magnet protection

becomes more difficult and the overall design may become less conservative from the safety and reliability

standpoints.

Therefore, selecting design current density for commercial size MHD magnets clearly requires careful

cost/risk assessment. It was evident that to accomplish this, quantitative data on the effect of design current

density on magnet system cost was needed, together with information on the effects on reliability criteria such

as conductor heat flux, emergency discharge voltage and winding temperature rise under quench conditions.

A computer-aided study (Appendix A, Reference 2) was made at MIT in 1983 to determine analytically

the effect of design current density on magnet system cost and on safety and reliability criteria. The study

made use of computer codes described in Section 4.1. Major emphasis was placed on magnet systems of the

size required for linear MHD generators in the channel power output range of 100 to 1100 MWe. Copper-

stabilized NbTi windings with average current densities from 0.75 x 10' A/M 2 to 2.5 x 107 A/M 2 were

considered.

A relatively simple analytical approach was used in the study, which sought to identify general trends

only. The results, tempered by engineering judgment to reflect the influence of factors not taken into account

in the analysis, indicate that a saving of roughly 20% may be realized on magnet systems at the large end of

the size range, by increasing current density from 1 x 10'7 A/M 2 to 2 x 107 A/M 2 . The equivalent savings

for magnet systems at the small end of the size range would be 25% or more.

Fig. 4.2.1 contains curves of magnet weight vs. design current density and Fig. 4.2.2 contains curves

of magnet system cost vs. design current density. Figs. 4.2.3, 4.2.4 and 4.2.5 contain curves of heat flux,

initial discharge voltage and final conductor temperature (after quench), respectively, as functions of design

current density.

The basis for the above curves was a series of magnet reference designs of different bore sizes, representing

magnets for power plants in the 100 to 1100 MWe range, and all embodying the same design concepts.

For each magnet. size, at least three current densities between 0.75 x 107 A/m 2 and 2.5 x 107 A/M 2

were considered. With the aid of computer programs and using scaling techniques, the characteristics and

estimated costs of magnets of each bore size and current density were calculated.

For the limited number of computer-generated designs covered in this study, characteristics at the

extremes of the parametric range, although indicative, do not necessarily represent good design practice.

Values of heat flux, discharge voltage and conductor temperature shown on the curves were determined by

scaling from reference magnet designs created with median conditions in mind, and therefore not optimized

for the extreme conditions. (For example, high heat fluxes could be reduced by changing the detail design

of the conductor; high discharge voltages could be lowered by increasing design current and/or by using

parallel power supplies). In considering future magnet designs, the data in this study should be regarded as

indicative of trends only.

* refers to the average current density in the overall winding cross section when the magnet is operating

at its design field strength

13
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Fig. 4.2.1 Curves of normalized magnet weight vs. design current density
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Fig. 4.2.2 Curves of normalized magnet system cost vs. design current. density
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Fig. 4.2.3 Curves of heat flux vs. design current density
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Fig. 4.2.4 Curves of emergency discharge voltage (initial) vs. design current density
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Fig. 4.2.5 Curves of final conductor temperature vs. design current density
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It is of interest to note the range of design current densities used in past MHD magnet designs, as

listed in Table 4.2-1. Here a definite trend toward lower design current density with increasing magnet size

is observed. Values range from 2.82 x 107 A/M 2 for the relatively small U25 Bypass magnet to 1.15 x 107

A/m 2 for the commercial size CSM magnet. (However, current density in the conductor itself does not show

the same trend, but varies erratically).

The observed trend to lower design current density with increased size is believed due in part to the

instinctive desire of the designer to be generally more conservative as he enters the "unknown territory" of

very large magnets, and in part to more specific influences such as the need for more conductor support

material (substructure) in large windings and the tendency to provide extra copper and/or complicated

extended surfaces to ensure that conductor surface heat flux is within acceptable limits. All of these factors

make the winding pack bulkier and hence lower the average current density.

4.3 Study of Magnet Winding Design Improvements for Lower Cost and Increased Reliability

The study of the impact of design current density, described in Section 4.2, emphasized the need to

improve winding designs with the objectives of reducing overall magnet cost while maintaining or improving

reliability. The potential for substantial cost reduction by increasing design current density was quantified

and was shown to be particularly attractive for smaller size (early commercial) magnets. Smaller magnets

rather than large baseload magnets, were the focus of the initial design improvement effort described below.

The study of winding design improvements has only. been started, and no definitive results have yet

been obtained. The initial approach and some of the early data developed are summarized below.

Consideration was given to typical saddle coil windings having cross sections as shown in Fig. 4.3.1.

The elements which occupy these winding cross sections are:

Superconductor

Stabilizer

Insulation

Substructure and/or cable sheath

Cooling passages

Fig. 4.3.2, containing sketches of typical winding cross sections, identifies these elements.
Higher design current density (and, one hopes, lower cost) can be achieved by reducing the overall wind-

ing cross-sectional area (while keeping the same area of superconductor). Since stabilizer and substructure

are generally the largest elements in terms of area, it was necessary to consider design techniques to reduce

these items without adversely affecting integrity, stability and protection.
As a first step, existing designs were reviewed. Table 4.3-1 lists the relative amounts of stabilizer and

substructure in the winding cross sections of four existing designs (CDIF/SM, ETF (6 T), CFFF and CASK).
Fig. 4.3.3 is a sketch showing the ETF winding cross section. From the data shown, it appeared that the
CDIF/SM and ETF designs had excessive amounts of substructure in the winding cross section. Also, it
was seen that the ETF design had a minimal amount of stabilizer, partly the result of the poor space factor
of the particular cable configuration chosen. The low stabilizer area was undesirable from the standpoint of
protection.

As the next step, a series of winding designs was considered, including designs with higher strength
substructures and more compact cable conductors, as well as designs using interjally-cooled cable conductors
without substructure (cable sheaths serving as substructure). For consistent comparisons, the designs were
all related to a magnet reference design as shown in Fig. 4.3.4, intended for use with a 500 MWe channel
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Table 4.2-1

Design Characteristics of

Representative MHD Magnet Designs of Various Sizes

Magnet

Identification

Field

Warm bore

inlet aperture

Active length"

Stored energy

Build

Design current

Design current

density,

winding

Current density,

conductor

Type of

conductor

Substructure

material

U25

Bypass

T

m

m
MJ

m

kA

CDIF

5 6

0.4 dia. 0.78x

0.97

2.5 3.4

34 240

0.364 0.622
0.89 6.13

107 A/M 2  2.82

107 A/m 2  5.0

Rect.

Built-up

Fiber-

glass &

St. Steell'

1.87

6.28

Square

Built-up

Fiber-

glass

CFFF ETF CASK

6 6

0.8 dia. 1.5x

1.9

3.2 11.7

216 2900

0.53 0.95

3.675 24.4

2.0

2.63

Rect.

Built-up

Fiber-

glass.

1.42

8.16

Round

Cable

Fiber-

glass

CSM

6 6

2.48 dia. 2.2x

2.8

14.5 14.5

6300 7200

0.74 1.08

50.0 52.2

1.28

2.2

Rect.

Built-up

St. Steel

1.15

5.7

Round

Cable

Fiber-

glass

Notes:

a Active length for all magnets is d

at exit.

b Banding between winding layers

between on-axis field points of 0.8 Bl,,,,k at inlet and 0.6 Bpak

is used in plade of a rigid substructure.
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Winding Cross Section Design Data

Table 4.3-I

for Four Representative MHD

CDIF/SM ETF (6 T)

Magnet Designs

CFFF CASK

Design current density

Type of conductor

Copper to

superconductor ratio

Type of substructure

Cross-sectional areas,
fraction of total

conductor envelope

Stabilizer

Substructure

(x10 7 A/M 2) 1.87 1.42

Built-up Round cable

11.1

Individ.

cond.

support,

G-10

0.25

0.17

0.75

6.0

Individ.

cond.

support,

GRP

0.29

0.13

0.70

2.0 1.28

Built-up Built-up

21

Banding

only,

GRP +
st. steel

0.76

0.69

0.15

34

Group

cond.

support,

st. steel

0.64

0.58

0.30

21
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Mag netic Field

Circular Saddle

Fig. 4.3.1 Sketches of typical winding cross sections, rectangular and circular saddle configurations
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Substructure

Conductor

Detail
of

Conductor

(insulating)

Cooling
Passages

Substrate
(stabilizer)

' Superconductor

WINDING WITH INSULATING SUBSTRUCTURE

Substructure (metallic)

Insulation (perforated)

Conductor
(see detail above)

WINDING WITH METALLIC

Insulation

Sheath

Cable
Conductor

Detail
of

Conductor
and Sheath

SUBSTRUCTURE

Substrate
Sa (stabilizer)

St ran d **
(enlarged)*

Superconductor

Sheath

Cooling
Passages

Cable

WINDING WITH ICCS CONDUCTORNO SUBSTRUCTURE

Fig. 4.3.2 Sketches of typical winding cross sections, detail
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Fig. 4.3.3 Detail of ETF magnet winding cross section
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similar to the largest channel being considered in the Advanced Power Train Study8 . This size was selected

to represent the upper size extreme with the expectation that.data for this size would be safely scalable to

smaller sizes. Winding designs considered, including computer-generated design characteristics, are shown

in Fig. 4.3.5 and Table 4.3-11.

Tentative results showed that with appropriate winding design modifications, design current density

could be increased to at least 2 x 107 A/M 2 while maintaining or improving stability and reliability criteria.

The internally-cooled cabled superconductor (ICCS) configuration was identified as having the greatest

potential for cost reduction. More work is required to verify these findings and to develop specific design

improvement recommendations.

4.4 Review of HPDE Magnet Failure and Recommendations for Future Action

The magnet for the MHD High Performance Demonstration Experiment (HPDE) at the Arnold Engi-

neering Development Center (AEDC), Tullahoma, TN, suffered a catastrophic failure in its force containment

structure during channel performance testing on December 9, 1982. Following the failure, MIT personnel

assisted in an in-depth investigation of the failure to determine its cause and to develop plans for future

action.

The magnet was a large dual-mode (cryogenic/room temperature) unit with coils of hollow copper

conductor, supported by a force containment structure of aluminum alloy and surrounded by a steel flux

return frame. The bore dimensions and overall dimensions of the coil and steel are shown in Fig. 4.4.1 and

the design characteristics of the magnet are listed in Table 4.4-I. The force containment structure is shown

in Fig. 4.4.2.

Based on designs prepared by Magnetic Engineering Associates, the procurement and construction of

the magnet was accomplished at AEDC in the period from 1975 through 1978. Prior to the structural failure,

the magnet had been operated in the cryogenic mode on a number of test runs, most of which were at fields

below 3.8 T, but several of which had attained or approached 4.1 T. The failure occurred at a field level of

4.1 T and led to brittle fractures in most of the structural components, significant displacements of some

portions of the iron frame and substantial deformation of the winding with some conductor fracture. No

personnel injury occurred because the operating procedures in force at the time of the incident restricted

personnel access and required operating personnel to be in a remote control area.
MIT carried out a preliminary failure analysis which is summarized in Reference 3 and in Section 2 of

"Safety and Protection for Large Scale Superconducting Magnets - FY 1983 Report" submitted to Idaho
National Engineering Laboratory (INEL) (see Appendix B). This analysis concluded that the initiation of the
failure was the result of severe overloading of interlocking structural fingers, in the ends of the longitudinal
tension members where they penetrated the face plate, or in the collars (see Fig. 4.4.2). Calculations were
made showing that at 4 T, the combined stresses due to sidewise bending and axial tension in the fingers
exceeded the ultimate strength of the material at 77 K. A review of stress analyses performed during the
design phase of the magnet indicated that the high local stresses in the fingers due to combined loading were
not detected. It was also concluded that the use of a material having a low ductility may have contributed
to the extent of the failure.

Subsequently, the detailed fields and forces were recalculated to check the original design calculations
by using contemporary tools and techniques. This work is summarized in the FY84 update of Appendix B.
It was found that the actual force values were somewhat less than had been used during the original failure
analysis. However, this did not affect any of the conclusions.
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Table 4.3-I

Characteristics of Alternative Winding Designs Studied

(see Fig. 4.3.5 for sketches of alternative designs)

Des. Cond.

No. Type

Cond. Wind.

Curr. Curr.

Dens.

(Av.)

Cu/Sc

(A (;)

Heat Cu

Flux Curr.

Dens.

(Av.)

I Open

Cable

55%
void

II Open

Cable

32%

void

III Squared

Cable

32%

void

IV ICCS

32%

void

V ICCS

32%

void

VI ]CCS

32%

void

VII Built

Up

A/cm 2 (A (A w/cm 2 A/cm 2kA

50

50

1142

1544

50

11.4

(0.21)

9.3

(0.23)

1680 10.3

(0.28)

50

25

wound

two-

in-hand

25

wound

two-

in-hand

50

1960

1960

10.6

(0.34)

10.5

(0.34)

2800 6.6

(0.30)

3380

0.10

0.15

0.12

0.10

kV MJ

5390 5.4 9320 100

6610 7.1 8150 87

5980 5.6 7870 84

5800 5.0 7440 80

0.08 5850 5.1 7440 80

0.16

11.2 0.30

(0.62) w/ext.

surf.

27

9251 11.5 6660

5480 3.8 6400 69

I I I

Voltage

Emerg.

Disch.

Stored

Energy

Cost

Index
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Design
No.

Y-+0.2 I

D= tia O15 cm

Substructure (Al Alloy)

WINDING
QUADRANT 1.6m WINDING

Scale I" I m E

Des. Stress 25 kat
Scale 1"* 4cm

-- +0.2m th'O.ZG tl"0.18

b'0.69 m eat. 63 3.9 Cm

WINDING No Substructure
QUADRANT 1.66 m WINDINGDET.

Scale I" o u m
2 Scale l"" 4cm

y
0.2 m

boO.87m

WINDING
QUADRANT ie~

Scale Io m
z

~~j~96 cm

Substructure (Al Alloy)

0 WINDING
DET.

Scale I'm 4cm

-s +0.2 m

b 0.40 m

WINDING
QUADRANT 1.6 m

Scale 1" ImL - --- -- I --- z

tshoO.
2 2 

cm II "0.15cm

Ja2.19 cm Comp.
No Substructure WINDING

D4T.

Scale 1"* 4 cm

0.2 m

b"0.S m Est.

WINDING_
QUADRANT 1.6Gm

Scale lo Im

t x 0.15cm

Do3.71 cm

Substructure (Al Alloy)

WINDING
DET.

Scale I" -4 cm

~1I

y
0.2 m ta0.19cm

Actual
DPW 97 c m

b O41 m Est. .fiut
0.1cmM O

WINDING

QADRN.6 j D-307 WINDING

S 1 1 1 1 b m " 4 E T
Z No Substructure Scale Im "4cm

y
0.2m tsh'o4 cm t 1 '0.2cm

On Doe
b 0.69 m Est. 3.72 4.86

WN No Substructure
WINDING I I

QUADRANT 1.66 I WINDING

DET.
Scale I"' Im

2

Scale I"* 4cm

Fig. 4.3.5 Sketches of alternative winding cross sections studied (Note: Scales shown are listed on original copy,

prior to reduction) (see Table 4.3-I for characteristics of alternative designs)
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Table 4.4-1

Design Characteristics of the Dual'

Copper conductor weight

Aluminum structure weight

Steel weight

Pole length

Entrance aperture

Exit aperture

Half-coil height

Coil width

Space factor

Turns (total)

Length of average turn

Conductor dimensions

Cooling passages

Overall length of coil

Cooling requirements

Liquid nitrogen for initial cooldown

Liquid nitrogen for recooling

Water (27 MW power in)

Peak axial fields

Cold mode at pulse peak

Warm mode, continuous

Mode HPDE Magnet

83,500 kg

54,100 kg

500,000 kg

7.1 m

0.89 m wide x 0.71 m high

1.40 m wide x 1.17 m high

0.50 m

0.53 m

0.8

720

22 m

0.025 m x 0.025 m

0.0068 m ID

8.72 m

64,000 liters

<10,000 liters

12.8 m3 /min

6.0 T

3.7 T
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Fig. 4.4.1 Schematic of original HPDE magnet coil and steel flux path
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Fig. 4.4.2 Isometric view of original HPDE miagnet force containment structure
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The condition of the failed parts of the HPDE magnet was investigated by MIT to determine what

would be involved in repairing and restoring the magnet to operating condition. It was concluded that

the magnet could be restored to test use in the water-cooled mode only (field strengths to 4.0 T) with a

reasonable expenditure of time and funds, and that this would be of overall benefit to the MHD program.

A schedule of rework was developed which included stripping, straightening and reinsulating the coils,

and redesigning and rebuilding a simplified structure to provide a redesigned room temperature force contain-

ment system incorporating the existing steel flux path components, parts of the original aluminum structure

and new carbon steel elements to replace aluminum elements damaged beyond repair. The proposed re-

designed structure is shown conceptually in Fig. 4.4.3 with estimated weights listed in Table 4.4-11.

In preparing a cost estimate for the rework, vendors were contacted for estimates on stripping insulation

from coils and reinsulating coils. The preliminary order of magnitude estimate for coil and structure rework

and magnet reassembly was $ 1,500,000.

Observations from the HPDE failure were incorporated in a study of magnetic to kinetic energy con-

version following structural failure, and how these considerations relate to safety and protection of large

scale superconducting magnets. The study is summarized in Section 3 of the FY 1983 report to INEL (see

Appendix B). A significant conclusion was that windings with low enough current density (probably exem-

plified by the HPDE magnet at 4.1 T) can absorb the total load following structural failure, thus limiting

the kinetic energy conversion process (and reducing the extent of the potential damage zone) although this

may involve substantial yielding and deformation of the winding itself.

Recommendations made by MIT at the conclusion of their investigation of the HPDE magnet failure

included the following:

" Repair and rebuilding of the magnet with a modified structure for test operation in the room temperature

mode (4.0 T max) should be accomplished.

" Work should continue toward the development of structural standards for MHD magnets and the even-
tual acceptance of such standards by the magnet community.

* The broad subject of magnet safety and protection should receive increasing attention in view of the

rapid increase in size, stored energy and complexity of the magnet systems required for advanced energy
conversion systems, and in view of the criticality of the magnet to such systems.

The HPDE magnet failure was a major incentive for the magnet failure workshop held at the Eighth
International Conference on Magnet Technology (MT-8) in Grenoble, September, 1983 (Appendix C). It
was pointed out during the introduction to the workshop that magnet "... technology is now adequately
mature that future problems will result primarily from failure to use readily available information rather
than from some hitherto unknown physical phenomenon." The HPDE magnet failure, together with other
failures and problems in large magnets in both the United States and Europe were reviewed and discussed
in this workshop.
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Table 4.4-11

Estimated Weight of Redesigned Force Containment Structure for HPDE Magnet

Face plate, exit (Aluminum) 1 1,955 kg

Saddle caps, exit (") 2 2,091

Side plates, exit (') 2 1,775

Tongues, exit (") 2 954

Collar, exit (steel) 1 7,045

Face plate, inlet (Aluminum) 1 1,727

Saddle caps, inlet (") 2 1,682

Side plates, inlet (") 2 1,773

Tongues, inlet (") 2 545

Collar, inlet (steel) 1 6,364

Long. tens. members (steel) set 3,0273

Side beam (Aluminum) 2 sets 15,000

Flux path & misc. (steel) 1 set 45,6363

Total (kg) 527,548
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4.5 Development of Preliminary Magnet Designs and Cost Estimates in Support of the PETC

MHD Program

Several preliminary designs and cost estimates were developed for magnets for use in alternative MHD

flow trains under consideration by PETC. These were generally smaller scale and/or lower field systems

that would be advantageous in providing commercial plant experience with MHD components at costs

substantially below that of the MHD 200 MWe Engineering Test Facility (ETF) conceptual design developed

in 1981.4

Major design characteristics and estimated costs for four preliminary designs are listed in Table 4.5-I.

Estimated costs plotted vs. the size parameter, VB2 , are shown in Fig. 4.5.1, together with costs of other

magnets (CDIF/CM, CDIF/SM, HPDE, ETF/SM4 and ETF/SM6) for comparison. The parameter VB2 is

explained in Appendix E.

The preliminary designs for the four alternative magnets are described in more detail in the following

sections.

4.5.1 4.5 T Superconducting Magnet for MERDI MHD System (29 MWe)

A preliminary design and a cost estimate were developed in March 1983 for a 4.5 T superconducting

MHD magnet system in response to a request from Multi-Tech Corporation of Butte, MT, representing

Montana Energy Research and Development Institute (MERDI). Bore dimensions and active length, supplied

by Multi-Tech, were intended to provide for a channel of 29 MWe output.
The MIT-developed design was similar in concept to the magnet of the MHD ETF 200 MWe Power

Plant4 . The winding consisted of rectangular saddle coils of copper-stabilized niobium titanium cable type

conductor (bath-cooled), supported in an insulating (glass-reinforced plastic) substructure. The coils were

mounted in a liquid helium filled stainless steel containment vessel. A stainless steel force containment

structure surrounded the coils and containment vessel. The coil and structure assembly was mounted in

a stainless steel cryostat. Accessories included cryogenic support equipment with refrigerator/liquefier and

power supply and discharge equipment.

The design characteristics of the magnet are listed in Table 4.5.1-I. The estimated (budgetary) price for

the system was $30 x 10G.
A description of the magnet system design, including accessories and the budgetary price estimate was

transmitted to Multi-Tech Corp. by letter on March 10, 1983 (see Appendix F).

4.5.2 4 T Water-Cooled Magnet for MHD ETF

A preliminary design and a cost estimate for a 4 T water-cooled magnet for an alternative flow train
in the MHD Engineering Test Facility4-8 (ETF) were developed in December, 1983. Bore dimensions and
active length were taken to be the same as in the superconducting ETF magnets. It was assumed that
the full output of the channel would be available for powering the magnet.

- The magnet was generally similar to the CDIF/CM and AVCO/CM test facility magnets'. It consisted
of a pair of rectangular saddle coils of square, hollow copper conductor insulated with fiberglass tape and
mounted in a steel yoke serving as both flux path and structural support for the center portion of the coils.
Additional steel structure was provided to support the end turns. The coils and steel flux path diverged from
inlet to exit end to provide a tapered field profile. Because of the relatively large size and high magnetic
forces characterizing this magnet, the flux path structure combination was designed as a continuous assembly
and the magnet did not have the roll-apart feature of the smaller CDIF/CM and AVCO/CM magnets.
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Major Design Characteristics and

Table 4.5-I

Estimated Costs of Alternative MHD Magnets

Magnet Type

and Application

Channel power,
nominal

Peak on-axis

field

Active field length

Warm bore aperture,
start a.l.

Warm bore aperture,
end a.l.11

Conductor type

Average winding

current density

Ampere turns

Stored energy

Estimated power

loss in coil

Weight conductor

Weight steel
flux path

Weight total

Size parameter,

VB 2

Estimated cost

MWe 29

4.5

10

T

m

m

m

0.8x0.8

1.5x1.5

Cable

NbTi/Cu

10 7A/m 2

106 A

MJ

MW

tonnes

tonnes

tonnes

m3 T2

100 $

1.4

15

700

75

370

150

30V

70-100 50

4.0

12.3

4.5

10

35

4.5

9.51

1.4x1.8 1.Ox1.0 0.9x0.9

2. 1x 2.7

Hollow

Cu

0.84

10.6

65

250

1890

2260

1.5x1.5

Hollow

Cu

0.87

9.1

50
205

1000

1315

1.6 x1.6

ICCS"

NbTi/Cu

1.63

16
750

80

385

400 205 185

20-30 15-20d 40

a Active length

b Internally-cooled cable superconductor

c Including contingency allowance of 30 %

d Not including contingency allowance
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Table 4.5.1-I

4.5 T Superconducting Magnet for MERDI MHD System (29 MWe)

Peak on-axis field

Active field length

Field at start of active length

Field at end of active length.

Warm bore aperture, start of active length

Warm bore aperture, end of active length

Vacuum vessel overall length

Vacuum vessel outside diameter

Size parameter, VB2

Conductor type

Conductor outside dimensions

No. of turns, total

Length mean turn

Length conductor, total

Design (operating) current

Average winding current density

Ampere turns

Inductance

Stored energy

Weights: Conductor

Substructure

Superstructure and coil containment vessels

Thermal radiation shield, cold mass supports

Vacuum vessel

Miscellaneous

Total Magnet Weight

4.5 T

10 m

3.6 T

2.7 T

0.8 m x 0.8 m

1.5 m x 1.5 m

14.2 m

6 m
150 m3 T2

Round cable

2.85 cm (dia.)

760

29.6 m

22.5 km

20 kA

1.4 x 107 A/M 2

15 x 106 A

3.5 henries

700 MJ

75 tonnes

60 tonnes

125 tonnes

20 tonnes

80 tonnes

10 tonnes

370 tonnes
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The design characteristics of the water-cooled 4 T ETF magnet are listed in Table 4.5.2-I. A sketch of

the cross section of the coils and flux path steel at the plane of peak on-axis field is shown in Fig. 4.5.2.1.

An order of magnitude cost estimate was made, indicating that the cost would be between $20 x 100 and

$30 x 100 without contingency allowance.

After completion of the preliminary design, consideration was given to possible improvements that might

result from further design and development effort. It was concluded that changing to an air core design

(eliminating the large steel flux path) would greatly reduce overall size and weight and make installation

much easier. In addition, the incorporation of the roll-apart feature and a reduction in bore size (made

possible by providing radial. access for pipes and wires) would further reduce size and weight and improve

the effectiveness of the magnet system.

4.5.3 4.5 T Water-Cooled Magnet for Retrofit MHD System (50 MWe)

A preliminary design and a cost estimate for a 4.5 T water-cooled magnet for a 50 MWe MHD retrofit

system were developed in March and April, 1984. Data used as a basis for the design were an iron length of

12 m and warm bore dimensions 1.0 m square at inlet and 1.5 m square at exit. It was assumed that the 50

MWe MHD output would be used to power the magnet.

The magnet was similar in concept to the 4 T ETF water-cooled magnet described in Section 4.5.2.

The design characteristics are listed in Table 4.5.3-I. A sketch of the cross section of the coils and flux path

steel at the plane of peak-on-axis field is shown in Fig. 4.5.3,1. An order of magnitude cost estimate was

made indicating that the cost would be between $15 x 100 and $25 x 100 without contingency allowance.

4.5.4 4.5 T Superconducting Magnet for Retrofit MHD System (35 MWe)

A preliminary design and cost estimate for a 4.5 T superconducting magnet for a 35 MWe MHD retrofit

system were developed in April 1984. Data used as a basis for the design were active length 9.5 m, field at

the start of active length (inlet) 3.4 T, field at end of active length (exit) 2.6 T, inlet aperture G.9 m square,

exit aperture 1.6 m square.

The MIT-developed design incorporated a rectangular saddle coil configuration similar to that of the

magnet for the MHD ETF 200 MWe Power Plant4 . However, the conductor was internally-cooled, cabled

conductor'" (copper-stabilized NbTi) with a stainless steel sheath wrapped with continuous insulation

instead of the open, bath-cooled cable used in the ETF design. Also, the substructure was aluminum alloy

instead of the glass-reinforced plastic used in the ETF design.

The design characteristics of the magnet are listed in Table 4.5.4-I. Outline dimensions of the magnet

assembly are shown in Fig. 4.5.4.1. The estimated budgetary price for the system, including design and
analysis, supporting development, project management, accessories and a contingency allowance was $50 x
10.

A six-year program outline was prepared and submitted to PETC, the end-product of which was an
installed magnet system for a 35 MWe power train. The outline included a summary of technology status, a
discussion of technical problem areas, a list of magnet system characteristics and the estimated distribution
and profile of the funding that would be required (see Appendix G).

4.6 Channel/Magnet Interfacing Support to APT Contractors
In communications between MIT and AVCO in December, 1983, the latter expressed a need for technical
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Table 4.5.2-1

Design Characteristics of 4 T Water-Cooled Magnet for MHD Engineering Test

Peak on-axis field (B,,)

Coil Contribution

Iron Contribution

Iron length

Active length (0.675 BI, to 0.6 Bj,)

Field at start of active length

Field at end of active length

Warm bore aperture, start of active length

Warm bore aperture, end of active length

Magnet overall length

Magnet height and width, large end

Size parameter (VB 2 )

Conductor type

Conductor outside dimensions

No. of turns, total

Length mean turn

Length conductor, total

Design (operating) current

Average winding current density

Packing factor (copper)
Current density in copper

Ampere turns

Weights: Conductor

Insulator

Steel flux path

Steel, other

Total

Facility (ETF/CM)

4.0 T

2.75 T

1.25 T

12.1 m

12.1 m

2.7 T

2.4 T

1.4 x 1.8 m

2.1 x 2.7 m

15 m
6 x 5.6 m

400 m3T2

Hollow copper

2.8 x 2.8 cm

928

38.8 m

36 km

8150 A

0.84 x 107 A/M 2

0.75

1.12 x 107 A/M 2

10.6 x 10r A

250 tonnes

10 tonnes

1890 tonnes

110

2260 tonnes
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1.25
1.9

16

I II I

Steel
Flux Path

Coil

I

0.5

Warm Bore
Dim's in meters

Fig. 4.5.2.1 Sketch of cross section of coils and steel flux path at plane of peak on-axis field, water-cooled magnet

for ETF MHD system
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Table 4.5.3-I

Design Characteristics of 4.5 T Water Cooled Magnet for Retrofit MHD

Peak on-axis field

Coil Contribution

Iron Contribution

Iron length

Active field length

Field at start of active length

Field at end of active length

Warm bore aperture, start of active length

Warm bore aperture, end of active length

Magnet overall length

Magnet height & width, large end

Size parameter (VB2 )

Conductor type

Conductor outside dimensions

No. of turns, total

Length mean turn

Length conductor, total

Design (operating) current

Average winding current density

Packing factor (copper)
Current density in copper

Ampere turns

Estimated power

Cooling water flow

Cooling water temperature rise

Weights: Conductor

Insulator

Steel flux path

Steel, other

Total

System (50 MWe)

4.5 T

3.25 T

1.25 T

12 m

10 m

3.6 T

2.7 T

1.0 x 1.0 m

1.5 x 1.5 m

15.5 m

4.7 x 4.7 m

205 m3 T2

Hollow copper

2.8 x 2.8 cm

916

32.2 m

30 km

9 kA

0.87 x 107 A/m2

0.75

1.16 x 107 A/m 2

9.1 x'10'1 A

50 MW

350 kg/s

34 C

205 tonnes

10 tonnes

1000 tonnes

100

1316 tonnes
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Fig. 4.5.3.1 Sketch of cross section of coils and flux path at plane of peak on-axis field, water-cooled magnet for

retrofit MHD system (50 MWe)

43

..............

T109-9

17=77

Warm Bore



Table 4.5.4-1

Design Characteristics of 4.5 T Superconducting Magnet forI

Peak on-axis field

Active field length

Field at start of active length

Field at end of active length

Warm bore aperture, start of active length

Warm bore aperture, end of active length

Vacuum vessel overall length

Vacuum vessel outside diameter

Size parameter (VB2 )

Conductor type

Conductor outside dimensions

No. of turns, total

Length mean turn

Length conductor, total

Design (operating) current

Average winding current density

Ampere turns

Stored energy

Weights: Conductor

Insulator & misc

Substructure

Superstructure and

containment vessels

Cryostat

Total

a internally-cooled cable superconductor

Retrofit MHD System (35 MWe)

4.5 T

9.5 m

3.4 T

2.6 T

0.9 x 0.9 m

1.6 x 1.6 m

13 m

6.6 m

185 m3 T2

iccS"

2.5 x 2.5 cm

624

29.8 m

18.6 km

25 kA

1.63 x 107 A/M 2

15.6 x 10G A

700 MJ

70 tonnes

10 tonnes

40 tonnes

150 tonnes

100

370 tonnes
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and cost information on magnets for use in their Advanced Power Train (APT) studies. As a result, MIT

representatives visited AVCO Everett. Research Laboratory, Inc. on January 17, 1984 and discussed general

aspects of channel/magnet interfacing with AVCO and GE representatives. Since the APT magnet require-

ments differ from earlier requirements (ETF, PSPEC, etc.) new magnet size, weight and cost estimates are

needed. Also, channel/magnet interfacing should be an important part of the APT studies because careful

integration of fow train and magnet is critical to the success of the system. Means of flow train support in

the region of the magnet, and means of channel changeout (including consideration of magnet roll apart or

roll aside) require conbined efforts of channel and magnet designers.

It was agreed that MIT support to APT contractors (GE and Westinghouse) would be in the best

interests of the program. Packages containing channel/magnet interfacing information developed in the past

were sent by MIT to GE, Westinghouse and PETC. Included were the following:

Interim Report - MHD Channel/Magnet Packaging Study, FBNML/MIT, July 1980

FBNML/MIT internal memo, MHD Magnet-Flow Train Interfacing Meeting (11/18/80), memo
dated 12/3/80

Conference Paper, "Magnet-Flow Train Interface Considerations," P.G. Marston, et al., SEAM
1981

Report, "MHD Generator Superconducting Magnet Packaging Study," T.R. Brogan, MEPPSCO,
August 1981

The MIT covering letter (Appendix D) contained a support program definition for collaboration with
both AVCO and Westinghouse (individually) and provided an estimated cost for such an effort through the
fiscal year.

4.7 Review of Cost Estimating, Cost Analysis and Cost Reduction Work on MHD Magnets, Including
Comparison with Fusion Magnet Costs

Work relating to magnet system and component costs performed at MIT and by subcontractors in the
period from 1976 to the present has been reviewed, and preparation of a report has been started. A rough
draft of the report was about 80% complete when work was stopped due to lack of funds. The report,
when completed, will be a valuable aid in improving the credibility of future magnet cost estimates and in
implementing cost reduction measures. It should therefore be completed as soon as possible. The scope and
outline of the report are given in the following sections.

4.7.1 Scope

The report summarizes cost estimating, cost analysis and cost reduction work done as a part of the MHD
Magnet Technology Development Program at MIT from 1976 to the present. It describes cost estimating
methods used by MIT and by subcontractors in estimating the costs of MHD magnet systems; it documents
the estimated costs and in some cases, actual manufacturing costs of a number of MHD magnets and other
large superconducting magnets designed in the past 8 years; and, it reviews cost analysis and cost reduction
studies of MHD magnets that have shown ways by which significant cost reductions can be achieved.

46
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4.7.2 Outline

The outline for the cost report which is now being written at MIT is given below:

1.0 Introduction

(Purpose and scope of report)

2.0 Discussion

(Importance of magnet costs in overall MHD program. Review of magnet program status)

3.0 Summary, Cost Estimating Work

3.1 Cost Estimating Using Empirical Cost Curves

3.2 Cost Estimating Using Magnet Overall Cost Algorithms

3.3 Cost Estimating Using Component -Cost Algorithms

3.4 Cost, Estimating Starting with Material, Labor and Overhead Costs (Detailed Estimates)

3.5 Estimate of Cost Reduction Resulting from Multiple Unit Production

3.6 Cost Estimates of Disk-Type Magnets

3.7 Comparative Costs of MHD Magnet and Fusion Magnet Components

4.0 Summary, Cost Analysis and Cost Reduction Studies

4.1 Relationship of Magnet System Cost to Overall Power Plant Costs

4.2 Comparison of Unit Costs ($ /kg) of Magnet and Other Items of Heavy Industrial Equipment

4.3 Identification of Major Cost Items in MHD Magnet Systems

4.4 Cost Reduction Through Improved Channel/Magnet Packaging

4.5 Study of Impact of High Current Operation on Magnet System Cost

4.6 Computer-Aided Study of Impact of Design Current Density on Magnet System Cost
4.7 Effects of Material Selection and Design Stress on Cost

4.8 Comparative Costs of Circular vs. Rectangular Saddle Coil Magnets

4.9 Comparative Analysis of Costs of CDIF/SM and CFFF Magnets
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IMPACT OF DESIGN CURRENT DENSITY ON THE COST AND RELIABILITY OF
SUPERCONDUCTING MAGNET SYSTEMS FOR EARLY COMMERCIAL MHD POWER PLANTSa

A. M. Hatch, P.G. Marston, R.J. Thome, A.M. Dawson, W.G. Langton, W.R. Mann

Plasma Fusion Center
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

ABSTRACT

The impact of the design current density on the estimated cost of large
superconducting MHD magnet systems was investigated with the aid of design
scaling and cost estimating computer codes. Major emphasis was placed on
systems of the size required for linear MHD generators in the channel
power output range of 100 to 1100 MWe. Copper-stabilized NbTi windings
with average current densities from 0.75 x 107 A/m2 to 2.5 x 107 A/M2

were considered. Results indicated that design current density has a
significant effect on system cost, particularly for systems in the lower
range of powers considered. For example, a reduction of roughly 35% in
overall magnet system cost would be expected when design current density
is increased from 1.0 x 107 A/m2 to 2.0 x 107 A/m2 in magnets at the small
end of the size range. A reduction of roughly 30% would be expected for
the same current density increase in magnets at the large end of the size
range.

The impact of design current on certain aspects of magnet reliability
was also explored. Higher current density implies a smaller winding cross
section with less space available for copper stabilizer, supporting sub-
structure and insulation. Therefore, problems of stabilization become
more critical. Practical limits for stability criteria including heat
flux and ratio of liquid helium to conductor volume were examined in
relation to overall winding current density. Quench protection was also
investigated, in particular the problem of dumping stored magnetic energy
into external resistors fast enough to prevent overheating of regions of
normal conductor. Results indicated that provisions to assure adequate
stability and protection become more complicated for higher current densi-
ties and larger magnet sizes, and reliability is reduced.

In final designs for large MHD magnets, selection of average current
density should be based on careful consideration of its effects both on
magnet cost and on criteria affecting reliability. Results of the over-
all investigation are summarized in curves of various parameters vs winding
average current density, including magnet weight, magnet system estimated
cost, conductor stabilizer current density, conductor copper-to-supercon-
ductor ratio and maximum terminal voltage under emergency discharge conditions.

aSupported in part by the Office of Fossil Energy, MRD Division, U. S. Department of
Energy.
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INTRODUCTION

High reliability and long service life are prerequisites for -superconducting mag-
nets for commercial MHD power plants. These prerequisites dictate conservatism in
magnet design, which can be achieved more easily if design current densities are kept
low. Low capital cost is also an important consideration for commercial size MHD mag-
nets, because the cost of the magnet system represents one of the largest component
costs in the MHD topping cycle.

In developing designs for commercial MHD magnets, tradeoffs -must be made between
the cost advantages of higher design current densities and the resulting greater risks
and/or special design provisions associated with the higher current densities.

The main purpose of the study reported here was to obtain quantitative informa-
tion on the effect of design current density on magnet cost. It was intended that the
results of the study would be useful in future design work on commercial-size MHD
magnets, particularly with regard to the tradeoffs between the cost advantages of high
current density and the adverse effects on other aspects of the design.

For the limited number of computer-generated designs covered in this paper,
characteristics at the extremes of the parametric range, though believable, do not
necessarily represent good design practice. The fact that certain computed character-
istics tend to exceed practical limits emphasizes the importance of careful cost/risk
assessment when final designs are developed.

APPROACH

In reviewing MHD magnet designs developed in the past, it is noted that winding
(average) current densities become lower as magnet size is increased. This trend is
shown in Table I, which lists representative MHD magnet designs, both commercial-size
and test-facility size, with current densities ranging from 1.15 x 107 A/m2 fdr the
largest to 2.85 x 107 A/m2 for the smallest. Based on these data, the range from
0.75 x 107 A/m2 to 2.5 x 107 A/M2 was selected as appropriate for this study.

A series of magnet reference designs of different bore sizes, representing magnets
for power plants in the 100 to 1100 MWe range, and all embodying the same design con-
cepts, were used as a basis for the study. For each magnet size, at least three cur-
rent densities between 0.75 x 107 A/M2 and 2.5 x 107 A/m2 were considered. With the
-aid of computer programs and using scaling techniques, the characteristics and esti-
mated costs of magnets of each bore size and current density were calculated. Curves
were then plotted to show how cost, weight and other characteristics varied with de-
sign current density.

Particular attention was given to characteristics relating to reliability and
safety. For typical winding designs, the impact of increased current density on
stability criteria such as copper-to-superconductor ratio, heat flux and helium-to-conductor volume ratio were considered. Also considered were items such as the temp-
erature rise in the winding when all stored magnetic energy is dumped into the wind-
ing as heat, and the peak terminal voltage when the magnetic energy is dumped into
external resistors fast enough to prevent overheating of limited regions of normal
conductor.

SIZES AND DESIGNS OF MAGNETS STUDIED

To cover the MHD channel power size range from 100 to 1100 MWe, three magnet
bore sizes and active lengths were selected, based on the conceptual designs for the
Engineering Test Facility (ETF)I, the Commercial Demonstration Plant (CSM) 2 and a
Large Baseload (LBL) system. The first two designs were developed in 1979-1981 as a

A-3
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TABLE I

DESIGN CHARACTERISTICS

REPRESENTATIVE MHD MAGNET DESIGNS

Magnet Identification

Field T

Warm bore
inlet aperture m

Active length a

Stored energy

Build

Design Current

Current density,
winding

Current density,

,conductor

Type of conductor

Substructure
material

U25

5

CDIF

6

CFFF

6

0.4 dia. 0.78 xO.97 0.8 dia.

a

1J4

m

kA

107 A/m 2

10

2.5

34

0.364

0.89

2.82

3.4

240

0.622

6.13

1.87

3.2

216

0.53

3.675

2.0

7 A/m2  5.0 6.28 2.63

-- Rect. Squ. Rect.
Built-up Built-up Built-up

b
-- fiber- -Fiber- Fiber-

glass & b glass
St. Steel

glass

ETF

6

CASK

6

CSM

6

1.5x1.9 2.48 dia. 2.2 x 2.8

11.7

2900

0.95

24.4

1.42

8.16

Round
Cable

14.5

6300

0.74

50.0

1.28

2.2

Rect.
Built-up

14.5

7200

1.08

52.2

1.15

5.7

Round
Cable

Fiber- St.Steel Fiber-
glass glass

Notes: a. Active length for all magnets is distance between on-axis field jpoints of
0.8 Bpeak at inlet and 0.6 Bpeak at exit.

b. Banding between winding layers is used in place of a rigid substructure.
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part of the DOE Magnet Technology Development.Program. 3 The basic characteristics
of the third design (LBL) were developed specifically for this study by scaling from
the CSM design.

In addition to these three relatively large designs, a smaller magnet design,
based on the Component Development and Integration Facility (CDIF) superconducting
magnet 4 was also included in the study for comparative purposes. Basic character-
istics of the four magnet designs considered are listed in Table II.

For consistency in the study itself, all designs used are of the rectangular
saddle-coil type with rectangular warm bores, copper-stabilized NbTi conductor and
rectangular frame winding support structures of stainless steel. Designs of other
types, such as circular saddle coils with circular warm bores, would be expected to
show the same trends with regard to the impact of current density on magnet cost and
other characteristics.

For uniformity in comparing overall magnet characteristics, all magnet designs
used in the study incorporated round cable conductors and insulating (fiberglass) sub-
structures of the type used in the ETF magnet conceptual design I and shown in Fig. 1.
For the purpose of determining copper and superconductor volumes, it was assumed that
magnet windings were ungraded.

CALCULATION METHOD

A model to serve as a basis for the calculation of magnet characteristics was
established as follows:

The winding configuration used was a rectangular saddle coil winding as shown in
Fig. 2, generally similar in shape to the windings of the ETF, CSM and CDIF/SM de-
signs1,2,4. A section through the winding, perpendicular to the axis and in the plane
of peak-on-axis magnetic field (Plane P in Fig. 2) is shown in Fig. 3.

Design (winding) current density as referred to in this paper is the average
current density in the winding cross section, shown in Fig. 3, required to produce
the design field at the MHD channel axis.

To lower (or raise) the design current density while maintaining constant mag-
netic field on axis (at point 0), the area of the winding cross section is increased
(or decreased) by varying the build, b, and width, d', as illustrated in Fig. 3.

For purposes of the study the following relationships were used:

I - 2aj (1)

B= 41t x 10- 7  
(2)

t2 + s2

where:

I = total ampere turns in winding (A)

a = area of winding cross section, one quadrant (m2)

j - design current density (A/m 2 )

B = peak on-axis field (T)
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t - distance from Z axis to coil center, one quadrant
(See Fig. 3)

s - distance from Y axis to coil center, one quadrant
(See Fig. 3)

Combining (1) and (2)

j B(t2 + s2 ) x 107  (3)
8at

When varying b, it was assumed that good field uniformity in the channel cross
section would be assured by restricting the center of coil quadrant cross section to
lie on the radial line 0-A. It was assumed also that the dimensions e and m would
remain constant for a given magnet bore size to provide necessary space for structure
and vacuum insulation.

Equation (2) calculates the field produced by infinitely long, parallel current
filaments. It is therefore a means only of obtaining an approximation of the field
at the axis of the saddle coil system, which is finite in length, tapered and has
crossovers. However, experience ha shown that results using Eq. (2) and an empiri-
cal correction factor are sufficiently accurate for the purposes of a study such as
this.

An initial computer program, Scaler 1, was written to calculate the characteris-
tics of a series of windings of different current densities for given bore sizes,
active lengths and field strengths.

The input to Scaler 1 included data defining the basic geometry (size) of the
magnet and specifying the general characteristics of the conductor, insulation and
substructure. Winding current density was established by specifying the winding build
(dimension b in Fig. 3).

The output included winding current density, ampere turns, insulation and sub-
structure volume, superconductor volume, copper-to-superconductor ratio, winding over-
all dimensions and scaling factors.

A second computer program, Scaler 2, was written to calculate stored magnetic
energy, component weights and budgetary costs using scaling techniques. The input in-
cluded dimensions, volumes and scaling factors from the output of Scaler 1 together
with baseline magnet characteristics (for scaling) and empirical cost data obtained
from past experience in the costing of MHD magnets 1 ,6,7,

The output included stored energy, component weights and costs, and weights and
costs for the assembled and installed magnet systems.-

INPUT DATA

Specific data input to Scaler 1, used to arrive at the results reported in the
following sections, are listed in Table III. For the 4, 160, and 450 MWe sizes, the
data listed are consistent with the actual designs of the CDIF/SM, ETF and CSM mag-
nets4 ,2 ,1 respectively. For the 1100 MWe size, the data are extrapolations from CSM
data.

The level of design currents used in the larger magnets is consistent with an
earlier study8 to investigate the impact of design current on magnet system cost. The
study showed magnet system cost to be minimum for design currents in the range of 50
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TABLE II

BASIC CHARACTERISTICS OF MAGNET REFERENCE
DESIGNS USED IN STUDY

Magnet MHD Channel Warm Bore Size Active
Identification Power Output Inlet Exit Length

MWe m m m

CDIF/SM 4 0.78x0.97 0. 97 x 0.97 3.4

ETF 100 1.5 x 1.9 2.2 x 2.8 11.7

CSM 450 2.2 x 2.8 4.0 x 4.2 14.5

LBL 1100 3.3 x 4.2 6.1 x 6.4 16.0

Note: Field strengths for all magnets are taken as 6 T peak on-axis,
4.8 T inlet, 3.6 T exit.

TABLE III

SPECIFIC DATA INPUT TO SCALER 1

Magnet size
(nominal MHD channel power) MWe 4. 100 450 1100

Reference CDIF ETF CSM LBL

Conductor type assumed Cable Cable Cable Cable

*
Conductor shape factor -- 0.785 0.785 0.785 0.785

**
Conductor metal space factor 0.547 0.547 0.547 0.547

Substructure design stress 108Pa 1.03 1.03 1.10 1.25

Design current kA 6.13 25 50 80

conductor envelope area
conductor shape factor - area of square enclosing envelope

conductor metalspace factor = conductor metal cross-sectional area
conductor envelope cross- sectional area

A-7
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to 150 kA.

The substructure for all magnets was assumed to be a glass-reinforced plastic,
designed to transmit magnetic loads from individual conductors to the surrounding coil
containment vessels and superstructure without any accumulation of loading on the con-
ductors themselves.

The superstructure for all four magnet sizes was assumed to be similar in design
to that of the ETF magnet, made of stainless steel with design stress not exceeding
4 x 108 Pa.

Data input to Scaler 2 included the winding dimensions, volumes and scaling
factors generated by Scaler 1 together with material densities, unit cost data and
empirical cost factors derived from past experience. Typical data input to Scaler 2,
common for all four sizes, are given in Table IV.

Unit cost of conductor was obtained from the curve of cost vs copper-to-super-
conductor ratio, Fig. 4. This curve was based on engineering estimates of unit costs
of conductors of various copper-to-superconductor ratios, using the round cable con-
ductor of the ETF magnet1 as a model.

OUTPUT DATA

Partial Scaler 1 and Scaler 2 outputs are shown in Table V, which lists the com-
puted major characteristics and costs for a particular magnet size (450 MWe) at two
current density levels.

Computer output data were used to plot curves of magnet weight, cost and other
characteristics vs design (winding) current density for four magnet designs with
current densities varying from 0.75 x 107 Aim2 to over 2.5 x 107 A/m2 . These data are
discussed in the following sections.

WEIGHT AND COST

Curves of normalized magnet weight vs current density are shown in Fig. 5 for all
four magnet sizes studied. Curves of normalized magnet cost vs current density are
shown in Fig. 6. In both cases, normalizing is on the basis of the 1.0 x 107 A/m2
designs.

It will be noted that the impact of design current density on magnet cost is sig-
nificant. The curves indicate that increasing current density from 1.0 x 107 A/m2 to
2.0 x 107 A/m2 results in a decrease in magnet cost of about 30% in the case of the
large baseload (1100 MWe) magnet and about 35% in the case of the (smaller) engineering
test facility (100 MWe) size.

The decreases in total magnet weight and .cost as current density increases are
the result of accumulated decreases in weight and cost of all major components and
associated decreases in winding and assembly costs. Higher current density implies a
more compact winding which in turn means fewer ampere turns, decreased stored energy and
total force, decreased volume of conductor and substructure and smaller helium contain-
ment vessel, superstructure and vacuum vessel. These trends for a particular magnet
are shown in Table V, which lists calculated component weights for two current density
levels in the CSM size (450 MWe) magnet.

STABILITY CRITERIA

Copper-to-superconductor rat.io, heat flux and helium-to-conductor-metal volume ratio
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TABLE IV

TYPICAL DATA INPUT TO SCALER 2

Density, stabilizer (coppet) 8900 kg/m3

Density, superconductor (NbTi) 6380 kg/m3

Density, substructure (fiberglass) 1800 kg/m3

Unit cost, substructure 10.35 $/kg

Unit cost, helium vessel 18.00 $/kg

Unit cost, superstructure 18.00 $/kg

Unit cost, thermal shield , piping, etc. 58.00 $/kg

Unit cost, vacuum vessel 14.00 $/kg

TABLE V

MAJOR CHARACTERISTICS OF COMPUTER-GENERATED
MAGNET DESIGN, 450 MWe SIZE, DESIGN

CURRENT DENSITIES 1.2 x 107 A/m2 AND 2.0 x 107 A/m2

Peak on-axis field (input) (T) 6

Inlet aperture size (input) (m) 2.2 x 2.8

Active length (input) (m) 14.5

Design current (input) (kA) 50

Design current density (107 A/m2) 1.2 2.0

Ampere turns (106 A) 38.6 34.8

Stored energy (106 J) 7560 6100

Weight of conductor (103 kg) 274 96

Weight of superstructure (103 kg) 704 567

Total weight, magnet assembly (103 kg) 2220 1580

Vacuum jacket overall length (i) 21.7 21.1

Vacuum jacket overall diameter (m) 12.8 11.5

Cost of magnet assembly installed,
not including design costs,
accessory costs, mark-up, etc. 106 $ 62.4 45.4

Total cost of magnet system
including design, accessories,
mark-up, etc. 106 $ 91.3 68.2

A-9
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are criteria often used as measures of the stability, and hence the reliability of
magnet windings. In the past, conservative winding designs for MHD magnets have
usually involved copper-to-superconductor ratios in the range of 6 to 30, heat fluxes
of less than 0.4 W/cm2 and helium-to-conductor ratios of at least 0.2.

The effect of increasing design current density on stabilizer current density,
copper-to-superconductor ratio and on heat flux, for the four magnet sizes studied,
is shown in Figs. 7, 8 and 9.

It will be noted in Fig. 8 that copper-to-superconductor ratio decreases rapidly
as winding current density is increased. The situation is compounded because the com-
puter program keeps substructure stress constant, thus causing the absolute volume of
substructure to drop only very slowly and the ratio of substructure to conductor to
increase substantially as winding curren-t density increases. This occurs because as
the winding becomes more compact, there is less room for copper. Above 1.5 x 107
A/m2 average current density, the copper-to-superconductor ratio in the larger mag-
nets becomes lower and the current density in the stabilizer becomes higher than is
usually considered acceptable. It should be kept in mind that the study is based on
a specific type of conductor and winding design (round cable, uncompacted, with rela-
tively low stressed substructure, see Fig. 1). By altering the conductor and winding
designs and increasing substructure design stress, it is possible to increase the
copper-to-superconductor ratio (with resulting decrease in stabilizer current density)
but other factors such as cooling and substructure stress will be affected, and the
designer must take these tradeoffs into account. The particular design selected for
the study is not considered optimum, but is sufficiently representative to show trends.

The curves of Fig. 9 show heat flux at a very conservative level for the lower
design current densities but rising rapidly, above a current density of 1.5 x 107
A/m2 . The heat fluxes shown were calculated assuming all strands in the cable con-
ductor to be cooled on 100% of their surface. This is probably an optimistic assump-
tion. Therefore, the heat flux curves should be considered primarily as indicators
of trends.

Helium-to-conductor metal volume ratio does not vary with current density in the de-
signs covered in this study, because all designs use a cable-type conductor with a
metal-to-void ratio of about 0.55. The amount of helium in close contact with the
conductor strands is therefore about 0.45 of the conductor (envelope) volume. Since
this is well above the 0.2 value often considered satisfactory, the designs studied
are conservative in this respect. However, one means of improving the undesirably
low copper-to-superconductor ratio mentioned earlier is to substitute a compacted
cable or monolithic conductor in place of the ordinary cable used. Such a substi-
tution would involve reducing the helium-to-conductor metal volume ratio and would
require careful consideration.

SAFETY AND PROTECTION

Important factors in the safety of a magnet system are the emergency discharge
characteristics and the thermal inertia of the winding.

In the event of an MHD flow-train emergency or a fault in the magnet itself, it
may be necessary that the MHD magnet be discharged very rapidly for safety reasons.
Therefore, MHD magnet systems include external (dump) resistors and switches which,
when activated, connect the magnet coils in series with external resistors designed
for the emergency discharge function.

Under certain magnet fault conditions, emergency discharge may take place with
only a very small (poorly cooled) section of magnet winding in the normal state. This
normal section will heat up rapidly, and it is necessary that discharge to the ex-
ternal resistors be accomplished rapidly to prevent overheating of the conductor.

A-10
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Rapid discharge involves high initial voltage at the coil terminals and voltage may
become a critical factor in the coil design.

Curves of initial emergency discharge voltage vs design current density are shown

in Fig. 10. The curves are based on the assumptions that all energy is dissipated in

the external resistors and discharge is rapid enough to prevent the normal section of

conductor (under adiabatic conditions) from exceeding 300 K temperature.

The voltages shown on Fig. 10 for the larger magnets at higher current densities

appear excessive.. For a given winding current density, the discharge voltage may be
lowered by several design means, including adding of copper to the conductor, increas-

ing the design current (reducing inductance) and dividing the winding into sections

with separate power supplies. The designer must make tradeoffs between these design
measures .(and their possible adverse effects on the system) and the indicated cost

savings associated with higher design current densities.

If a normal (resistive) region could be made to propagate very rapidly through-
out the entire magnet winding, nearly all the magnetic energy would be absorbed as
heat in the winding itself. To illustrate what would happen under this special con-
dition, curves of final winding temperature vs design current density are shown in

Fig. 11. For these curves, it is assumed that all the magnetic energy is dissipated
uniformly throughout the winding as heat. The curves show that for all magnet de-

signs studied except the largest, the windings are capable of absorbing, as heat, all
of the stored magnetic energy without exceeding room temperature. The curves are con-

servative in that they assume adiabatic heating of copper, with no allowance for heat
absorbed by helium, NbTi and substructure, or for conduction of heat into vessel walls
and main structure.

WINDING SUBSTRUCTURE

The effect of winding substructure on the results discussed earlier deserves
attention.

All magnet designs used in the study incorporated substructures providing indi-
vidual support for the conductors and transmitting magnetic loads from conductors to
containment vessels (superstructure) without accumulation of loading on conductors
themselves. Substructure design stress ranged from 103 MPa for the smallest design to
125 MPa for the largest.

By eliminating substructures and adding relatively thin insulation to separate
conductors from each other electrically, a substantial amount of extra space would be
made available for additional copper in the conductor. In a final magnet design, the
advantages of the structural support provided by the substructure must be weighed
against the advantages of higher copper-to-superconductor ratio which can be achieved
if substructure is eliminated.

CONCLUSIONS

1. Increasing design current density causes a significant decrease in the cost
of superconducting MHD magnets, although the effect is not as great in
larger magnets as in smaller ones. For a specific design studied, the esti-
mated cost of a 1100 MWe size MHD magnet system was reduced by about 30%
(roughly $20 x 106) when design current density was increased from 1.0 x
107 A/m2 to 2.0 x 107 A/m2.

2. Increasing design current density from 1.0 x 107 A/m2 to 2.0 x 107 A/m2 has
a significant adverse effect on the .ability to achieve winding stability
and safety. This effect is particularly pronounced in the larger size

A-1I
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magnet designs.

3. In anticipation of future large MHD magnet construction, it is important
that analysis, development testing and design studies be performed to
enable the use of higher winding current densities with acceptable stability
and safety, so that magnet designs will be more cost effective.
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Appendix B

Safety and Protection for Large Scale Superconducting Magnets

FY1983 Report (pages 1 - 81) submitted to Idaho National Engineering Laboratory

Plasma Fusion Center Report PFC/RR-83-33

December 1983
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1.0 INTRODUCTION

R.J. Thome

The rapid increase in size, stored energy, and complexity of the mag-

net systems required for advanced energy conversion applications such as

fusion demands.a thorough understanding of safety and protection for per-

sonnel and other systems. Toward this end, MIT has been carrying out a

program for INEL oriented toward safety and protection in large scale

superconducting magnet systems. The program involves collection and an-

alysis of information on actual magnet failures, analyses of general pro-

blems associated with safety and protection, and performance of safety

oriented experiments. This report summarizes work performed in FY83.

In December 1982, a massive structural failure occurred in a large

magnet at the Arnold Engineering Development Center (AEDC). The magnet

utilized about 8.4 x 104 kg of copper conductor, 5.4 x 104 kg of aluminum

structure, and 5 x 105 kg of steel in a flux return frame. The failure

occurred at a field level of 4.1 T and led to brittle fractures in most

of the structural components, significant displacements of some portions

of the iron frame, and substantial deformation of the winding with some

conductor fracture. Chapter 2 describes this system before and after

failure and summarizes the structural failure analyses which were per-

formed by MIT in parallel with the investigation by a team from AEDC.

The magnet failure was catastrophic in the sense that most structural

components were fractured and the winding suffered extensive plastic de-

formation. However, operating procedures prevented possible injury to

personnel and the rugged nature of the winding limited deformations to
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large but safe values, and restrained conversion of magnetic to

kinetic energy of failed components. This suggests that it may be de-

sirable to limit operating current densities in magnet design to levels

whereby the winding could act in this structurally fail-safe manner even

if it sustained substantial deformation in the event of a failure in its

primary structure. A general analysis of this problem was, therefore,

performed and is presented in Chapter 3.

The model and examples in Chapter 3 are based on an infinitely long

solenoid configuration. Although the geometry is simple, this shape al-

lows the important parameters to become apparent. The preliminary con-

clusions are:

(a) A protective circuit reaction involving dissipation in resis-
tive elements following a major structural failure is unlikely to
be effective on a fast enough time scale to limit the mangetic to
kinetic energy conversion process in magnets using high current den-
sity windings.

(b) Windings with low enough current densities can absorb the total
load following structural failure, thus limiting the kinetic energy
conversion process, although this might involve substantial yielding
and deformation of the winding. This is not usually a design re-
quirement, but might form the basis for one criteria for large magnet
design.

(c) Protective circuits involving inductive energytransfer can re-
spond fast enough to limit the kinetic energy conversion process in
high or low current density configurations. The range of coupling
coefficients and time constants to allow this method to be ef-
fective are.under study. This is the source of our interest in the
use of multiple circuits for discharge of a TF coil system as begun
this year and as discussed in Chapter 4.

Chapter 3 closes with a simple model which illustrates the ability of

an inductively coupled secondary circuit to be effective in restraining

magnetic to kinetic energy conversion in the event of a structural failure

in a primary circuit. In Chapter 4, the use of multiple circuits in a TF
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coil system was studied since it presents a means for limiting another

process, that is, the magnetic to thermal energy conversion in a super-

conducting winding in the event of a quench. Typically, results show that

only a small fraction of the total energy needs to be removed if only one

of k circuits is discharged because the bulk of the energy is retained by

the (k-1) circuits which maintain constant flux throughout the transient.

This procedure allows the first circuit to be discharged more rapidly for

a given initial voltage and final temperature limit, thus allowing for a

longer delay time before the dump is initiated or for operation at a higher

current density. The remaining coils could then be discharged on a longer

time scale. However, if the remaining circuits require rapid discharge

shortly after the first, then the necessary voltage per coil may or may not

be higher than that required for the first circuit depending on the dis-

charge sequence, number of coils and aspect ratio, The voltage to ground

can be considerably lower than if a single system circuit was used. The

general criteria governing the different reactions will be developed fur-

ther next year.

Chapter 5 describes the experimental activity under this program dur-

ing FY83. This involved a continuation of earlier activity regarding mea-

surements of arc extinction voltages between electrodes in 300 K and 4.2 K

(Section 5.1). Section 5.2 describes a small "football" experiment in-

volving internally cooled cable conductor. Because of delays in delivery

of the conductor the test was not carried out in FY83 as planned, but

will be performed in FY84 together with another small football test as

originally planned for FY84. Section 5.3 gives an update on the hybrid

magnet status at FBNML as a continuation of our interest in the short
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circuit in the superconducting section of that system. In summary, the

short persists, but has minimal impact on operations because of the well

cooled, highly stable design of this coil. Other types of design could

experience a much more serious impact.

The report closes with a summary of safety related activities parti-

ally supported by this program. In FY83 this included participation in a

Fusion Safety Workshop in Japan and involved a presentation regarding pro-

grams in magnet safety in the United States, participation in workshop

discussions on other fusion systems, and tours of the fusion facilities

at JAERI.
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2.0 HPDE MAGNET FAILURE

(Subject to review and update in FY84)

2.1 System Description and Summary - R.J. Thome and J.M. Tarrh

The High Performance Demonstration Experiment (HPDE) at the Arnold Engi-

neering Development Center (AEDC) employed a large (active bore approximately

1 m square x 7 m long) iron-bound copper magnet designed to operate in either

of two modes: (1) as a 3.7 T (continuous) water cooled magnet, or (2) as a 6 T

(long pulse) nitrogen precooled, cryogenic magnet. In either mode, coolant

would flow through conventional hollow copper conductor windings. A unique

force containment structure of 2219 aluminum alloy was selected oft the basis of

thermal considerations (77 to 350 K operating temperature range; coefficient of

thermal expansion permitting dimensional matching to the coil) and cost. In

December 1982 a catastrophic structural failure occurred at a field level of

4.1 T which led to massive brittle fractures and failure of most of the struc-

tural components, significant displacements of some of the iron frame compo-

nents, and substantial deformation of the winding with some conductor fracture.

Although the failure occurred at a fraction of the design field level, no per-

sonnel injury occurred because of the operating procedures in force at the time

of the incident which restricted personnel access and required operating per-

sonnel to be in a remote control area. At present, the structure is consider-

ed beyond repair. The windings are considered to be reparable without prohibi-

tive time and effort assuming a reduced performance requirement (single mode,

pulsed from room temperature).

Following the incident a detailed investigation was performed by AEDC per-

sonnel. 1 In parallel with this effort, MIT carried out a preliminary failure an-

alysis which is summarized in Section 2.2. Although there is general agreement,

B-9
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more than one failure scenario is possible from the standpoint of the early se-

quence of events. The evidence indicates a localized structural failure lead-

ing to sequential overloading and fracture of other structural components. The

primary cause appears to have been design flaws relative to structural details

and the load distribution in localized areas. A contributing factor was uti-

lization of structural materials having low ductility. The conversion of the

stored magnetic energy to kinetic energy of the fractured components was limit-

ed because of the large cross-section of the winding and the ability of the

windings to deform to a configuration which could accept the magnetic loads

while the coil discharged. This has led to the simplified modeling and anal-

yses for magnets in general which is described in Chapter 3.0.

The remainder of this section will describe the system characteristics be-

fore and after failure. Section 2.2 will describe the failure analyses and sum-

marize the fault scenarios. Further analyses of effects such as the deflection

limiting nature of the clamping between components of the iron flux return frame

will be carried out in FY84 together with a review of the preliminary failure

analysis. This chapter, will therefore, be updated in our FY84 report.

The HPDE magnet utilized a saddle coil pair typical of an MHD experiment

in which a magnetic field is required in a direction perpendicular to the

axis of a long channel. The shape of the coils is shown in Fig. 2.1 which also

indicates the direction and magnitude of the electromagnetic loads on the coils

at the design field level. The scale of the device is indicated by Fig. 2.2

which shows the coils before addition of the aluminum structure or side and top
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Coolant
Tubes

Longitudinal
Windings

E~nd Turns

Figure 2.2 HPDE Magnet Coils before addition of
structure or top and side components
of iron flux return frame.
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components of the iron flux return frame. The figure indicates the longi-

tudinal section of the windings which lie parallel to the MHD channel axis

and the end turns of the saddle coils which pass over and under the MHD

channel (not shown).

The structure was composed of aluminum plates which enclosed the wind-

ings as shown in Fig. 2.3 and were primarily held in place by a system of

keys and bolts. The "sidebar loads" in Fig. 2.1 were carried by the verti-

cal beam modules on each side of the magnet. These modules were held in

place by the transverse tension members. Near the ends of the coils, port-

ions of this load were carried by the collars which were composed of four

plates at each end, held together with keyed fingers.

The longitudinal forces in Fig. 2.1 were carried partly by the longi-

tudinal windings but predominantly by the longitudinal tension members (LTM).

These plates (having cross-sections of 1.0 x 0.13 m each) ran the length of the

windings and had fingers at their ends which passed through the face plates to

pick up a portion of the loads from the face plates. Figure 2.4 shows details

of the fastening approach which uses keyblocks between the LTM fingers on the

outside of the face plate. The fingers and keys between the collar components

are also evident in this view. Analyses indicate that one or the other of

these finger areas failed as the initiating event, followed by failure of the

other area and subsequent sequential overload and failure of the transverse ten-

sion members and their connections to the vertical side beam modules along the

entire length of the magnet. Table 2.1 summarizes the fractured structural com-

ponents based on a visual inspection.
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Key
Blocks

Fingers + Keys to
Top Collar

Side Col lar.-

Key Area of
Longitudinal Tension
Member (LTM)

Fingers + Keys to
Bottom Collor

-4'---

Figure 2.4 Partial Structure in
and fingers and keys
evident in this view

Coolant Face
Tubes PIat
the end turn region; LTM fingers
on the collar components are
(note: sideplate not in place).
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TABLE 2.1
HPDE MAGNET FCS

Damage Status Based on Visual Inspection

INLET

W 
E

OUTLET

COMPONENTS LOCATION CONDITION

Face Plates

Side Plates

N, S

SW, NW

SE, NE

No failures

Failed through slotted regions

No failure

Longitudinal Tension
Members

W

E

Collars SW, NW

SE

NE

Vertical Side Beams w

E

Transverse Tension
Members

Saddle Caps

Tongues

Vertical Edge
Stiffeners

W

E

N
S

S

N

N
S

Fingers failed at both ends.
Plate fractured and separated
at N collar region. Bend at S
collar region.

No failure evident at present

All fingers failed

Fingers failed at bottom

No failure

All connections to transverse
tension members failed at top
and bottom. Central regions
intact.

Failed along bottom at connect-
ions to the transverse tension
members at ends.

All failed, top and bottom, at
or near side beam connections.

All failed or cracked along bot-
tom except for one in center.
Failure in several top members
at each end.

No failure, top or bottom

Rotated about fore - aft axis but
no failure

Lips broken off

No failure
Failed
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The relationship and scale of the iron flux return frame (magnet steel

yoke) relative to other magnet components is shown in Fig. 2.5 and an overall

view of the fully assembled magnet is shown in Fig. 2.6. The outer case (also

called the thermal enclosure) in the end turn region was provided for thermal

isolation. Overall characteristics of the magnet system prior to failure are

summarized in Table 2.2.

TABLE 2.2
HPDE MAGNET CHARACTERISTICS

Copper conductor weight
Aluminum structure weight
Steel weight
Pole length
Entrance aperture
Exit aperture
Half-coil height
Coil width
Space factor
Turns (total)
Length of average turn
Conductor dimensions
Cooling passages
Overall length of coil
Cooling requirements

LN2 for initial cooldown
LN2 for recooling
Water (27 megawatts)

Peak axial fields
Cold mode at pulse peak
Warm mode

83,500 kg
54,100 kg

500,000 kg
7.1 m
0.89 m wide x 0.71 m high
1.40 m wide x 1.17 m high
0.50 m
0.53 m
0.8 m
720
22 m
.025 m x .025 m
.0068 m dia.
8.72 m

64,000 liters
<10,000 liters
12.8 m3/min

6.0 tesla
3.7 tesla

On December 9, 1983 the magnet was being charged in a routine manner prior

to an MHD channel test. It had been cooled to 105 K which was lower than any

previous run. The coil was energized for 39 seconds and the field strength had

reached 4.1 T (several earlier runs had attained or approached this level)

when the force containment structure failed.
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The sequence of events during the failure is shown in Fig. 2.7, as re-

constructed from the data systems and witnesses.1 The time scale of the

failure is shown to be very short in comparison to the electrical time con-

stant (inductance divided by resistance) of the magnet. Observers described

the failure as earthshaking and producing a loud boom which, although short,

had a perceptible duration (time) and contained two peaks. A discussion of

the sequence of events and the time scale of the failure based on analysis

is given in Section 2.2.4.

The figures described in the following were taken at various stages in

the disassembly process. Figure 2.8 shows the fracture at the base of the

LTM fingers. A closeup of the fracture at the base of a finger is shown in

Fig. 2.9. Note that the presence of the finger and the keyways in the finger

represent significant stress concentrations and a significant reduction of the

LTM load carrying ability relative to its full size cross-section which exist-

ed over most of its length. The failure in this region was accompanied (either

immediately before or immediately after) by failure of the fingers which key

the four components of the collar assembly together.

Failure of the collar in the end turn region led to a sequential overload

and failure of each transverse tension member and vertical side beam subassembly

along the length of the magnet. Figure 2.10 shows several fractured vertical

side beam modules after removal and placement side-by-side on the floor.

After failure of the transverse support structure, the longitudinal coil

windings moved outward under the action of the sidebar forces. Figure 2.11

schematically illustrates the manner in which the outward deformation was
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Figure 2.8 Fractures at base of LTM fingers.
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(o ermal

(nFoam) Insulation

Pole Piece .

Side Piece BEOR

Collor

Thermal Face Plo t

Thermal Insulation
Crushed Here

Pole
Piece

Side Iron
Pushed Out Co

Sent--
Outward in y axis AFTER

Inside Corner of Coil Restrained in
x Direction by Pole Piece

Figure 2.11 Schematic illustrating manner in which coil
displacement was restrained by pole piece.
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ultimately restrained. This occurred because the coil cross-section was large

enough to carry the load as an outwardly loaded arch anchored at its ends by

the end turns pulling in towards the pole piece. In a winding designed with

a high enough current density (i.e., small cross-section), the windings would

not necessarily be capable of this restraint and could have fractured. This

effect is studied with a simplified model in Chapter 3.0 to illustrate the abi-

lity of a winding to absorb the load and restrain the conversion of magnetic

to kinetic energy.

Figures 2.12 is a view looking down the side of the magnet from the top

before removal of side components of the iron flux return frame. The view in-

dicates the displacement of the iron from between the top and bottom magnet steel

yokes by the outward movement of the windings. The displacement and arch formed

by the windings as well as the anchoring of the windings at the ends is shown in

Fig. 2.13.

Despite the relatively large winding deformation, very few turns were

actually severed. Damage to the winding was most severe in the ends of the top

and bottom two layers which were adjacent to the steel yokes and subjected to

substantial loading as a reaction to the arch formed by the windings when they

moved outward. A view in this region is given in Fig. 2.14.

Figure 2.15 shows the winding deformation at the "far" end of the magnet

from the point where the failure initiated. Note the broken LTM fingers lodged

in the faceplate and the winding deformation relative to the flatness of the

faceplate.
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....Verti
Side

.--Transverse
Displacernent
After Failure

Figure 2.12 View looking down the side
magnet from the top.
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End Turn
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Following Failure
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4

Figure 2.13 View showing outward movement
and arch formed by winding.
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End Turn Region

Typical
Insulat

Longitudinal
Winding

Faceplate

Corner
ion Block

Figure 2.15 End turns with iron side structure removed.
Note LTM fingers entrapped in faceplate.
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The HPDE magnet failure was catastrophic in the sense that most struc-

tural components were fractured and the winding suffered extensive plastic

deformation. However, operating procedures prevented possible injury to per-

sonnel and the rugged nature of the winding limited deformations to large

but safe values, and restrained conversion of magnetic to kinetic energy of

failed components. This suggests that it may de desirable to limit oper-

ating current densities in magnet design to levels whereby the winding could

act in this structurally fail-safe manner even if it sustained substantial

deformation in the event of a failure in its primary structure.

2.2 Preliminary Structural Failure Analysis (May 1983) - H. Becker, A. Hatch,
P. Marston and J. Tarrh

Strength-of-materials calculations have been performed on the HPDE magnet

at AEDC to assist in determining the nature and cause of the failure that

occurred in the force containment structure (FCS) on December 9, 1982. From a

structural standpoint, the broad basis for the failure appears to have been

design flaws, particularly of structural details. Initiation of the failure

was the result of severe overloading of the fingers in the ends of the

"longitudinal tension members" where they penetrate the "face plate" and also.

of the fingers in the collar" (See Fig. 2.16). These very high local stresses

were not detected in either of the previous stress analyses performed. The

use of materials having low ductility may have contributed to the extent of the

failure.

The results of the calculations are summarized and the most probable fail-

ure scenario is identified based on the calculations. The conclusions must be

considered tenetative since they are founded on structural mechanics only,
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although at present the locations and shapes of the visible fracture sur-

faces appear to substantiate the conclusions.

2.2.1 Failure Sources

The structural failure of the magnet, which occurred at only 2/3

of design field (less than half load), may be attributed to inadequate struc-

tures engineering. Four related aspects are discussed in this section: the

design concept, the stress analysis, inspection, and the materials selection.

Design Concept

One of the design criteria for the force containment structure was ease

of assembly and disassembly. One of the results of this criterion was the

use of the vertical notches that cut through the fingers at the ends of the

longitudinal tension members (LTMs). The consequent reduced section is among

the prime candidates for the failure initiation site; however, a thorough an-

alysis of the stresses in these areas had not been done previously.

The basic concept for the force containment structure requires the use

of four load paths to transmit the major portion of the axial Lorentz load

from the end structural plate/collar system into the LTMs, which react the

axial forces. None of these load paths was considered stiff enough (by an-

alysis) to transmit more than 40 percent of the axial force. Furthermore,

the stiffest axial path would not begin to act until the remainder of the sys-

tem were to deform to half the design value. Since the magnet never was

loaded beyond that value, it is possible that the stiffest load path was in-

active at the time of failure. However, this axial load condition appears to

have had little influence on the mode of failure initiation.
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Lorentz loads in all directions are transmitted through fingers, keys

and key blocks. Tolerances among these structural elements and deformations

during loading could alter the design load paths. As a result, local struc-

tural behavior could have become the, most important factor in controlling

the magnet's structural integrity.

Stress Analysis

Prior to this analysis, no calculations appear to have been made of the

stresses induced by the transverse Lorentz forces on the LTMs and the sur-

rounding structure at the magnet ends. That is, the longitudinal force sup-

ports were thoroughly analyzed, but no consideration was given to the effects

of the transverse deflections of the structure (due to the transverse Lorentz

loads) on the stresses in the longitudinal force supports. As will be shown,

the axial stresses in the LTM fingers due to longitudinal forces alone are

trivial compared with the actual stresses when the transverse deflections are

taken into account. Conclusions about fatigue life were drawn from a fatigue

curve constructed using an artificial procedure instead of test data. No

fracture mechanics studies were performed.

Inspection

There is no record of inspection of critrical areas identified in the pre-

vious stress analyses, although ice formation was observed in areas where a

crack might have been initiated. While the magnet was extensively instru-

mented, the strain gauges were located in such a way that critical stresses

were not detected.
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Material Selection

Aluminum alloys, which have low fracture toughness, were used for the

force containment structure. They tend to propagate a fatigue crack rapidly

when the crack length is of the order of 1/10 inch (a nominal minimum ob-

servable size) if the peak theoretical elastic stress exceeds 100,000 psi,

as predicted would occur. In addition, the high strength 2000 series aluminum

alloys commonly are corrosion sensitive.

All of these areas were working together against successful operation of

the magnet. However, had adequate stress analysis of the structural details been

performed, the inadequacy of the structure would have been apparent.

2.2.2 Stress Analysis

SumMary

An analysis was conducted by MIT primarily to identify regions of high

stress, the conditions that induced that stress, and the possible impact upon

a failure scenario. Hand calculations were used since high precision was un-

necessary. A number of dimensions were scaled from drawings. The results of

the analysis appear to indicate the probable structural failure site and fail-

ure mode.

The dynamic behavior following failure initiation also was considered.

In addition, a structural energy budget was prepared. A simplified fracture

mechanics analysis was performed to supplement a fatigue life calculation.

The calculations were performed for nominal 4 tesla forces. Loads were

actually assumed to be approximately 45 percent of the calculated forces shown

in Fig. 2.1 (from Reference 2). The same fraction was used for the pressure
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distributions given in Reference 3.

The structural behavior was assumed to be symmetric from side to side

and from top to bottom.

The highest stresses were found at the outlet end of the magnet in the

fingers of the LTMs and in the fingers at the corners of the collar (Figs.

2.17 and 2.18). The numerical magnitudes of the calculated stresses in these

locations were of the order of twice the measured ultimate strengths of the

aluminum alloys used in the FCS. Stresses at selected other locations were

found to be in the range between yield and ultimate.

The presence of stress concentrations, ice pressure (if present), and

temperature gradients would amplify these stresses. However, these effects

were not included in the stresses calculated by MIT and reported herein.

The axial load paths were assumed to follow those shown in Reference 2.

As mentioned above, however, calculations indicate that small tolerances at

the various keys in the system could alter the Lorentz load distribution and

possibly, in an extreme case, eliminate one or more thereby overloading the

others. Furthermore, the use of a gap in the spacer bar (between LTM and TTM)

indicated that below 4 T the potentially stiffest load path for longitudinal

forces was out of action.

Results of Calculations

The peak stresses were found to occur in the downstream fingers of the LTMs

(Fig. 2.17) and in the corner fingers of the collars (Fig. 2.18).
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COLLAR

SIDE PLATE SA -% BEAMS

L F ELONGITUDINAL
LTM FINGERS TENSION MEMBER

FACE PLATE - '

B 0 NO DEFLECTIONS

B +- 4 T NO COLLAR FAILURE

B + 4 T AT COLLAR FAILURE4 A t

Figure 2.17 Exaggerated depiction of LTM-related deflections
at the magnet midplane
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Horizontal Collar

collar Corner before
Loading

Figure 2.18 Collar corner behavior
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The major stresses in the LTM fingers were due to sidewise bending of all

the fingers about a vertical axis and vertical bending about a horizontal axis

in the top and bottom fingers only. As mentioned herein above, the axial tension

was small. Figure 2.19 depicts the stresses due to each component. Combined

values appear in Fig. 2.20.

In addition to the high normal stresses (nominally twice the 86 ksi ulti-

mate tensile strength of 2219 aluminum alloy at 77 K) a twisting shear stress

of the order of the ultimate strength can act on the plane of the nominal frac-

ture surface. It would arise from resistance to the anticlastic (saddle shape)

curvature induced by the horizontal bending of the LTM (Fig. 2.21). (It

should be noted that anticlastic curvature was observed at the LTM downstream

end where the fingers broke.)

The neutral axis orientation in each finger is shown in Fig. 2.20. Each

is rotated slightly from the vertical. The sense of rotation is different from

that measured at AEDC (Fig. 2.22). However, the discrepancy is slight and may

be due to the torsional shear and to details of the key/block/faceplate fitup

at each finger.

The sidewise deflection shape of the LTI is shown in Fig. 2.17. The cause

of the large horizontal bending stress is depicted. It arises from LTM bend-

ing (induced by the transverse Lorentz forces) between the faceplate and collar,

together with bending from the outward deflection of the collar. The sideplate

was found to be too flexible to support more than 20 percent of the Lorentz

pressure on the LTM. Furthermore, the collar was found to react some of the

transverse Lorentz pressure that would be expected to act on the VSBM/TTM
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subsystem. The local load distribution was found from assuming the VSBM/TTM

combination to act as an elastic foundation for the LTM, taking the finite rigi-

dity of the collar into account.

The calculations indicate that the large transverse force on each ver-

tical collar causes the corner fingers to stretch far enough to prevent con-

tact of the vertical faces of the horizontal and vertical collars (Fig. 2.18).

Therefore, the local rotations could be resisted only by the fingers in ver-

tical bending. The axial forces on the collars induced bending about a ver-

tical axis thereby inducing a stress field similar to that in the LTM fingers

(Figs. 2.19 and 2.20) and at a comparable level of combined stress.

The calculated numerical values of stress in the fingers of the LTMs and

the collars differ somewhat but are of the same order of magnitude (twice

the ultimate tensile strength of 2219). Precise comparisons would be of

little value at present considering the indeterminate factors mentioned above.

Most important, however, is the fact that the calculated stresses do not in-

clude concentration factors.

Fatigue Life Estimate

An estimate was made of the fatigue life to be expected for the HPDE FCS

at a peak field of 4 T with most pulses at much lower values. For this purpose,

the alternating stress was chosen arbitrarily at 86 ksi since most of the

fatigue damage would occur at the higher stresses, and concentrations would

tend to increase the stresses (or resultant strains) mentioned above. The

curves of Fig. 2.23 were used for the prediction. They indicate 36 cycles using

Reference 3 data and 10 times that for the assumed AEDC curve.
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These results raise the question of possible cracking at the LTM and

collar fingers at early stages in the life of the system. However, the small

critical crack size (of the order of 1/32 inch at 83 ksi from a linear elastic

fracture mechanics calculation) also indicates the potential difficulty of

observing cracks during a casual inspection. A dye penetrant procedure, for

example, would have been required.

2.2.4 Failure Scenarios

Sites and Modes

The calculated high stresses in the fingers of the LTMs and collars in-

dicate that either could have been the site of initial failure (Figs. 2.17

and 2.18). Furthermore, if either set of fingers was to break suddenly,

failure of the other set would be expected to follow within fractions of a

millisecond.

After the LTM fingers broke, the axial stress wave resulting from the un-

loading traveled upstream. The mass of the LTM behind the front was moving

upstream at 10 to 15 miles per hour. The wavefront reached the aluminum mass

at the inlet in 2 milliseconds and the LTM applied an impact load to the com-

ponents. During that time, and subsequent to it, the Lorentz side forces used

the coil and LTM as a crowbar to provide enough additional overload to break

the collar. The LTM then "unzippered" the VSBM/TTM subsystem.

In spite of the 0.13 m thickness, the sideplate is flexible and weak be-

cause of the vertical grooves cut into it. As a result, it might not affect

the unloading process that would follow fracture of the LTM fingers. The

sideplate also has a plane of weakness through the vertical groove at the
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faceplate notch. The sudden upstream movement of the LTM would tend to break

the plate along that groove. Also, the lateral pressure on the broken LTM

would tend to throw it and the sideplate sideward. That could disengage the

three vertical keys between the LTM and sideplate.

If the collar failed first then the sideplate would have been thrown

free as the LTM fingers failed. The time differences involved are of the

order of microseconds.

When the sideward VSBM/TTM stripping action reached the inlet region, the

laternal force would tend to break the upstream collar. The LTM finger failure

would occur shortly thereafter because of the sideways loading that would build

up a large bending moment on the LTM with a peak at the observed fracture site.

Furthermore, the compression load from the inlet end wave reflection would tend

to maintain contact on the LTM at the upstream faceplate. As the LTM deflected

sideward, the downstream compressive force would act on that deflection to in-

crease the bending moment. The combination probably led to the observed up-

stream failure of the LTM.

The impact of the LTM on the faceplate could also account for the fractur-

ing of the lips on the upper and lower tongues.

Lateral Lorentz forces on the bowed coil would be resisted by sideward com-

ponents from tension forces in the conductors at the inlet and outlet saddles.

The axial component would be resisted by the steel. The observed final position

of the coil can be accounted for by that mechanism as the means of stopping the

dynamic action. The copper stress would be 27,000 psi and the strain would be

0.015. The combination would be reasonably close to a representative
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stress-strain curve for annealed copper at 100 K.

Using that type of stopping action, calculations were made that indicate

the entire failure event occurred within 50 to 100 milliseconds.

Energy Budget

The stored magnetic energy at 4 T is approximately 160 MJ. The total

fracture energy is estimated at 0.7 MJ. Plastic deformation of the copper coil

could account for 7 J. Sliding friction of the steel masses could dissipate

another 0.5 MJ. That total is approximately 8 MJ or 5 percent of the stored

magnetic energy. On the other hand, the entire stored energy could be accounted

for by an 8 K temperature rise in the copper coil (starting at 100 K) subsequent

to the structural failure.

Future Work

The analysis leading to the above conclusions will be reviewed, refined and

documented. These results will be presented as part of a workshop on the struc-

tural design basis for large superconducting magnets.

It is also interesting to consider the extent of the structural damage to

a comparable superconducting magnet wherein the coils remained superconducting

during the event and the total stored energy was available for mechanical de-

formation. This consideration will be incorporated into on-going safety and

protection studies and will also be discussed at the aforementioned workshop.
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3.0 MAGNETIC TO KINETIC ENERGY CONVERSION FOLLOWING
STRUCTURAL FAILURE

R.J. Thome and W.G. Langton

3.1 Summary

In this section, an idealized magnet structural failure problem will

be analyzed to develop insight into the governing parameters, the sequence

of events, and the time scale over which the events occur. The analysis

is then applied to examples which show the dramatic difference in char-

acter if the coil is driven beyond its ultimate strength after the struc-

ture fails versus the case where the coil cati absorb the total load with-

out rupture even though some yielding is necessary.

The model and examples are based on an infinitely long solenoid con-

figuration. This simple shape allows the important parameters to become

apparent. The preliminary conclusions are:

(a) A protective circuit reaction involving dissipation in resis-
tive elements following a major structural failure is unlikely to
be effective on a fast enough time scale to limit the magnetic to
kinetic energy conversion process in magnets using high current
density windings.

(b) Windings with low enough current densities can absorb the
total load following structural failure, thus limiting the kine-
tic energy conversion process, although this might involve sub-
stantial yielding and deformation of the winding. This is not
usually a design requirement, but might form the basis for one
criteria for large magnet design.

(c) - Protective circuits involving inductive energy transfer can
respond fast enough to limit the kinetic energy conversion pro-
cess in high or low current density configurations. The range of
coupling coefficients and time constants to allow this method to
be effective are under study. This is the source, of our interest
in the use of multiple circuits for discharge of a TF coil system
as begun this year and as discussed in Section 4.
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The preliminary conclusions will be evaluated further as part of next years

Large Magnet Safety and Protection Effort. Consideration will be given to

model alteration to include non-solenoidal effects.

3.2 Model Description - Resistive Protection

Figure 3.1 shows a long thin solenoid consisting of a coil and an ex-

ternal structure. The coil produces a magnetic field B within the bore

and has a radial build tc and length -to The magnetic field produces an

outward radial pressure, B2/(2 %e) which is reacted by hoop tension Fc in

the coil and F. in the structure. The structure is assumed to be com-

posed of a series of alternating strong and weak links where the latter

are the conceptual equivalent of fasteners, welds or other stress con-

centrators in the structural material. In the model, the strong members

have a radial build ts and the weak members have a radial build, tw' A

force balance on the element shown requires:

B2
F8 + Fc ( )r o (3.1)

2 uo

The stresses in the coil and structural components are related to the

loads by:
F5  aS t tXo aw tj to (3.2)

Fc oac tc Xo(3.3)

where
aj = hoop stress, s,w,c

The coil and structure expand the same amount when the load is applied

so geometric compatibility requires
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C= f + (1-f) es(3.4)

where:

ej = strain, j s,w,c

f fraction of circumference occupied by
weak links

The stress and strain in the materials are determined by the con-

stituent relations. In this case, we will assume the ideal elastic

stress-strain curves shown in Fig. 3.2a. The yield strengths for the

structure and coil materials are awy and acy, respectively, and the

ultimate strain capability of the coil corresponding to rupture is *eu

Figure 3.2b illustrates a typical design point without weak links

where the coil and structure have the same strain and operate at some

fraction of their respective yield strengths. Figure 3.2c, on the

other hand, shows a possible condition for the first charge to the op-

erating level when links are present which are weak enough (i.e., - tw is

small enough in the model) so that the links are loaded beyond yield and

stretch plastically. The strain at each of the three points may be shown

to be

awy tw

Es ts (3.5)

R2
E (- r awy tw/(Ectc) (3.6)

B-o
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Fig. 3.2a Ideal elastic-plastic stress strain
curves for the coil and structure
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Fig.3.2b Typical design without "weak" links
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w
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Fig. 3.2c Possible design with "weak" links
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w = f( - (1-f) sl(37)

where

E = modulus of elasticity, j s,c

If the coil is discharged, the coil and strong components of the

structure recover along the same curves, but, because of the yielding

at w, the weak structure recovers along a different path. This is il-

lustrated in Fig. 3.3 . The final state is represented by points c', s',

and w' in the figure which assumes that the coil cannot pull away from

the structure. The coil is left with a residual tension and the struc-

ture with a residual compression such that:

Es
act (3.8)

(1-f) tc ftc
[+&+

EE t- Ewtw

tc
asat - (3.9)

ts

ts

awl as1 (3.10)
tw
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Fig. 3.3 On the first charge, the materials start at
the origin and are loaded to c, s and w. On
discharge s and q recover along the same curves,
but because of the yielding at w, it recovers
along a new curve.
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If the coil is then repeatedly charged to the original point and dis-

charged, the material will cycle between the primed and unprimed states

in Fig. 3.3. Assume that, after a number of cycles, the weak links fail

at t 0 with the materials in the charged state, c, s and w, at t = 0-.

At t 0 the entire electromagnetic load transfers to the coil and sub-

sequent events depend strongly on whether the load is of sufficient magni-

tude and maintained for a long enough time interval to strain the coil

material into the plastic range and up to its ultimate strain, eu, at

which point the coil material also ruptures.

For simplicity, the weak links will be assumed to break simultane-

ously and uniformly around the periphery. Figure 3.4 then illustrates

the force balance in which the electromagnetic load is accelerating the

mass outward, but is restrained by the hoop tension in the coil. The

force balance may be written as follows:

B2  d d2r
- r Lo d - 2Fcr sin (- ) - - -- r Xo d6 (3.11)

2 Po 2 (2-rr P) dt

where:
M = total mass of coil and structure

As the coil expands radially, its cross section necks down such that

ri
tcr tc (-) (3.12)

r

where:
tc initial coil thickness when at radius, rj

ter = coil thickness when expanded to a radius r

The restraining force, Fcr, provided by the coil depends on whether

the coil material is in the elastic range, plastic range or beyond its
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Fig. 3.4 Element of Coil and Structure Being Accelerated
Radially by the Electromagnetic Force, F and
Restrained by the Hoop Tension, F cr in tf'e coil.
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ultimate strain. Following the nomenclature in Fig. 3.3, this becomes

Fcr =I Ec (r/ri-i) tc to , if (r/ri-l) ( <cy/Ec

acy tc to

0

(3.13)

, if (r/ri-1) > acy/Ec

, if (r/ri-1) > eu

The electromagnetic force is determined by B which is dependent on

the current in the coil and the circuit characteristics. Assume the cir-

cuit to be the coil with an initial inductance, Lo, in series with a re-

sistor R(t) which can be later specified to characterize a superconduct-

ing coil with a discharge resistor or a conventional resistive coil. For

an infinitely long coil, the inductance is proportional to the bore area,

hence, as the coil expands its inductance changes such that

r2
L -Lo r2(3 1.14)

ri

where:
LO= coil inductance when its

radius is ri

The circuit equation is given by

d
--- (LI) + IR(t) = 0 (3.15)

Equations (3.11) to (3.15) may now be combined and normalized to pro-

duce the following governing equations.
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dIn dn
--- + 21 n -1+ InRn 0 (3.16)
dT dT

2 d2
n In2 - Foy2

dT (3.17)

where:
n = r/ri

in 1/10l

I10 initial current

T t/ To

T -0Mri (3.18)

2 n rj to B0
2/(2 po)

Lo= initial inductance

Re = characteristic resistance Lo/ To

Rn =R(t)/R 0

R(t) coil resistance as f(t)

EC
Y =(n -1) if ( n -1)< ICY/Ec (3.19)

cy c

if ( n -1)> cy/Ec

0 if ( n -1)> eu

Ocy tc to
F0  = (3.20)

B2 )ri
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The independent variable in (3.16) and (3.17) is r , the normalized

time, the dependent variables are n , the normalized radius and In, the nor-

malized current; Rn is a normalized resistance which can be a specified func-

tion to allow different discharge characteristics to be studied; y is a

function of n which determines if the restraining force supplied by the

coil is in the elastic or plastic range or if the coil has been strained

to rupture. F0 is a parameter determined by the characteristics of the

coil structural system. It is a measure of the maxiumm load carrying cap-'

abilities of the coil relative to the initial magnetic load. The char-

acteristic time, To, is a measure of the time required to accelerate the

entire mass of the system a distance ri under the action of the total mag-

netic force initially available.

The resistance function Rn is normalized to R0 = Lo/ To. If, for

example, the coil were superconducting without a dump resistor and with

its terminals essentially short circuited through its power supply then

Rn = 0; if the coil were superconducting with a dump resistor, Ri in the

circuit or if it were a conventional coil with a constant resistance then

Rn-= Ri TO/Lo; if the coil were an expanding conventional solenoid with

an initial resistance Ri and its cross-section necking down uniformly ac-

cording to (3.12) then Rn = (Ri T/Lo)(r/ri)2 . Since L/Ri would be the

usual discharge time constant for these cases, we can define Td = Lo/Ri

and rewrite these different cases as follows:
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0

To/ Td

( To/ Td) g2

if circuit resistance is zero throughout
transient (eg - superconducting)

, if circuit has constant resistance Ri
throughout transient

, if coil has initial resistance Ri and
"necks down" during transient accord-
ing to (3.12)

Note that To is determined by the mass and initial magnetic condition of the

system and that the system circuit resistance cannot have much effect on the

transient if to<< Td. This is illustrated in Section 3.3 together with

the effect of the parameter F0 which determines whether the system strains

beyond the ultimate strain and fractures or whether it is contained.

If to<< Td, then the resistance is ineffective and the coil current

changes during the coil expansion so as to maintain constant flux linkage.

Hence, for the solenoid in Fig. 3.1, the final field in the coil just before

fracture is given by:

Bf = B/(1 + eu)

(3.21)

(3.22)

and the stored magnetic energy per unit length just before fracture which is

available for conversion to kinetic energy is:

Ef/ to = (Bf2/2 o) w r,2 (1 + eu)2, (3.23)
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For the general case, the governing equations are non-linear but can be

solved numerically by writing them in finite difference form and integrating

forward in time. The approach assumes that the net force is constant during

any interval AT and may be summarized as follows:

da dn
--- + At [Im 2 lm-FoYmi (3.24)

dTm

d ( At )2
nm+1 TIM + AT ---- --------- m2 nm - Fo YM] (3.25)

dTm 2

-2 d1
Im+ IM I At -- - + R 1  

2 J (3.26)
L 1 m+l dT*+l m+l

The initial conditions required to start the iteration are I 1,
dn

n = (I + ec) and - 0 at T = 0.
dT

Equations (3.24) to (3.26) are in finite difference form and utilize

simple forms for Rn (see 3.21) and y (see 3.19). Since the procedure is

numerical, more complex forms could be used if desired. For example, Y

could be based on more realistic stress-strain relationships than the "ramps"

shown in Fig. 3.3. The simplified model, however, is easier to visualize

and illustrates the underlying physical interactions.

3.3 Model Description - Inductive Protection

The previous section considered the possibility of restraining the mag-

netic to kinetic energy conversion process by dissipating the magnetic energy

In a resistor in the main coil circuit. This requires that the usual
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discharge time constant, Td be of the same order as To, the characteristic

time for the magnetic force to accelerate the system mass. In many (perhaps

most) cases this will be impractical because of the rapid response time and/

or high voltages required to effect the discharge. In this section, there-

fore, we consider the possibility of restraining the energy conversion process

by transferring some of the magnetic energy to another circuit which is in-

ductively coupled to the first.

The presence of the secondary circuit alters (3.15) as follows:

d d
ga l,(LI) + IR(t) + -- (M12) = 0 (3.27)

dt dt

where
M = mutual inductance between the original winding and

the second circuit or electrically conducting body

12 = current in second circuit

A second electrical equation is required because of the second circuit.

d12  d
L2 - + ---- (MI) + 12R2 = 0 (3.28)

dt dt

where
L2 = self inductance of second circuit

R2 = resistance of the second circuit

Equation (3.28) may be written in normalized form.

d12n d M TO
+ (--In) + 1 2n (--) 0 (3.29)

dT dT L 2  T2

where
12n 12/1o

T = L2 /R 2
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If we now assume ( To/ T2 ) << 1, that is, that the time constant of the

secondary is long compared to the characteristic time To then (3.29) implies;

d12n d M
-- (- In) (3.30)

dT dT L2

In general, the force balance given by (3.11) would require a term add-

ed to the left side of the form

B2 rdloZ (3.31)

where

B2  field at solenoid segment in Fig. 3.1 due to
current in second circuit

However, for the special case shown in Fig. 3.5, the second circuit is a passive

infinitely long conducting shell inside the bore of the infinite solenoid. In

this configuration, any current in the shell produces no field outside the shell

and, specifically, B2 =0 at the winding so (3.31) is zero and the governing me-

chanical equation is (3.17) as it was in the previous section.

Furthermore, the mutual inductance between the shell and the winding may

be shown to be a constant for this configuration even if the winding is ex-

panding in time. Equation (3.29) and (3.30) may then be combined to yield

the following electrical equation for this case.

dIn dn
(1 - k2 - 2 ) n 2  - + 2 I n1 + InRn 0 (3.31)

dT dT

where M
k2 .= -- = coupling coefficient

L2LO
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conducting shell or secondary

winding

N

structure

Fig. 3.5 Simple model of a conducting shell (or
secondary) capable of trapping
magnetic flux when the structure fails
and winding expands radially.
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Equation (3.31) is the same as (3.16) except for the multiplier -on the lead-

ing term which causes a more rapid rate of change of In than if k 2 = 0 as it

is in the previous section. Equation (3.30) then implies that this causes

the current in the secondary to change at the same rate, hence, energy is

transfered into the secondary.

The examples in Section 3.4 will show that the inductive energy trans-

fer can be effective in restraining the conversion of the field energy to

kinetic energy provided the coupling coefficient is sufficiently high. The

model is simple but illustrates the basic concepts. Next year, consideration

will be 'given to extending the analysis by relaxing some of the simplifying

assumptions.

3.4 Solenoid Examples

3.4.1 Resistive Protection

As a hypothetical example, assume a long solenoid as in Figure

3.1 with a field B - 10 T and bore radius of 1 m. The winding build, tc,

and other characteristics are dependent on the overall current density, hence,

consider two cases as outlined in Table 3.1.

Case 1 is for a relatively high current density and Case 2 is for a

moderate to high level. They lead to substantially different values for tc. The

structural build, ts, is based on a stress as = 4 x 104 psi. The total mass

is that of the structure based on a steel density of 7.8 x 103 kg/m 3 and the

winding based on 8.9 x 103 kg/m 3 with a packing factor of 0.7 applied to the

latter. If a operating current level of 2 x 104 A is chosen then the in-

ductance and stored energy per unit length can be shown to be 0.625 H/m and

125 MJ/m, respectively. The ratio of winding modulus to yield strength was
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TABLE 3.1
SOLENOID CHARACTERISTICS

CASE

Magnetic Field, [T]

Bore Radius, [m]

Winding Current Density, [10 7A/m2J

Winding Radial Build, t

Structural Build, ts [m]

Total Mass Per Unit Length, M/ko,
[kg/mi

Operating Current, [kAl

Inductance Per Unit Length, Lo/Xo,
[H/mi

Stored Energy Per Unit Length,
E/k, [J/m]

Winding Modulus/Yield Stress,
Ec/Ocy

Winding Strain, cc

Characteristics Time, -o [sI]

Load Characteristic, F0

Winding Ultimate Strain,cu

1

10

1.0

3.3

0.241

0.168

2.51 x 104

20

2

10

1.0

1.86

0.482

0.182

3.39 x 104

20

0.625

1.25 x 108

900

5 x 10-4

9.28 x 10-3

0.562

0.2

0.625

1.25 x 108

900

5 x 10-4

1.17 x 10-2

1.0

0.2
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assumed to be 900 and the ultimate winding strain at fracture was assumed to

be 20%. In both cases the initial strain in the winding at operating current

level was taken as 5 x 10-4. The characteristic time may now be found using

(3.18) and, as indicated in the table, is about 10 msec for each case. This

is representative of the time required for the stored magnetic energy to ac-

celerate the system mass and is quite rapid. The yield stress for the winding

was assumed to be cy 0.7 (2 x 104) 1.4 x 10 psi. This value, together

with some of the characrteristics found earlier, allow F0 to be found. Equa-

tion (3.20) indicates that F0 , the load characteristic, is a measure of the

load carrying ability of the winding alone, at yield, relative to the magnetic

load. Since it is substantially less than one for Case 1 and unity for Case 2,

we expect the two cases to respond quite differently in the event of a struc-

tural failure.

Figures 3.6, 3.7 and 3.8 show the response for Case 1 following a

structural failure at t = 0. The abscissa in each figure is time normalized

to to which is P 10 ms as indicated in Table 3.1. Figure 3.6 shows the cur-

rent in the coil normalized to the initial current and the transient which re-

sults for four different values of (To/td), the ratio of the characteristic

time to the usual discharge time constant, td - Lo/Ri. The case of (To/Td)

0 corresponds to a zero resistance situation and increasing (To/Td) implies

circuitry with successively larger coil resistances. Note that the transient

is well underway in only two times the characteristic time, To. The normalized

radial displacement is shown in Fig. 3.7 over the same time period and illu-

strates substantially different reactions depending on the value of (To/Td)-

Higher values of (To/Td) generate a condition where sufficient energy is

dissipated rapidly enough in the resistance to limit the deformation. However,

low values result in a deformation which is not limited. The critical condition
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occurs when the ultimate winding strain, eu is exceeded. In these examples,

eu = 0.2, therefore, if conditions are such that n P 1 + eu w 1.2 we would

expect the winding to rupture and no restraint on conversion of the remaining

magnetic energy to kinetic. This is shown in Fig. 3.8 which is a plot of the

instantaneous kinetic energy per unit length normalized to the magnetic energy

per unit length initially stored at t = 0-. For high enough (To/Td) the

kinetic energy starts at zero, rises to a maximum and decreases to zero. How-

ever, if the energy is not dissipated fast enough, that is, if (To/Td) is low

enough, then the coil ruptures and the unrestrained magnetic to kinetic energy

conversion occurs. Note that the sudden change in slope in Fig. 3.8 occurs at

the time when the radial displacement in Fig. 3.7 passes through n M 1.2 where

the ultimate winding strain is exceeded.

Case 1 illustrates that the unrestrained conversion of magnetic to

kinetic energy can be averted even if F0 < 1 provided the usual discharge time con-

stant is of the same order as To,. In many cases, however, this would require

unrealistically high voltages and unrealisticially fast circuit response times

since To is likely to be small. As a result we will conclude preliminarily

that a response involving resistive dissipation alone is not feasible. Next

year this shall be investigated further to relate TO, Td and the required

voltage to system characteristics.

It was noted earlier that a different response would be expected

for Case 2 because F0 - 1. This is illustrated in Figs. 3.9, 3.10 and 3.11

which have axis labels corresponding to those discussed for Case 1. Figure

3.9 shows the normalized current transients for the same values of (To/Td) as

used in the previous case. Note from Table 3.1 that To 10 msec for Case 2 also.
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The normalized radial displacement is shown in Fig. 3.10 and is limited for all

(ro/Td) because F0 is large enough for the winding to have sufficient strength

to accept the load after the structure fails at t = 0. However, even though

the winding strain does not reach the rupture condition (i.e. n 1 + Su w 1.2),

some yielding must occur at the levels indicated. Since Ec/ocy 900,, yielding

would be expected at about n=I 1 + (900)-I 1.001, hence all of the cases shown

cause the winding to yield plastically. Figure 3.11 gives the normalized kinetic

energy which returns to zero for all cases, including (To/Td) 0. The

-break in the kinetic energy curves occurs at the yield point where the function-

al form of the restraining force by the winding changes form (see (3.19)).

Case 2 shows that a coil with a high enough F0 can restrain the mag-

netic to kinetic energy conversion process even if the resistive dissipation is

zero (i.e. (To/Td) - 0) although yielding and winding deformation may take

place. It may be possible to translate this into a safety oriented design cri-

teria for coils of a more complex geomerty than the ideal solenoid, hence, this

will be investigated next year.

Case 1 will now be reconsidered with successively larger values of

F0 and with (To/td) = 0 to show the change in results as the load character-

istic, F0 , is varied. Figures 3.12 and 3.13 show the normalized current and

radial displacement vs time, respectively. Figure 3.13 indicates that the dis-

placement corresponding to ultimate winding strain (i.e., n i 1.2) is exceeded

for F0 < 0.82. This is confirmed in Fig. 3.14 which shows that the conversion

to kinetic energy is unrestrained for F0 < 0.82. The case of F0 = 0.8 is parti-

cularly interesting since it represents a case where sufficient energy can be

absorbed by the coil deformation to cause the kinetic energy to pass through a
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local maximum and start to decrease, however, the ultimate strain is eventual-

ly achieved at the sudden change in slope on this curve and the winding ruptures.

3.4.2 Inductive Protection

This section will illustrate the ability of a secondary cir-

cuit to prevent unrestrained expansion even if F0 4 1 provided the coupling

coefficient between the primary and secondary circuits is sufficiently high.

The winding and structural characteristics in this example correspond to FO =

0.7 and R = 0 for the primary circuit which leads to unrestrained conversion of

magnetic to kinetic energy as shown in Fig. 3.14, which corresponds to a coupl-

ing coefficient of zero.

For the simple case shown in Fig. 3.5, the coupling coefficient

may be shown to be M2

k2 =.---.(3.32)
LOL2

r2  2

k2 MS(-- ) (3.33)
ri

Equation (3.33) has a particularly simple form for this geometry and is limit-

ed to the range 0 4 k2 < 1.0.

The results for this case are plotted in Figs. 3.15 to 3.17 for

selected values of coupling coefficient, k2 . Figure 3.15 shows that the pre-

sence of the secondary (k 2 * 0) allows the current in the winding to fall faster

initially and that this effect can occur on thC fast time scale which is of the

order of To. Figure 3.16 shows that if k2 is high enough (i.e., k2 > 0.4 for

this case) then the radial displacement is limited because the ultimate winding

strain, corresponding to n = 1.2 in this figure, is not attained. This is also in-

dicated in Fig. 3.17 which shows that the magnetic to kinetic energy conversion
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process returns to zero kinetic energy for k2 > 0.3. Lower values of k2 repre-

sent a condition where the secondary is unable to absorb sufficient energy for

this level of F0 before the ultimate strain is reached and the winding ruptures.

This example, though 4imple, illustrates the potential advantage of

using inductive coupling to restrain magnetic to kinetic energy conversion be-

cause it can be effective on a fast enough time scale with reasonable levels for

coupling coefficients. Next year this will be developed further, in conjunction

with the multiple circuit TF coil system characteristics described in Section

4.0.
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MAGNET FAILURE WORKSHOP
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+++Westinghouse Electric Corporation, 700 Braddock Avenue,
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1.0 Introduction

The dictionary defines failure as nonperformance or an unacceptable want of
success. (The definition implies that the results should have been avoided). In an
emerging technology such as ours, the boundaries of expectations and "unacceptable
success" are often ill defined. Failures are often touted as hugh successes
(occasionally rightfully so) and exceptional technological achievement can become
dismal failure (if expectations are too high).

We all, however, have experienced problems of one sort or another and the basic
purpose of the workshop was simply to communicate these so that new or future workers
don't make the same mistakes.

2.0 Summary of Discussions

2.1 Marston began the discussion with a brief description of a number of
specific failures, many of which occurred during the technology's infancy when we
didn't understand stability, transposition, frictional heating etc.* He emphasized
that the technology is now adequately mature that future problems will result pri-
marily from the failure to use readily available information rather than from some
hitherto unknown physical phenomena.

2.2 Desportes discussed two aspects of system design which are of continued
concern. The first being the differences in technology and design approach for
large and for small systems and the second, the problems of manufacturing technology.
He described a problem with the large, thin solenoid for the CELLO experiment wherein
despite a careful and conservative design and verification test program, the magnet
failed because of a tiny inclusion in the monolithic conductor causing it to break.
Fortunately the break was near the end of the solenoid and was able to be repaired.
He commented that multi strand cable with adequate capacity to allow a few breaks
might have avoided the problem.

2.3 Dave Hackley then introduced a new potential problem which is related to
the recent rapid expansion of activity in large magnet systems. This is the need

'Chairman.

*those things which, with the wisdom of hindsight, are so obvious that we should
recognize our capability for stupidity (a reflection which may serve us well if we
are to avoid future failures).
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for definition and delivery of clear instructions for minimum risk operation. The
General Dynamics LCT coil is one of six different designs from six different manu-
facturers. Documentation delivered with the coil is so voluminous that there is a
real danger that certain safety considerations will be overlooked. GD has recog-
nized the potential hazard and is now writing concise operating and safety proce-
dures. Hackley also noted that his conference paper discussed many of the design
and manufacturing problems encountered with their "Large Coil".

2.4 Morpurgo identified some problems due to mistakes during design, con-
struction and operation and emphasized that the latter is most common. The most
worrisome problems during design of new and different systems are "the things you
don't think of". He described a problem with the early Big European Bubble Chamber
due to an unanticipated torque on the untransposed conductor (Ref. Para. 3.4).
Problems during construction and particularly during operation of both supercon-
ducting and conventional magnets result from inadequate attention to inspection and
safety procedures (taking short cuts,.ceasing to worry about well behaved systems,
etc.). It is not unusual to see protective circuits bypassed or protective devices
eliminated (or not replaced when they fail).

2.5 Lynn Young discussed some of the detailed problems during the design and
construction of the Westinghouse "Large Coil" arising from the requirement to de-
velop an advanced conductor (Nb3Sn, ICCS) simultaneously with the development of a
severely constrained (by the original specification) coil design. Their experience
is a good example of the problems to be expected when working with unproven nanu-
facturing technology. He emphasized the need for early, formalized Fault and Risk
Analysis which should include the manufacturing technology and equipment when new
processes have to be developed to satisfy design requirements.

2.6 These comments led naturally to a discussion by Peter Komarek of safety
analysis about which he is the author (with Friedrich Arendt) of an excellent
paper. /I/ Peter described the "painful" questioning by reactor safety people as
fusion enters the engineering phase and concluded that we don't have the informa-
tion that we should to predict probability of failure availability, lifetime, etc.
He described a few of the more important faults and abnormal operating conditions
which a magnet should survive (see Ref. 1) and also pointed out the dangers of
accepting performance.demands (from the physicists) which result- in machine designs
having inadequate conservatism for reliable operation.

2.7 Van Hulst'spresentation underscored two elements of failure. The first
being that all system components have a finite lifetime and designs should accommo-
date their routine inspection, replacement and the consequences of premature failure.
In a high field facility such as Nijmegen, one such component is winding itself for
which burnout is not uncommon. In the failure reported, however, an arc occurred
which caused current to flow radially in certain elements of a dewar structure. The
Lorentz interaction of this current with the large axial field component twisted the
dewar apart. The accident is a good example of the very strong (and unanticirated)
force distributions which can occur during abnormal conditions in a magnetic system.

2.8 The final panelist, Keith Kibbe, is involved with the technical contract
management for LCP and was therefore asked to comment on the findings and recommend-
ations of the 1979 U. S. DOE "Electrical Problems Committee Report" which concluded
that many of the problems had their roots in management. (The salient comments of
the report are reproduced below). Although it was the general feeling of both the
panel and the audience that management was not a serious problem, the chairman em-
phasized that the management of large, first-of-a-kind, high technology projects is
tricky business, particularly if a large (and new) team must be put in place to com-
plete the project.

3.0 Specific Problems Discussed

3.1 HPDE (High Performance Demonstration Experiment) Cryogenic MHD Magnet/2/

This very large 6 T magnet (I m square x 7 m long bore) suffered cata-
strophic structural failure in December, 1982.
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The force containment structure for the winding was fabricated from a
large number of high strength aluminum elements which were keyed and bolted to-ether.
The design was complex, there were multiple load paths and the material was brittle
at low temperature. Although these factors contributed, the principal cause of
failure was a design error wherein the stress analysis did not identify a very high
local stress associated with deformation from a relatively small transverse load.

Although the design flaw was apparent (after considerable inspection and
analysis), to suggest that (in this case) the designers were not competent or that
the project did not proceed in a careful and cautious manner would not only be un-
fair to the project staff, but would obviate the impact of the lesson to be learned
which is that mistakes can (and will) be made, even in well managed, competently
staffed projects.

3.2 An early NASA split coil pair failed as a result of radial deformation of
the winding at its inside diameter thus allowing one of the I.D. turns to slip
axially. Designers still often underestimate the stiffness of winding composites
and thus underestimate deformations, winding stresses and the percentage of winding
load taken by outer support structure.

3.3 On the first cooldown of the Argonne 12' Bubble Chamber it was impossible
to fill the helium vessel adequately to cover the top coil. The circumferential,
dimension of the annular vessel was so large that the pressure drop of the boil off
gas flowing around the half circumference to the (single) vent pipe depressed the
liquid level (180* from the vent pipe). Modification to allow venting at two loca-
tions solved the problem.

3.4 There have been a number of problems associated with unanticipated force
distributions. Morpurgo's experience with the Big European Bubble Chamber was the
result of the Lorentz interaction of parasitic current loops induced in the untrans-
posed conductor by the radial field component (near the end of the solenoidalwinding).
A change in field thus created a torque on the conductor until the induced parasitic
currents decayed. The twisting conductor created an intermittent short to the cryo-
stat. After considerable discussion it was decided to open up the magnet and find
the cause of the problem (good decision - good lesson).

On the first test of the two region high field superconducting magnet at
McGill, the outer (NbTi) region was energized first with zero current in the inner
Nb3Sn tape region. Induced, diamagnetic currents and resulting Lorentz forces
crushed the inner region.

3.5 Several of the early magnets suffered from flux jumps (large filament, un-
twisted conductors). One was the 1969 MIT Hybrids superconducting region wherein,
although the conductor was fully stable, the energy in the flux jumps was adequate
to blow the helium completely out of the cooling channels.

Many of the early magnets also suffered from poor thermal insulation, poor
electrical insulation and "hard to find and repair" vacuum leaks. Continued problems
such as these relate to a large degree to a simple lack of proven manufacturing
technology. New devices and processes, however simple they may be, are invariably
fraught with nasty little surprises of the type referenced earlier by Lynn Young.
One of the Westinghouse LCP conductor problems was associated with small metallic
"slivers" which were "rolled" out of the ICCS sheath by the tube mill. The LBL TPC
magnet failed for the same reason. A piece of metal which was "rolled" off the
surface of the winding tube punctured the insulation causing a short which for the
(necessarily) high current density winding of a "radiation thin" magnet such as TPC
proved to be catastrophic.

Magnet problems are often initiated by other elements of the system.
ESCAR, for instance, failed as a result of a power supply which wouldn't shut off
when told to (by the protection circuits). PLUTO suffered an arc during an un-
necessary "dump" caused by a false signal. A number of such problems have been
reported. Many are the result of inattention to detail during the final stages of

C-4

I illi LAY ],III 04111INIJ Md 111 444 fill''Pilil I 1HOIl', I .,I

| | l l l i ll ll ll llh l | || ll I I l , Vll ill IIH I I



C1-640 JOURNAL DE PHYSIQUE

construction and early test (when money is low, time is short, and technicians are

weary).

4.0 Conclusion

The technology has suffered the usual growing pains and problems and a few

failures of serious proportion and consequence. It has also produced some magni-
ficent achievements. It is too soon for conclusions more profound than that.

5.0 References

1. F. Arendt and P. Komarek, "Potential Failures and Hazards in Superconducting
Magnet Systems for Fusion Reactors," Nuclear Technology/Fusion, Vol. 1,
October, 1981.

2. H. Becker, J. M. Tarrh, and P. G. Marston, "Failure of a Large Cryogenic MHD
Magnet," presented at MT-8 Conference, Grenoble, September, 1983.

ELECTRICAL PROBLEMS COMMITTEE INTRODUCTION

* Laboratories and companies responded openly and candidly to this review.
4 In many cases, they were anxious to recommend changes that can be made to im-

prove the electrical equipment situation.
* Laboratory management did not appear to be very interested in this review

(PPPL was an exception to this comment)

ELECTRICAL PROBLEMS COMMITTEE FINDINGS

* Lack of Project Approach
0 Hampers obtaining trouble free, tested equipment.
0 (TFTR and MFTF have made good progress in this area)
* Results in lack of clear definition of responsibility

* Resource limitations have resulted in
* Lack of interest on the part of large industrial firms
* Limited small company participation
0 Compromises in technical performance

* Resource limitations along with schedule pressures have resulted in "short cuts"
being taken that have resulted in cost and schedule problems later on.

* The program has evolved to the point where the hardware requirements and elec-.
trical equipment must be managed as fully engineered systems
* Engineering must be a full partner with physics

* Early systems definition, configuration and interface definition and analysis
of technical and schedule risks have been inadequate to minimize problems with
hardware components and systems performance.

* The fusion program can benefit from a commonality of electrical equipment in-
cluding
" MFE standards
" Spare policy
* Pooling of equipment and spare parts

* Problems in electrical equipment have resulted from:
* Incomplete specification and procurement documents by the buyer
* Less than thorough administration of these documents
" Insufficient technical involvement by the users technical expertise in the

suppliers and sub-tier suppliers plants during design, fabrication, and
testing activities

" Inadequate communications between buyer and seller
" Inadequate equipment documentation from supplier
" Inadequate testing both by supplier and user
" Insufficient care in using "standard" equipment in "non-standard" applica-

tions
* The program has reached the phase where quality assurance and reliability con-

sideration'must be consistently applied
0 Insufficient open discussion of hard engineering problems within the MFE pro-

gram.

C-5

-7 = 777= 1 7

klNl k I, hill 4" ]l it I 441--d'14, I I IlNfll 41 III iI



C1-641

ELECTRICAL PROBLEMS COMMITTEE RECOMMENDATIONS

# Additional steps should be taken by the MFE laboratories to projectize and to
incorporate project methodology into electrical equipment development and
purchase activities. Clear definition of responsibility is a must.

* DOE should take the necessary steps to further interest the large electrical

equipment suppliers and to assure the small companies of their continued

participation to supply reliable, proven electrical equipment needed to support

the MFE program. This should also provide additional technical capability in
the design, manufacturing, testing and operation of electrical equipment.

* Funding and schedular allocations should be revised to support obtaining re-
liable working equipment and facilities.

* Engineering should be made an equal partner with physics.
* Action should be taken to require early system definition, configuration and

interface definition and formal analysis of technical and schedule risks to
minimize problems with hardware components and systems performance.

* DOE should work with IEEE to establish a fusion power engineering committee to
generate standards for the MFE program.

* DOE should establish a spares policy including delivery of initial spare parts
with equipment. This should include mechanisms for sharing between laboratories
and projects.

6 DOE should take action to bring together the laboratories to establish a more
uniform procedures and practices for acquiring, testing, acceptance, installing,
and documenting electrical equipment.

* Reliability and QA programs should be implemented and utilized more extensively.

Furthermore, a quality assurance audit should be conducted to establish the

level of QA now being applied and to make recommendations.
* The program should promote and encourage more open professional discussion of

engineering problems within the MFE program.
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Appendix D

MIT Memorandum (Marston, P.G.) to PETC (Arrigoni, T.W.)

January 25, 1984
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Plasma Fusion Center

Massachusetts Institute of Technology
Cambridge. Massachusetts 02139

Telephone: 617/253-8100

MEMORANDUM

DATE: January 25, 1984

TO: T.W. Arrigoni/PETC

FROM: P.G. Marston

RE: Magnet/Flow Train Integration Effort in support of APT

Background

There has never been a detailed study addressino and optimizing
the packaging of the channel in the bore of the magnet. We did a
little work several years ago in collaboration with NASA, AVCO, and
MEPPSCO (references attached). That effort resulted in a factor
of two improvement over prior studies (twice the power out of the
same magnet bore) but did not adequately deal with the details of
channel electrical connections and plumbing or with the impact
(reduction in bore size) of having access to the magnet bore at the
median plane of the magnet (i.e. the ability to bring power and
plumbing connections directly through the sides of the magnet rather
than having to bring everything out the ends of the magnet bore).

Proposed Work

The effort proposed herein would be in collaboration with both
AVCO and Westinghouse (individually) and working with them would
address the detailed design problems associated with the channel
electrical and hydraulic connections and the cost impact of magnet
configurations wherein electrical leads could be brought out along
the median plane either through room temperature penetrations
(through the cryostat) or via a roll-apart superconducting magnet
design.

The effort will not only answer some hard questions about the
detailed system design and reliability of the electrical and hy-
draulic connections, but is also expected to further reduce the
magnet bore (and cost) beyond that already achieved with the.
referenced earlier work.

The anticipated additional cost for the magnet (only) related
effort is $25,000. If we can get approval to begin this work during
February, the effort would be complete by the end of this fiscal year.

PGM/psl D-2 P.G. Marston
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Method of Calculating Magnet Size Parameter, YB 2

MIT Plasma Fusion Center

April 1984

In investigating costs of MHD magnets, it is important to determine how magnet system cost varies

with magnet size. For example, a curve of magnet cost vs. size based on cost data available for smaller

magnets can be extrapolated to indicate the expected costs for larger magnets.

The magnet size parameter, VB2 , is a convenient measure of magnet size for use in examining cost

vs. size effects. The V is a nominal warm bore volume and the B is peak on-axis magnetic field. These

terms are defined in Figure El. (It should be noted that the volume, V, as defined in Figure El is not the

actual volume of the warm bore, but is only a "characteristic" volume, which is the product of the bore

cross-sectional area at the inlet and the active length.)

This parameter is appropriate because the power generated in an MHD duct is theoretically proportional

to the duct volume and to the square of the magnetic field. It is an easy value to calculate because peak

on-axis field, active length and bore area at plane of channel inlet are generally readily available, even for

preliminary magnet designs.

A more rigorous size parameter would be that given below:

Size Parameter = J b2adt

where t is the distance along axis from channel inlet, a and b are the warm bore area and on-axis field,

respectively, at distance I and L,, is the active length. However, experience has shown that the two methods

of determining the parameter give results that are in reasonably close agreement and the method shown

in Figure El is more convenient, particularly for preliminary studies where exact field profiles are not

determined.

In actual cases, the power generated in particular MHD channel/magnet combinations may not always

be proportional to the magnet size parameters. Power will vary with the effectiveness of packaging of the

channel in the bore (how much of the available bore volume is actually used for plasma) and with the specific
design of the channel itself.
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Appendix F

MIT Letter (Hatch, A.M.) to Multi-Tech Corp. (Greene, M.) March 10, 1983, with Attachment
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Plasma Fusion Center
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139
Telephone: 617/253-8100

March 10, 1983

Dr. Munroe Greene
Multi-Tech Corporation
Box 4078
Butte, MT 59702

Dear Dr. Greene:

In response to your request in our telephone conversation of March 3,
1983, we have prepared a brief description of a 4.5 T superconducting magnet
system for use with the 29 MWe supersonic channel MHD generator which you
described in your earlier conversation with Peter Marston.

The description, together with a curve of on-axis magnetic field vs.
distance along channel and an outline sketch of the magnet are enclosed
with this letter.

The description and data are, of course, preliminary in nature and
intended only to give a general picture of what would constitute a typical
4.5 T superconducting MHD magnet system. The budgetary price of $30 x 106
for the installed system, mentioned in our conversations, is also only a
preliminary estimate.

If you have any questions about these data, please contact me.

Sincerely,

AMH/bak
Enclosures

xc: P. G. Marston
J. M. Tarrh
A. M. Dawson

F-2
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Description

4.5 T Superconducting MHD Magnet System

This description applies to the conceptual design of a magnet system
to provide the magnetic field required for a supersonic MHD channel in-
tended to produce approximately 29 MWe.

System Description

The system consists of the magnet and accessory equipment, comprising
subsystems as listed below:

Magnet assembly, including warm bore liner
Cryogenic support equipment
Power supply and discharge equipment
Vacuum pumping equipment
Protection/control equipment and instrumentation

The magnet assembly consists of liquid helium cooled superconducting
coils in a cryogenically-insulated enclosure (vacuum vessel) with a cavity
(warm bore) extending through the center horizontally, open at both ends.
A water-cooled warm bore liner is provided inside the cavity. The outline
dimensions of the magnet assembly and the dimensions of the cavity (inside
liner), which diverges from plasma upstream (inlet) to plasma downstream
(exit) end, are shown on Figure 1. The cavity is designed to house the
MHD channel, which is inserted and withdrawn from the large (exit) end
opening. The magnetic field in the cavity is oriented in a primarily
horizontal direction perpendicular to the long axis of the cavity. The
magnet does not incorporate a ferromagnetic flux-return-path or other means
to reduce fringe magnetic fields. The magnet is designed to be stationary,
permanently mounted on a foundation provided as a part of the power plant
facility.

The cryogenic support equipment consists of a helium refrigerator/
liquefier, a helium compressor package, storage tanks, heat exchangers,
transfer lines and controls as required for cooling down the superconducting
magnet windings, maintaining them continuously at liquid helium temperature
during facility operating and standby periods, and warming up the windings
when an extended dead plant condition is anticipated.

The power supply and discharge equipment consists of a rectifier-type
dc power supply, discharge resistors, circuit-breakers and controls as
required for charging the magnet, maintaining it at the desired field
strength during MHD generator operation and discharging it under both
normal and emergency (fast) shut-down conditions.

F-3
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Vacuum pumping equipment consists of diffusion pumps and mechanical
pumps for evacuating the magnet vacuum vessel prior to and during initial
magnet cooldown and for removing from the vacuum vessel any helium leakage
that may occur from the coil container during magnet operation. A utility
vacuum pumping system for servicing the cryogenic support equipment is
also provided.

Protection and control equipment consists of instrumentation to detect
abnormal conditions in the magnet system and controls to automatically
activate protective measures. Also included are instruments and controls
to permit remote monitoring and manual control of major functions of the
magnet and associated equipment at the power plant control- room.

The magnet system includes, in addition to the above subsystems, piping
and wiring necessary to interconnect subsystem equipment items and to
connect these items to local utility outlets provided as part of the
facility. Utility requirements are summarized in Table I.

Magnet Assembly

The design characteristics of the magnet assembly are given in Table
II.

The major components comprising the magnet assembly are as listed
below:

Superconducting windings (coils) including winding substructure
Winding containment vessels
Main force containment structure
Thermal radiation shield
Low-heat-leak support struts
Vacuum vessel (magnet enclosure) including warm bore
Water-cooled warm bore liner
Vapor-cooled electrical leads
Internal instrumentation wiring and piping

Windings and Substructure

The magnet windings consist of a pair of saddle-shaped coils of copper-
stabilized niobium titanium cable-type conductor. The turns are insulated
from each other and are individually supported by a substructure consisting
of stacks of fiber glass-plastic bars or plates notched to fit the conductors.
The windings are bath-cooled by liquid helium and are designed for cryostatic
stability.

The windings are designed to produce the on-axis field profile shown on
Figure 2.
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TABLE I

MAGNET SYSTEM

UTILITY REQUIREMENTS

Electric Power (60 Hz.)

Power supply - Maximum charging

- Steady state of operation

Refrigerator/liquefier

Refrigerator compressors

Utility vacuum pump

Diffusion pumps, main vacuum (2)

Fore pumps, main vacuum (2)

4160 V

4160 V

220 V

440 V

220 V

440 V

440 V

750

250

8

350

15

24

20

KW 3

KW 30

KW 14

KW* 30

KW 30

KW 34

KW 30

CooLin Water (800F max., 50 psig except 100 psi for warm bore liner)
Power supply (rectifiers; diodes) 25 GPM
Discharge resistors 30 GPM
Refrigerator compressors 110 GPM
Refrigerator/liquefier 3 GPM
Diffusion pumps, main vacuum (2) 5 GPM
Fore pumps, main vacuum (2) 5 GPM
Warm bore liner Steady-state 30 GPM

Emergency 150 GPM
Water-cooled power bus

Liquid Nitrogen (30 psig)

Refrigerator pre-cooling (steady-state)

Magnet radiation shield, transfer lines, etc.
(steady-state)

25 GPM

110 t/hr.

40 £/hr.

*Nominal running power with power factor = 0.9. Starting requires
power.

3 x running

F-6
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TABLE II

MAGNET DESIGN CHARACTERISTICS

Magnetic Field:

Peak on-axis field

Active field length

Field at start of active length

Field at end of active length

Dimensions:

Aperture, warm bore inlet*

Aperture, start of active length*

Aperture, end of active length*

Aperture, warm bore exit*

Vacuum vessel overall length, including water-
cooled warm bore liner

Vacuum vessel outside diameter

Winding Characteristics

Design current

Winding current density (J)

Ampere turns

Inductance

Stored energy

Weights:

Conductor

Substructure

Superstructure and coil containment vessels

Thermal radiation shield, cold mass supports, etc.

Vacuum vessel

Miscellaneous

Total Magnet Weight

4.5 T

10 m

3.6 T

2.7 T

0.8 M x 0.8 m

0.8 m x 0.8 m

1.5 m x 1.5 m

1.6 m x 1.6 m

14.2 m

6 m

20,000 A

1.4 x 107 A/M2

15.2 x 106

3.5 henries

700 MJ

Tonnes

75

60

125

20

80

10

370

*Inside water-cooled warm bore liner
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Winding Containment Vessels

The two winding containment vessels enclose the two saddle coils and
follow closely the contours of the coils. The vessels are mounted on
either side of the centerline of the magnet and seat against each other
on the verti-cal plane through the centerline. They are separate units,
identical in design except that one is right-handed and the other left-
handed. Cross-connections are provided to distribute liquid helium
between the vessels and to maintain equal pressures within them.

The main functions of the vessels are to maintain the windings in a
bath of liquid helium and to serve, in combination with the main structure,
as structural support for the coils. The coil containment vessels are
located inside a vacuum vessel and are designed for a maximum internal
pressure of 3 atmospheres with an external vacuum. The containers are
designed to carry the entir& longitudinal magnetic force produced by the
coil-ends and to share radially outward (vertical and transverse) magnetic
loading with the main force containment structure.

The coil containment vessels, plenum chambers and covers are made of
Type 316 low-cabron nitrogen stabilized stainless steel (316 LN).

Main Force Containment Structure

The major function of the force containment structure (superstructure)
is to hold the magnet windings in place against magnetic forces. This
structure surrounds the coil containment vessels and is exposed to the
vacuum existing in the vacuum vessel. Magnetic forces on the windings
are carried via substructure into the walls of the coil containment vessels
and through them to the superstructure, which is clamped or welded to them.
In the end-turn regions of the magnet the superstructure is integral with
the coil containment vessels and consists mainly of stiffeners and/or
gussets welded to the coil containers. In the middle region, the super-
structure consists of built-up I-beams and tie-bolts clamped around the
coil containers but not welded to them.

The entire force containment structure is designed in a manner so
as to provide maximum access to structural welds and to winding containment
vessel welded joints for inspection purposes.

The force containment structure is made of Type 316 low carbon, nitrogen
stabilized (316 LN) stainless steel.

F-9
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Thermal Radiation Shield

The thermal radiation shield consists of an aluminum alloy shell
covered with multi-layer insulation, located within the vacuum jacket and
forming a thermal radiation barrier between the cold mass (winding and
main structure) and the warm surfaces of, the vacuum jacket including the
warm bore tube. The purpose of the shield is to minimize thermal (radiative)
heat transfer from the warm walls of the vacuum jacket to the cold mass.
The aluminum alloy shell of the shield is maintained at liquid nitrogen
temperature by a system of tracer tubes attached to the shell and supplied
with liquid nitrogen from bulk storage. Blankets of multi-layer insulation
are attached to both sides of the aluminum alloy shell.

Vacuum Jacket and Warm Bore

The vacuum jacket is a cylindrical vessel, mounted horizontally, with
a square warm bore extending from one end to the other along the horizontal
centerline. The purpose of the vacuum jacket is to enclose the magnet cold
mass assembly and thermal radiation shield and to provide vacuum insulation
around these items. The warm bore of the vacuum jacket serves to support
the warm bore liner which in turn supports the MHD channel. Stacks are
provided at the top of the vacuum jacket at the exit end and inlet end
for cryogenic piping, electrical connections and instrument wiring communi-
cating with the magnet winding and cold mass. Connections are provided in
the lower portion of the vacuum jacket for vacuum (diffusion) pumps and
also for safety blowout disks. Manhole covers are provided on the vacuum
jacket so that with the internal pressure returned to atmospheric, per-
sonnel will have access to the inside of the jacket for inspection purposes.
Large sections of the vacuum jacket shell on both sides are so designed
that they may be completely removed to provide full access to the middle
portion of the cold assembly in the event that major overhaul is required.

The vacuum jacket and bore tube are constructed of 304 stainless steel.

Water-Cooled Warm Bore Liner

The magnet is provided with a warm bore liner to protect the magnet
against accidental discharge of energetic plasma from the MHD train or
intense electrical arcing in the power takeoff.

The warm bore liner covers the entire inside of the magnet bore includ-
ing the end flares and a portion of the end-faces of the magnet vacuum
vessel. The interior of the magnet warm bore is lined with an insulating
material, such as NEMA G-7 glass reinforced silicone, to provide insulation
between the warm bore liner and the magnet.

F-10
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Appendix G

Outline of 6 Year Engineering and Manufacturing Program

for Superconducting Magnet for 35 MWe MHD Power Train

MIT Plasma Fusion Center

April 1984
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Superconducting Magnet for a 35 MWe MHD Power Train

1.0 Summary

The science and industrial base for Superconducting Magnet manufacture are
in place. The engineering details and manufacturing technology require con-

siderable effort before a magnet of this size can be installed with acceptable

risk. The problems and required technologies, and a program to meet their needs,

are defined herein.
The estimated characteristics of the magnet are shown in Figure 1. The

total cost of a six year program of development, design, manufacture, instal-

lation and test is estimated at $50 million. The distribution and profile of
these funds are approximately as follows:

Distribution Millions of
'84 dollars

Installed component cost (contract to industry) 30

Contingency 10

Supporting Development (contract to industry) 6

Supporting Analysis & Review, Program Management,
Technical Monitoring, (provided by MIT) 4

TOTAL 50

Profile

Year I 3

5

6

2

3

4

5

6

14

16

6

TOTAL. 50
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2.0 Problems

2.1 Risk

It is important to understand that the cost/risk assessment for the

superconducting magnet is quite different from that for other flow train

components. Of the basic MHD generator components, the magnet is not only

by far the most costly, but is similarly the most costly and time consuming

to repair should it fail. As was recently demonstrated in Tennessee by

the HPDE, a magnet failure can easily kill an entire program.

Confidence in the reliability of this component has its roots in de-

tailed solutions to the detailed engineering problems and in the develop-

ment and demonstration of manufacturing technology at the required scale.

Therefore, although the basic understanding of this component is excellent

and there is absolutely no question about the fact that such a unit can be

built, it is necessary to put considerable effort into the following basic

elements to reduce these risks to acceptable levels.

2.2 Conductor

A superconductor capable of operating at a minimum current of 25 kA

and satisfying the needs of the design loads and fabrication logistics

does not exist. The steps to develop such a conductor and the manufactur-

ing capability to produce it are straightforward but must be implemented

prior to construction. Conductor design details will obviously drive the

magnet design details. The conductor is the most critical element of the

program and development must start immediately.

2.3 Structural Design Basis

The behavior of structural materials at 4.2 K is not well understood.

Considerable experimental study and materials qualification and verification

must be performed to satisfy design credibility. Code considerations relevant

to operation in a commercial power plant environment must be satisfied.

G-3
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2.4 Design Selection

Several satisfactory design alternates have been identified in pre-
vious studies (ref. 1). Additional effort is required to select that

design which is most suitable to this application. This selection will

be influenced by the site location and comparative considerations of
fabrication on site versus transportation problems. It will also be in-

fluenced by considerations of quality control and inspection depending

on the importance of these elements as derived from the studies of 2.3
above.

The most important element of this effort is, however, a detailed

study of the magnet/flow train integration and interfacing including an

overall systems analysis with a strong focus on protection.

3.0 Technology Development

The focus of this effort is obviously to answer the above questions.

The principal elements of conductor design and qualifications, structural

design and materials qualification, and system design assessment must be
carried out in parallel with suitable interaction and iteration to generate
a satisfactory system design. As demonstrated in the above referenced re-
port, the elements of this activity and the process by which a rational
selection will be made are well understood.

The total cost of this development effort is estimated at $6 million,
with most of that being spent during the first three-year period.

The elements of the total development and construction program and

their schedule are outlined in Figure 2.

Ref. 1, MHD Magnet Technology Development Summary (PFC RR83-6), Massachusetts
Institute of Technology, Plasma Fusion Center, November, 1983.
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Superconducting Magnet for a 35 MWe MHD Power Train

6.6M.

AC.L - 95

Figure 1

Characteristics

Peak Field on Axis
Length of active field
Field at start of active length
Field at end of active length

Inlet Aperture
Aperture at end of active length

Ampere Turns
Stored Energy

Total Weight

4.5 T
9.5 m
3.4 T
2.6 T

0.9 x 0.9 m
1.6 x 1.6 m

15.6 x 106
7 x 108J

370 Tonnes
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