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NOTICE

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any
agency thereof.
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1.0 Introduction

This is the second Quarterly Progress Report covering work done on
Tasks I and II of the full-scale conductor development program being
conducted by MIT for the Pittsburgh Energy Technology Center (PETC) under
Contract DE-AC22-84PC70512. This report covers the period October 1, 1984
to December 31. 1984.

The program consists of the following four tasks:

I. Design Requirements Definition
II. Analysis
III. Experiment
IV. Full Scale Test

The objective of Task I is to establish the design requirements definition
for full-scale conductors for use in early commercial MHD magnets. Since
the focus of MHD power train development is now on relatively small systems
such as may be used in retrofit applications, the Task I work concerns
conductors suitable for systems of that size and type.

Emphasis during the three-year program (Tasks I through IV) will be
on the development of the internally cooled cabled superconductor (ICCS)
concept for the MHD application. This conceit, which has been under
investigation at MIT for a number of years'' , offers great promise in
resolving the issues of constructibility and long-term durability for
commercial MHD magnets.

2.0 Approach (Task I)

In order to establish a conductor design requirements definition, it
is necessary to know the requirements which the MHD system imposes on the
magnet and also to know the design characteristics of the magnet that will
be needed to meet those requirements.

Requirements which retrofit-type MHD systems impose on magnets are
being determined based on information obtained from PETC, from contractors
working on Advanced Power Train studies and from others in the MHD
community. This information is supplemented with information on magnet
requirements obtained from earlier studies.

Since the scope of the Advanced Power Train studies does not include
magnet design. pre-conceptual design work necessary to establish magnet
characteristics is being done by MIT. The first phase of this effort thus
provides double service; magnet design data to the APT contractors and
conductor design requirements definition for conductor development.
including

Functional requirements
System interfaces
Design criteria

Design parameters (typical)
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3.0 Work Accomplished

To briefly summarize the work accomplished, a review of past magnet
designs was made to provide design data as a starting point. Preliminary
design requirements were obtained from the APT contractors, and pre-
conceptual design work was started on retrofit size MHD magnets. Supporting
analyses were initiated in the areas of conductor heating, stability margin,
electromagnetics, and structures engineering. The work, which is described
in more detail below, was accomplished during the period from October 1,
1984 through December 31, 1984.

3.1 Review of Past Magnet Designs

A brief review of past MHD systems and superconducting magnet
designs in the small commercial 3' 7 and retrofit size range was made. The
designs listed in Table I were included. Note that channel powers for these
systems are in the range of 29 MWe to 88 MWe, peak on-axis fields are 4 to 6
T, and stored magnetic energies are 700 to 2900 MJ.

Winding and conductor design data, available on some of the designs,
indicate design currents in the range of 20 to 25 kA and winding average
current densities in the range of 1.4 x 107 to 1.7 x 107 A/cm2 . Only the 35
MWe Retrofit System magnet is based on ICCS; others use designs based on
bath-cooled cable or built up conductors. All designs use copper-stabilized
NbTi superconductor.

3.2 Magnet Requirements Obtained from APT Contractors

Preliminary magnet requirements for retrofit-size MHD systems,
listed on Table II, were obtained from Advanced Power Train (APT) personnel
at Avco Everett Research Laboratory Inc. (Avco) and Westinghouse Electric
Corporation (Westinghouse). Magnet warm bore size requirements are not
included in the table because neither contractor was yet in a position to
establish the channel wall thickness and space required for cooling water
pipes and electrical power wiring. Avco pointed out that the warm bore size
required would depend on whether the magnet was a split, roll-apart design
or a one-piece design. Power connections on Avco channels will be brought
out from multiple points along the channel and therefore Avco recommended
that a liberal amount of space be provided for wiring in the bore of the
magnet for a "first-unit" MHD system, to allow for modifications during
service.

3.3 Retrofit Magnet Pre-Conceptual Design

Work was started on the pre-conceptual design of a retrofit MHD
magnet to serve as a basis for developing conductor design requirements.
The design parameters selected are listed in Table III, together with
reasons for selection.

The following design features, particularly advantageous for MHD
magnets, were incorporated in the pre-conceptual design:

A rectangular saddle coil configuration which allows the warm bore
to be rectangular in shape (instead of square or round) providing
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for more effective use of the high-field volume. (See References 4
and 5) .

An end turn configuration (60 degree slope of side and bore) which
provides for maximum access to the flow train at both ends of the
magnet by allowing the cryostat end surfaces to slope inward toward
the bore.

A structural design aimed at minimizing on-site welding during
magnet assembly and at maximizing inspectability.

A winding made of internally cooled conductor (ICCS) instead of
bath-cooled conductor, with advantages of the ICCS winding including
relatively high stability margin, greater winding compactness
achieved because separate substructure is eliminated, and superior
electrical insulation. The more compact winding, with resulting
higher average current density contributes to low overall magnet
system cost as discussed in Reference 8.

Provision is made for a guard vacuum enclosure around the winding so
that a small leak in the ICCS, should it develop during service,
would not degrade the main cryostat vacuum.

Preliminary drawings and design calculations were made for the pre-
conceptual design magnet during the reporting period. Drawings included
those shown in Figures 1 through 5 as listed below:

Title Figure No.

Cold Mass Assembly 1
Assembly, Elevation 2
Assembly, Plan View 3
Assembly, Section at Inlet 4
Assembly, Section at Exit 5

Design characteristics of the pre-conceptual design magnet are
listed in Table IV.

The drawings and design data presented here are preliminary and
incomplete. The pre-conceptual design will continue during the next
reporting period, with supporting analyses to confirm the design concepts.

3.4 Conductor for Retrofit Size Magnet

The conductor used in the retrofit MHD magnet pre-conceptual design
described in Section 3.3 has characteristics as listed in Table V.

3.5 Supporting Analysis

Analysis in support of the pre-conceptual design magnet and
conductor were started during the report period. Work was accomplished in
the following areas.
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3.5.1 Adiabatic Heating of Conductor

Safety features in a large magnet system must include provisions to
prevent over heating of the conductor in the event that a portion of the
winding inadvertently becomes resistive (quenches) due to inadequate cooling
or another cause.

It is expected that the protection arrangements in the retrofit MHD
magnet system will include a quench detection system and an emergency
discharge resistor into which the energy stored in the charged magnet can be
dumped rapidly in the event that a quench is detected. Such a system is
described in Reference 8. During an emergency discharge, the conductor in
the region where the quench started will be subjected to resistive heating
during the entire duration of the discharge.

To assure the safety and integrity of the magnet system, the design
of the conductor, the winding, and the emergency discharge system must be
integrated so that conductor temperature will not exceed safe levels during
a worst-case emergency discharge, with the assumption that no cooling is
supplied to the conductor during the event.

An analysis of adiabatic heating of the conductor was performed to
determine the relationship of conductor (adiabatic) temperature rise to
design current density in the copper current path and time constant for
emergency discharge, assuming exponential current decay. Information
contained in Reference 9 was used as a guide. The results of the analysis
are shown in Figs. 6 and 7, which contain curves of conductor temperature
rise vs. design current density in copper for various discharge time
constants.

An example of the use of the curves in conductor and system design
is given below:

Design current in conductor 24 kA
Magnet inductance 1.7 H
Discharge resistor resistance 0.17 ohm
Discharge time constant 10 s
Discharge initial voltage 4080 V
Current density in copper, initial 14.5 kA/cm2

Est. field at conductor, initial 6 T
Final temperature of conductor 220 K

(from curves, Fig. 7)

If a discharge initial voltage lower than 4080 V is desired, the
discharge resistance can be lowered. This will increase the time constant,
with a resulting increase in final conductor temperature. In a similar
manner trade-offs can be made among other parameters, such as current
density in copper, design current, etc.

3.5.2 Stability Margin and Other Conductor Characteristics

Calculations were made to determine the characteristics of an ICCS
conductor using niobium titanium/copper (NbTi/Cu) designed for the following
requirements;
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Conductor dimensions, outside
Sheath Thickness
Number of strands
Strand dimensions
Void fraction
Maximum field
Design current
Critical current
Coolant (He) pressure
Coolant temperature
Max. length of conductor
between vents (dbl. pancake)
Magnet stored energy

2.08 x 2.08 cm
0.165 cm
486
0.717 mm
0.32
6 T
20 kA
26.7 kA
2.5 atm
4.5 K
600 m

321 MJ

The results of the calculations are listed below:

Stability margin:
Based on change in enthalpy
and constant density
Based on above plus joule
heating (more realistic)

Maximum quench pressure

Maximum temperature, all stored
energy into conductor

Maximum pressure, all stored energy
into conductor

Copper-to-superconductor ratio

158 mJ/cm3

85 mJ/cm3

13,500 psi
(917 atm)

105 K
6,452 psi
(439 atm)
8.6

This analytical work was performed on a conductor designed for an
early version of the retrofit magnet conceptual design. This work will be
repeated as the design concepts evolve.

3.5.3 Electromagnetic Analysis

The winding of the retrofit magnet pre-conceptual design as shown in
Fig. 8 was analyzed by computer to determine fields 6and forces. On this
basis, it was determined that a total of 11.8 x 10 ampere turns were
required to produce the desired peak on-axis field of 4.5 T.

The on-axis field vs. distance along the axis is shown in Fig. 9,
the field variations in bore cross sections are shown in Figs. 10, 11 and
12, and fringe fields are shown in Figs. 13 and 14.

Typical computer graphic diagrams of stick models used in computing
fields, together with diagrams showing force vectors, are given in Figs. 15,
16, and 17.

3.5.4 Structural Design Basis

The structural aspects of the retrofit-size magnet pre-conceptual
design will be generally in accordance with "Structural Design Basis for
Superconducting Magnets", Reference 10.
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Allowable stresses are to be identified according to the bases
stipulated in the ASME Nuclear Power Boiler Code. They will be the lowest
of the following:

Ferrous Materials Nonferrous Materials

* * * *
Atu/4, 5/8)t or (5/8)Ocy at/4, (2/3)aty or (2/3)y

(* whichever is applicable)

The minimum numerical values for tensile ultimate strength (a ),
tensile yield strength (a ) and compressive yield strength (a ) wilXUbe
determined at the operating Vemperature of the structure, at the 5 limit of
the normal distribution curve.

It is estimated that tensile stresses in critical sections of the
force containment structure of the retrofit magnet pre-conceptual design
shown on preliminary assembly drawing, Figure 1. will not exceed 60 psi, or
1/4 of the ultimate tensile strength of the preferred material (stainless
steel 304 LN) at 4.5 K. The design will be further analyzed and upgraded to
assure that stresses in all major elements are within allowable limits.

Particular attention will be given to structural properties of the
winding and ICCS conductor. The effect of impregnation of the windings to
provide a more uniform distribution of loading on the conductor will be
analyzed.

4.0 Future Activities

During the next quarter, the conductor design requirements
definition will be finalized, including functional requirements, system
interfaces, design criteria, and design parameters. Overall magnet system
requirements will be formalized with APT personnel, development of a pre-
conceptual design will continue based on these requirements, and the
supporting analytical effort will continue.
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Table II
MHD System Parameters and Preliminary Magnet

for Retrofit-Size MHD System

Westinghouse

Requirements

Avco

Plant thermal input
Channel power output
Channel type
Channel inlet dim.
Channel exit dim.
Channel active length
Peak on-axis field
Field at channel inlet
Field at channel exit

(MWt)
(MWe)

(m)
Cm)
Cm)
(T)
(T)
(T)

250
40 - 41

supersonic
0.45 sq.
1.00 sq.

11 - 11.6
4.5 to 6'
0.5
3.0

275
35 - 40

supersonic
0.424 sq.
0.848 sq.
8 - 9
4.5
3.0
3.0

Notes:
1. Westinghouse currently considers 6 T preferable but plans to

investigate lower fields, down to 4.5 T.
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Table III
Selected Design Parameters for

Retrofit MHD Magnet Pre-Conceptual Design

Value Basis for Selection

Peak on-axis field (T)
Warm bore dim. inlet (m)

Warm bore dim., exit (m)
Bore util. factor, inlet
Bore util. factor, exit
Active length (m)

Design current density
(average in winding)

4.5 Info. from APT contractors'
0.8 x 1.0 To provide room for channels

of sizes being considered by
APT contractors2

1.3
0.22
0.41

9

x
x
x

1.6
0.25
0.48

(A/M2 )
3.8 to 4 x 107

Past experiences

Middle range of APT
contractor data
To take full advantage of
ICCS and to minimize magnet
cost4

Notes: (1) 4.5 T being considered by Avco; range of 4.5 to 6 T being
considered by Westinghouse. A 6 T alternative design magnet
will be investigated later.

(2) See Table II.
(3) See Table I. Utilization factors selected at high side of

range in interest of magnet cost reduction. See references 4
& 5.

(4) Winding using ICCS does not need substructure and hence can
operate at higher current density. Higher current density
leads to lower magnet cost. See Reference 8.

Parameter
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Table IV
Design Characteristics

Pre-Conceptual Design Retrofit-Size Magnet

Field and Bore Dimensions

Peak on-axis field
Active length (3 T to 3 T)
Warm bore inlet size
Warm bore exit size

(T)
Cm)
(m)
(m)

4.5
9

0.8 x 1.0
1.3 x 1.6

Overall Dimensions

(m)
Cm)
(m)

Length
Height including stack
Width

Winding Characteristics

Winding configuration
Conductor type
Design current
Build
Ampere turns
Inductance
Stored energy
Winding current density

(average)

(kA)
(m)
(A)
(H)
(MJ)

12.2
6.3
5.2

Rectangular saddle
ICCS (NbTi/Cu)

24
0.25

11.8 x 106
1.69
487

(A/cm2) 3870
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Table V
Preliminary Conductor Design Characteristics

Type
Outside dimensions (cm)
Sheath material
Sheath thickness (cm)
No. of strands
Strand material
Void fraction

Design current (kA)
Maximum field (T)
Operating temperature (K)
Coolant pressure (atm)
Critical current (kA)
Copper to superconductor ratio

Stability margin
Quench heating temperature rise (K)
Design maximum internal pressure (psi)
Minimum bend radius (cm)
Maximum continuous length (m)
Maximum compressive load (psi)
Maximum tensile load

ICCS
2.08 x 2.08

Stainless steel
0.165
486
NbTi/Cu
0.32

24
6

4.5
2.5
40
>5

TBD
260

14,000
15

600
7250

TBD
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Retrofit MHD Magnet Assembly, Section at Exit
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MHD RETROFIT COIL MODEL
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MHD RETROFIT COIL MODEL
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Figure 11. Field vs Transverse Distance in Magnet Bore
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MHU RETROFIT COIL MODEL
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MHO RETROFIT MRGNET FRINGE
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