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1. Executive Summary

UNIVERSAL SUPERCONDUCTING MAGNETS FOR MAGLIFTER LAUNCH ASSIST SLEDS

The MagLifter is an electromagnetic catapult being considered by NASA to reduce the cost of lifting a payload into an earth orbit. A magnetically levitated sled would accelerate vehicles with gross liftoff weights in the range of 50 - 590 tonnes at 2-g on a guideway to a final velocity of about 1000 km per hour. The MagLifter needs levitation magnets with outermost reliability that can cover the range of required lift capacities. The purpose of the performed research is to develop these magnets. 

A preliminary design of the required levitation magnets was performed during Phase-I of this STTR. Calculations of levitation properties presented in this report are predicated on a guideway that consist of continuous conductive sheets. Eddy currents induced by the magnets moving over these sheets are responsible for the required levitation. Superconducting levitation magnets are considered, because they permit high track-to-sled clearances of more than 95 mm. The high clearances reduce tolerances and maintenance costs, and enable the required reliability for spaceport-like launch operation. 

It is mandatory for the MagLifter that the magnets remain superconducting under the mechanical stresses and vibrations induced during the acceleration of the sled. Cable-in-conduit conductor (CICC) was therefore selected for the magnets, because it offers highest electrical and mechanical strengths. The performed research indicates that it is possible to design CICC conductor, which makes the superconducting state of the magnets almost completely stable. If such a magnet does quench, due to a catastrophic event, the field would decay so slowly that the sled can safely decelerate. Such levitation magnets are like permanent magnets, but with all the unique advantages of superconductivity, i.e., larger guideway clearance, higher lift capacity, adjustable ampere-turns, switch-off capability, and longer lifetime.

Easy to manufacture racetrack coils were selected for the magnets. Different vehicle liftoff weights can be accommodated by changing the excitation current in these coils or by simply scaling their lengths, if a much smaller sled for much lighter vehicles is needed. In the proposed design a pair of racetrack coils forms a module with four such modules on a sled. The combined weight of the four superconducting levitation modules is about 4% of the gross liftoff weight of 590 tonnes. The sled is levitated at velocities above 20 m/s; a system of permanently deployed wheels supports the sled whenever its velocity is below this value. During acceleration the sled has to overcome a magnetic drag of the levitation system. However, contrary to magnetically levitated transport systems, the maximum magnetic drag power of the MagLifter is negligible compared to the power required for its acceleration.

The preliminary design of the levitation magnets meets all requirements of the MagLifter presented to us by NASA. The universality of the developed magnet concept makes it of interest to other transport systems using magnetic levitation. As enabling technology for the MagLifter, the research merits continuation. The team of AML and MIT proposes to finalize the conceptual design and to build prototype magnets during a second Phase of this STTR.
During Phase-II of this project the charging magnet of the system has been manufactured and tested. A key component of the coil is the cable-in-conduit conductor, which has been developed during this project. It was originally planned to use Nb3Sn superconductor with a large copper content for the coils. Only one company world-wide offered to produce the conductor in the rather low quantity needed for this project. After a more than nine months delay the conductor was still not received and an existing NbTi conductor was used instead. The necessary cable-in-conduit conductor was successfully developed in collaboration with other US industry and the magnet built at AML was successfully tested. With the field strength reached by the magnet, it could support about 130 times its own weight, which significantly exceeded the design specifications.
The necessary change of superconductor and difficulties in developing the cable-in-conduit lead to a cost and schedule overrun in this project. Despite the fact that AML contributed large amounts of money to this project the second magnet could not be built in time. However, since the charging coil operates at about twice the magnetic field as the floating coil and is therefore the much more difficult superconducting component, the project has to be regarded as very successful.
2. Cryostat Design
The original cryostat design for a levitation coil module on a MagLifter sled is shown in Figure 1. The cryostat is designed to transmit the large load acting on the levitation coil to the sled structure without creating a large heat load at the operational temperature of the superconductor. During idling, the structural supports only need to support the mass of the magnet cryostat.  After the sled starts to levitate, it is necessary to support the weight of the launch vehicle and the sled through the cold-warm support structure. 

[image: image35.wmf]
Figure 1: Schematic cross section view of levitation magnet on a MagLifter Sled

The MagLifter cryostat uses laminated compression pads, instead of G11CR cylinders.  These give better thermal isolation during idling, by depending on hundreds of contact resistance interfaces with higher thermal resistivity than any solid material.  This approach is only superior to an insulator, such as G11-CR, when the pads are lightly loaded.  In the case of MagLifter, light-loading occurs all the time, except for the 13.7 s of acceleration, during which an enhanced heat leak can be absorbed easily.  Under normal operation, the cryostats are lightly loaded, since the rocket is supported on wheels.  In fact, when the coil is not levitated, the Lorentz load supports are slightly disengaged from the warm vacuum vessel..  In the case of the prototype demonstration, the levitated demonstration times are long, so the laminated sheets are replaced by a solid cylinder.  


In an earlier design
, performed under the National Maglev Initiative, each Levitation Coil was mounted in a separate dewar.  This concept was selected in order to permit running a Maglev train, even if one magnet should quench.  A simpler, more robust design is selected for MagLifter, hat takes advantage of the fact that the total "flight time" is only 13.7g s.  With the "Common Cryostat" concept, it is much simpler to react the attractive Lorentz loads between the two adjacent coils in the Levitation Module (two bogies/sled, two levitation modules/bogie, 2 coils/levitation module.)  A central stiffening strongback supports the attractive Lorentz load at 4 K with no additional heat load.  In the unlikely event of a quench, the heating time of the coils is sufficiently long that the vehicle can coast to a stop without losing levitation prematurely.  This will be demonstrated in the MagLifter Levitation Coil Test Facility.

The detailed cryostat design, performed during Phase-II by MIT, is described in the following. Additional general information can be found in the Phase-I Final Report
. All major parts of the cryostat are shown for completeness. Elevation, plan, and isometric/transparent views of the F-Coil and its cryostat system are shown in Figure 2 and Figure 3. 

[image: image36.wmf]
Figure 2: Elevation, plan, and isometric/transparency views of the Floating Coil (F-Coil) 

[image: image1.wmf]
Figure 3: Plan, elevation, and isometric views of the Floating Coil (F-coil) and the Charging-Levitating Coil (CL-coil) in the unlevitated position with the closest distance between them.
The F-coil and CL-Coil dimensions are summarized in the Table I. A dimensioned drawing of the floating is shown in Figure 3.
	Dimension 
	Units
	Value

	Lcoil
	(m)
	1.09

	Lcryostat
	(m)
	1.389

	hcoil
	(m)
	0.0726

	hcryostat
	(m)
	0.3168

	wcoil
	(m)
	0.491

	wcryostat
	(m)
	0.6798

	wwp
	(m)
	0.0966


Table 1:   F-coil and CL-Coil dimensions
Figure 4:  Dimensioned drawing of the Floating Coil (F-Coil) in plan and elevation views.
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The relevance of the F-coil CL-Coil system to the actual MagLifter L-coil module is that the individual F-coil is topologically identical to the vehicle Levitation Coil, except that there is only one racetrack coil in the test cryostat, instead of two adjacent ones.  The winding pack cross section, current, central field, and force/unit length are the same as those generated in the actual vehicle coil.
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Figure 5: Isometric/Transparent solid model of the F-Coil and cryostat with labeled components
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Figure 6:  Model of F-Coil cryostat
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Figure 7:  Model of F-Coil cryostat with labeled connection pipes
2.1 Floating-Coil Cryostat Design Description
The Floating-Coil (F-Coil) cryostat consists of three nested cans, a sealed helium vessel, an 80 K shield, and an exterior vacuum can.  The helium can is filled with liquid helium through a liquid helium fill line that traverses the length of the cryostat before discharging near the bottom of the can.  This configuration maximizes the thermal distance between the liquid helium pool and the inlet, minimizes the time needed to ‘prime’ the discharge line with liquid at the outlet, and includes a single expansion loop, allowing thermal contraction with low induced stresses.  The vent line is also pointed downward, traverses the length of the cryostat, but picks up escaping vapor at the top of the helium can. The F-Coil helium level is held towards the bottom of the vent line.  A superconducting probe from the top of the winding pack to the vent line is used to estimate the liquid helium level.  A relief valve and burst disk to protect against overpressures from quench or loss of vacuum is not shown in this figure, but has been designed and is illustrated in Figures 86 and 87.

3/8 inch thick angle support brackets pick up the repulsive forces between the straight legs.  They are cantilevered from three stepped crossbeams that are welded to the brackets on either side.  The coil is self-supporting against the hoop loads generated by the repulsion of the end turns.  The levitation loads are supported through 6 G10CR thin support tubes.  Three sets of three concentric tubes support the vacuum can, nitrogen shield, and helium can against atmospheric and helium pressure loads.  The innermost tube supports the vacuum vessel, the middle tube the 80 K shield, and the outermost tube supports the helium vessel.  Outside the perimeter of the winding pack, 6 thin steel rods support the weight of the helium vessel from vacuum can, as well as the transient downward forces on the coil, during charging, during the period when the Charging and Floating coils have currents with the same polarity.  Supports have been reduced in area and increased in height from the original reference design, in order to increase the helium space of the can.

The 80 K shield does not have to be leak-free, but is approximately a solid can in order to minimize radiation “seams” from 4 to 300 K.  It is cooled by liquid nitrogen in a steel tube wound in a meander across the top and bottom, connected helically along the sidewalls.   The nitrogen coolant lines run on the outside of the shield, just as the helium lines are mounted on the outside of the helium can, penetrating it only at the fill and vent ends.

The gravity supports, bolted rods and spring washers from the helium can roof to the winding support floor also support the downward Lorentz loads that occur during part of the charging operation. Under normal operation, there are no lateral forces.  However, when there are small perturbations in position, due to imperfection in the control system, there will also be small unbalanced loads.  The tubes supporting upward Lorentz loads have high enough moments of inertial to support the lateral loads in bending.  They also have sufficient stiffness 
to prevent collision between the coil and the can in the case of excessive unbalanced force.  The tubes are rigidly attached to the helium vessel at the cold end.  They are free to move vertically during Lorentz loading, but are retained within cups, attached to the inner walls of the vacuum vessel at all times with a clearance of less than 0.03 in.  Dimensions of the F-Coil components are shown in Figures 7.
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Figure 8:  F-Coil winding pack dimensions

2.2 Cryostat Components
The figures on the following pages show all major components of the F-Coil & C-Coil cryostats and the cryostat assembly procedure.
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Figure 9: F-Coil and C-Coil support plate dimensions (NEMA Grade G10CR)
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Figure 10:  F-Coil liquid helium can bottom plate (300 series stainless steel)
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Figure 11:   F-Coil liquid helium can top plate (300series stainless steel)
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Figure 12:  Liquid helium vessel sidewalls (300 series stainless steel)
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Figure 13:  80-K shield bottom plate (300 series stainless steel)
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Figure 14:  F-Coil 80-K shield bottom plate (300 series stainless steel)
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Figure 15:  F-Coil 80 K shield sidewalls (300 series stainless steel)
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Figure 16:  Vacuum can bottom plate (300 series stainless steel)
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Figure 17: Vacuum can top plate (300 series stainless steel)
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Figure 18: Vacuum can outer wall (300 series stainless steel)
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Figure 19:  Coil transverse support angle (2 Req.), (300 series stainless steel)
Common part C-Coil & F-Coil
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Figure 20:   Coil cross beam transverse support (2 Req.) (300 series stainless steel)

Common part C-Coil & F-Coil
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Figure 21:  Angle overturning support block (6 Req.); Material: NEMA Grade G-10CR

Common part C-Coil & F-Coil
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Figure 22:  Coil Positioning Arc; Material: NEMA Grade G-10CR

Common part C-Coil & F-Coil
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Figure 23:   Coil Positioning Arc-2 (2 Req.); Material: NEMA Grade G-10CR
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Figure 24:  80K to 4K adapter flange. Material 304 stainless steel
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Figure 25:  80-K shield support tube. Material 304 stainless steel
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Figure 26:  Liquid helium to vacuum vessel G-10 support tube
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Figure 27:  Vacuum vessel support tube, Material 304 stainless steel
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Figure 28:  80-K Shield support tube (3 Req.); Material: 300 series stainless steel.
Common Part C-Coil & F-Coil
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Figure 29:  Liquid helium can support tube (3 Req.); Material: 300 series stainless steel.
Common part C-Coil & F-Coil
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Figure 30:  Vacuum can support tube (3 Req.); Material: 300 series stainless steel

Common part C-Coil & F-Coil
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Figure 31:   Liquid helium coil mid support tube (4 Req.); Material: 300 series stainless steel. Common part C-Coil & F-Coil
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Figure 32: Liquid helium coil end support tube (4 Req.); Material: 300 series stainless steel. Common Part C-Coil & F-Coil
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Figure 33:   Liquid helium coil support tube bottom cover (6 Req.); Material: 300 series stainless steel. Common part C-Coil & F-Coil
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Figure 34:  Liquid helium to vacuum vessel mid coil support tube. (4 Req.); Material: NEMA Grade G-10CR. Common Part C-Coil & F-Coil
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Figure 35:  Liquid helium to vacuum vessel mid coil support tube. (4 Req.); Material: NEMA Grade G-10CR. Common Part C-Coil & F-Coil
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Figure 36: 80-K Tracer Tube; Material: 300 series stainless steel 6.35mm OD x 0.5 Wall

Components in the CL-Coil that are not common to the F-Coil are dimensioned in the following Figures 37-60.
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Figure 37: CL-Coil Assembly Layout, Isometric View
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Figure 38: CL-Coil Racetrack Coil Cover; G10-CR
[image: image73.wmf]90mm [3.546in]

Ø69.9mm [Ø2.754in]

Ø66.7mm [Ø2.629in]

180mm [7.092in]

3X Drill Thru

Ø6.4mm [Ø0.250in]


Figure 39: CL-Coil liquid helium vessel top plate; 300 Series stainless steel
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Figure 40: CL-Coil liquid helium vessel bottom plate; 300 Series stainless steel
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Figure 41: CL-Coil liquid helium can wall; 300 Series stainless steel
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Figure 42: CL-Coil 80-K shield top plate; 300 Series stainless steel
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Figure 43: CL-Coil 80K shield bottom plate; 300 series stainless steel
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Figure 44:  CL-Coil 80-K shield wall; 300 Series stainless steel
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Figure 45:  CL-Coil vacuum vessel top plate; 300 Series stainless steel
[image: image80.wmf]344mm [13.554in]

450.9mm [17.766in]

550mm [21.670in]

666mm [26.240in]

6X Thru Ø88.9mm [Ø3.503in]

6X Thru 

Ø69.9mm [Ø2.754in]

R100mm [R3.940in]

3.175mm [0.125in]

3.97mm [0.156in]

1,682.8mm [66.302in]

611.3mm [24.085in]

305.65mm [12.043in]

644.1mm [25.378in]

204.6mm [8.061in]

391.8mm [15.437in]

95mm [3.743in]

6X Thru Ø10mm [Ø0.394in]

282mm [11.111in]

595mm [23.443in]

3.175mm [0.125in]

3.175mm [0.125in]

3.97mm [0.156in]

440mm [17.336in]

406.4mm [16.012in]

343.9mm [13.550in]


Figure 46: CL-Coil vacuum vessel bottom plate; 300 Series stainless steel
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Figure 47:  CL-Coil vacuum vessel wall; 300 Series stainless steel
Figure 48: CL-Coil service stack helium cylinder; 300 Series stainless steel
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Figure 49: CL-Coil service stack LN2 shield inner cylinder; 300 Series stainless steel
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Figure 50: Service Stack LN2 outer cylinder; 300 Series stainless steel
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Figure 51: CL-Coil service stack LN2 reservoir bottom adapter flange;                             300 Series stainless steel
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Figure 52:  CL-Coil service stack LN2 reservoir bottom adapter flange; 300 Series stainless steel
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Figure 53:  Coil service stack LN2 reservoir to helium cylinder shorting flange;               300 Series stainless steel
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Figure 54:  CL-Coil service stack vacuum cylinder, 300 Series stainless steel
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Figure 55:  CL-Coil service stack vacuum to helium cylinder flange;                                  300 Series stainless steel
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Figure 56:  CL-Coil service stack LN2 pant leg tube; 300 Series stainless steel

Figure 57: CL-Coil service stack pant leg tube flange; 300 Series stainless steel
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Figure 58: CL-Coil service stack helium cylinder top flange; 300 Series stainless steel
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Figure 59:  CL-Coil service stack cover flange; NEMA Grade Phenolic linen or equivalent.
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Figure 60:  CL-Coil LN2 Tracer Tube; 6.35mm x 0.5mm Wall 300 Series Stainless steel Tube
 2.4 F-Coil Cryostat Assembly
The following figures describe the schematic assembly process of the F-Coil cryostat.
[image: image95.wmf]9.525mm [0.375in]

4mm [0.158in]

3mm [0.118in]

0.762mm [0.030in]

0.762mm [0.030in]

Ø265.1mm [Ø10.445in]

Ø203.2mm [Ø8.006in]

8X Thru Tap

M6 Or Equiv.

On 

Ø

248mm

O-Ring Groove Reference

Final Size TBD


Figure 61:  Liquid helium vessel bottom plate with support tubes
[image: image96.wmf]25.4mm [1.001in]

89mm [3.507in]

8X Blind Tap To

Match VCPL Adapter Flange

Do Not Break Thru

19.05mm [0.751in]

Ø265.1mm [Ø10.445in]

68mm [2.679in]

40mm [1.576in]


Figure 62:  Install liquid helium vessel outer wall
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Figure 63:  Install F-Coil Winding Assembly
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Figure 64:  Install Coil Cover Plate
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Figure 65:  Assemble F-Coil Transverse Support Structure
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Figure 66:  Install Transverse Support Structure and Coil Positioning Segments
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Figure 67:  Install Coil Overturning Support Blocks
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Figure 68:  Liquid Helium Cover Assembly
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Figure 69: Install liquid helium cover assembly
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Figure 70: Add 80 K Shield Wall and liquid nitrogen tracer tube
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Figure 71: Attach vacuum can cover plate and support rods
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Figure 72: Install liquid helium can/F-Coil Assembly
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Figure 73: Install Vacuum Can Outer Wall
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Figure 74: Vacuum Can Bottom Plate Assembly
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Figure 75: Install Vacuum Can Bottom Plate Assembly
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Figure 76: Complete External Fitting Installation
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Figure 77: Add Test Fixture Centering Rings

2.5 The CL-Coil Cryostat Assembly
The CL-Coil is shown in a bottom isometric view through a transparent vacuum can.  The CL-Coil has the same structural support elements as the F-coil, six support tubes that support repulsive and lateral Lorentz loads, three central tubes that support the vacuum can against atmospheric pressure, and six rods supporting attractive Lorentz loads during coil charging.  The original concept was to make the CL-coil cryostat identical with the F-coil cryostat.  Since the CL-coil has a vapor-cooled lead pair and the F-coil doesn’t, this constraint was relaxed and the cryostat was lengthened to accommodate the VCL pair and allow an adequate helium inventory for lead cooling.  The leads are commercially available: a conventional design being selected over (lower loss, higher cost) high-temperature superconductor leads because of the relatively short planned operational life of the experiment.  
The Vapor Cooled Lead stack includes the power leads, a helium cylinder, liquid nitrogen reservoir, and an outer vacuum cylinder.  The lN2 tracer tubes are arranged in a meander on the bottom of the vessel and a helix on the sides.  They are on the bottom, as opposed to the top in the F-coil, in order to provide thermal intercepts on the warm side of the cold-warm supports.  The helium inventory and usage are listed in Table 2: 

Table 2:  Helium Inventory and Use in the CL-Coil

	Parameter
	Units
	Value

	Helium inventory, 8” VCL stack
	(l)
	23

	Helium inventory, main He vessel chamber
	(l)
	62

	Helium boiloff rate
	(l/hr)
	9

	Helium boiloff rate/standby
	(l/hr)
	5
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Figure 78: CL-Coil and cryostat with vapor-cooled leads
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Figure 79: CL-Coil vapor-cooled leads
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Figure 80: CL-Coil, bottom isometric view

The Vapor Cooled Power leads are fed by conventional copper power bus at the top VCPL terminals.  Helium vapor exiting through the leads is vented to the atmosphere, through vent lines, not shown, connected to the vent holes at the top of the power leads.  Helium is fed to the bottom of the lead through the fill cone, near the bottom of the lead assembly.  The fill line is withdrawn from the fill cone, after the rises above that of the coil, and is retracted completely after filling to the bolted joint to the upper copper power leads to reduce boiloff during operation.  The operation time is determined by the boiloff rate to lower the liquid helium level from the joint to slightly above the top of the CL-coil.  The liquid nitrogen reservoir is filled and vented through vacuum jacketed tubes.  The liquid nitrogen level is maintained at about 100 mm below the top of the lN2 reservoir service stack.  The vacuum jacket is continuously pumped through the service stack pump-out vent.

[image: image115.jpg]Vacuum Can
Cover Plate

LHe Can Gravity &
Charging Mode
Support Rods (6)




Figure 81: C-Coil service stack, top isometric view
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Figure 82:  Vapor cooled leads with clamps
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Figure 83: Pump-out valve
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Figure 84:  Pump-out valve attached to lead stack
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Figure 85:  Lower clamp for vapor-cooled leads
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Figure 86:  Upper clamp for vapor-cooled leads
The helium can is filled through a vacuum jacketed liquid helium fill bayonet line.  The 80 K shield is fed continuously by a similarly-designed bayonet fill line.  The shield is vented by an 80 K vent line that is designed to still be carrying two-phase flow of nitrogen.  Under normal operating conditions, helium boil-off vapor vents through the main operating vent tube, which Tees off an internal helium vent line inside the vacuum can.  This vent line exits the vacuum can into a combination emergency overpressure relief valve and a burst disk to protect against off-normal events.  The most common off-normal event is a coil quench, which is not predicted to burst the disk.  The burst disk and overpressure relief valve are designed according to regulatory constraints, protecting against the highly unlikely event of a sudden loss of vacuum in the vacuum can
.

[image: image121.jpg]



Figure 87:  F-Coil isometric view, showing fill and vent lines

Two more views of the F-Coil, as shown through a transparent vacuum vessel with an open top are given in Figures 87 and 88, highlighting the supports and the helium and nitrogen delivery tubes.

Figure 88[image: image122.wmf]: Transparent solid model of cryostat, showing helium & nitrogen 

fill and vent lines with overpressure protection
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Figure 89: Isometric solid model with cover removed of F-Coil, showing major components

2.6 Instrumentation
55-Pin Connector Installation 

The following 55-Pin vacuum feed-through connector installation method allows the connector and associated cable to be installed and tested prior to welding of the LHe can bottom flange and LHe stack. It also allows the coil and instrumentation to be monitored periodically during assembly of the cryostat.

The 55-pin hermetically sealed can be ordered with a solder flange mount. 
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 Figure 90:  Hermetically sealed 55-pin cannoector
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Figure 91: Copper tube soldered to 55-pin connector

The following manufacturing and testing steps can be used:
· Solder and sleeve wires of appropriate length to the connector. 

· Machine copper tube of appropriate length to mate with connector solder flange. 
· Pre-tin the mating surfaces of the copper tube 60\40 solder.

· Slip the tube over the bundled cable. Do not attach to connector.

· Attach and test the individual cable wires.

Retest:

· Slip the copper tube over the connector solder flange and seal with a low temp solder such as an indium alloy. 
NOTE: Tube may be sealed with appropriate epoxy.  Retest wiring.

· Place support, and test the cable and connector as required during the remainder of the cryostat assembly.

· A Goddard Feedthru is bored to accept the copper tube and epoxied into LHe Stack Cover.

· Prior to installation of the Stack Cover the 55-Pin Connector Assembly is slipped through the Goddard fitting and sealed. 
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Figure 92: A Goddard Feedthru mounted
3. Conductor Design
Both the Charging and Floating Coils use the same cable-in-conduit conductor (CICC) as the Levitation Coils in the Phase I MagLifter Design
. CICC conductor was chosen because of its superior mechanical and electrical strength, high wetted perimeter, and good local helium enthalpy, providing high energy margin against conductor quench.  A high-strength stainless steel conduit, shown in Figure 93, prevents stress buildup in the superconducting cable, while the helium surrounding the strands in the conduit stabilizes the superconductor by absorbing heat. 
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Figure 93: A superconducting cable-in-conduit conductor (CICC)

The outer dimensions of the insulated conduit are 5.4 mm ( 5.4 mm. The conduit wall thickness is 0.36 mm.   Dimensions of the Floating Coil and conductor are given in Table 3.

Table 3
Floating Coil Description
	Item
	Units
	Value

	No. turns 
	----
	192

	Operating current
	A
	1635

	Max field
	T
	1.97

	Length of coil
	m
	1.09

	Width of coil
	m
	0.49


The intended conductor
 is an advanced internal tin Nb3Sn strand, provided by Outokumpu.  It is based on improvements in Nb3Sn that have been made in support of the Very Large Hardon Collider (VLHC) program in High Energy Physics
.  However, it differs from the strands developed for that program by having the very high copper/noncopper ratio required for a “medium-performance/ultrareliable” magnet concept.  A subelement of this especially designed strand is shown in Figure 94.
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Figure 94:  Strand: drilled subelement rod before tin injection

Tin is injected into the center of the element and niobium rods are inserted into the three rings of smaller holes.  During the heat treatment, the tin in each subelements diffuses outward to form Nb3Sn.

3.1 Conductor Development

Ten potential suppliers of superconductor in the US, Japan and Europe were asked to bid on the required conductor for the MagLifter coils. Although a conductor with the required specifications had been manufactured in the past, only one company was interested in bidding. The general difficulty of getting companies interested in this contract is mainly due to the small quantity (75 kg) required for this project.
Outokumpu was the only company, who was willing to offer the requested Nb3Sn conductor with a copper content of about 78%. The cost of the conductor was about US$1000 per kg, which was significantly higher than what is normally paid for superconductor.  Even Outokumpu had reservations with the specification, summarized in Table 4, and was unable to reach an originally requested hysteretic loss of 750kJ/m3. 
Table 4: Specifications for requested Nb3Sn superconductor

[image: image3]
The manufacturing of the Nb3Sn conductor did not proceed as scheduled and even 6 months after the promised delivery Outokumpu had not produced any working sample. At that time it was decided in agreement with NASA to cancel the contract with Outokumpu and use an existing conductor owned by MIT.
Using the MIT conductor, the cable to be placed in the steel conduit was successfully manufactured by NEEW and sent to ACCU Tube for placement into the steel conduit. Although, the company had performed a rather intensive test program for this unconventional tube mill operation, the superconductor was damaged in the manufacturing process.

To avoid further increases in cost and schedule it was decided with NASA’s agreement to switch to a NbTi conductor, which was existing at AML. A new cable was manufactured at NEEW and successfully placed in the SS conduit at ACCU Tube. The cable was insulated by NEEW with glass tape.

The insulation of the CICC done by NEEW had many defects. It got damaged by winding the conductor onto the transport spool. The insulation was repaired at AML using Kapton tape and a coil was wound at AML.
During the winding process it was realized that the CICC conductor had a very strong intrinsic twist. When bent into the coil arcs, the conductor had a tendency to twist around its axis. This effect was then clearly identified in experiments with short conductor pieces and is shown in Figure 95.

[image: image132.wmf]
Figure 95:  The CICC is placed flat onto a table surface and bent upwards in the plane perpendicular to the table
Due to the intrinsic twist of the conductor the manufactured coil did not remain flat when released from the winding table, but bent upwards (potato chip effect) and was unusable. The distorted coils is shown in  .

In tests done in collaboration with ACCU Tube it was identified that the cable had to be inserted into the conduit under a very shallow angle and that more void fraction was needed in the conduit. A new cable with a slightly reduced copper cross section was produced at NEEW and successfully encapsulated in the SS conduit at ACCU Tube. The conductor was insulated in-situ during the winding process at AML with a specially built tape wrapping machine and the CL-Coil was success fully wound as described below. 
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Figure 96:  Although the bending is performed in the plane of the CICC, the conduit twists around its axis.

Figure 97:  The coil released from the winding fixture shows an unacceptable bening out of the winding plane. The deviation from the flat table surface at the coil ends is about 2”.

.
3.2 Quench Detection/Protection System

In the center of the cable is an internal voltage sensor and heater element with the dual purpose of achieving quench detection and of heating the entire cable to the current-sharing temperature as a protection method in the event of quench.  This dual function is necessary for the F-Coil only.  The CL-coil can be dumped through an external circuit.  The dump of the F-Coil will have the dual mission of protecting the coil and demonstrating substantial float time in the event of quench.  This is part of the design philosophy of high launch reliability by a redundant strategy of “low probability of quench” combined with “successful launch, even with quench.”
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Figure 98: Internal Voltage Sensor

The internal voltage sensor consists of a solid, inner copper wire, which is both the sensor and the heater element, insulated from a protective steel can by an S-glass insulating braid and a copper or steel braid, acting as a “cushion” for the sensor and glass.  
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Figure 99:  Termination of Internal Voltage Sensor

The internal sensor is terminated in the center of the winding (e.g. after 96 turns in the F-coil).  The upper and lower sensor signals are differenced, in order to null out any inductive signals.  Further signal processing can be done in the quench detection processor to further filter out all noise signals, other than the resistive voltage from a quench zone.  On detection of quench, voltage is applied to both halves of the voltage sensor/heater in order to achieve the most uniform possible quench dump.

The dimensions of the sensor are given in Table 6.

The internal voltage sensor conductor, a mini coax with a braze joint placed at mid length was fabricated by a subcontractor (NEEW). The conductor had several shorts along its length and was therefore unusable.  The conductor was replaced with a commercial product from ISOMIL in Germany. The company markets a special sensor, which consists of a NiChrom solid shield with two sensor wires inside, which are surrounded by ceramic insulation. This conductor is extremely robust and can sustain temperatures of about 1000 C. Details can be obtained from AML on request.

Table 6: Sensor Dimensions and Requirements

	
	
	F-Coil-Copper Braid
	CL-Coil-Copper Braid

	Sensor
	
	
	

	Lstraight
	(m)
	0.6
	0.6

	Ri,wp
	(m)
	0.1543
	0.1543

	Ro,wp
	(m)
	0.2457
	0.2457

	Rav,wp
	(m)
	0.2
	0.2

	Dcucore
	(mm)
	0.25
	0.25

	DS-glass wrap
	(mm)
	0.45
	0.45

	DCu braid
	(mm)
	0.58
	0.58

	tS-glass wrap
	(mm)
	0.1
	0.1

	tCu braid
	(mm)
	0.065
	0.065

	tcan
	(mm)
	0.00
	0.00

	Dsensor
	(mm)
	5.80E-01
	5.80E-01

	Acore
	(mm2)
	4.91E-02
	4.91E-02

	
	
	
	

	Asensor
	(mm2)
	2.64E-01
	2.64E-01

	nturns,sensor
	
	96
	96

	Lav,turn
	(m)
	2.46
	2.46

	Lsensor
	(m)
	235.8
	235.8

	RRR,sensor
	
	100
	100

	(B=0)
	(-m)
	1.7E-10
	1.7E-10

	Bmax
	(T)
	1.97
	4.47

	mag(Bmax)
	(-m)
	2.47E-10
	3.45E-10

	av,sensor
	(-m)
	2.09E-10
	2.57E-10

	R,sensor
	()
	1.00E+00
	1.24E+00

	J/cc,sensor
	(MJ/m3)
	1.00
	1.00

	Edeposited,sensor
	(J)
	1.16E+03
	1.16E+03

	t,Edeposition,sensor
	(s)
	2
	2

	P,1 sensor
	(W)
	578.85
	578.85

	I,1 sensor
	(A)
	24.04
	21.63

	V, 1 sensor
	(V)
	24.08
	26.76


4. Coil Design
The cross section through the original levitation coil is shown in Figure 97. The new F-coil design has exactly twice as many pancakes.  This does not mean that the prototype demonstration fails to simulate the actual MagLifter coil design, because the reference coil design will be changed in the next iteration to double the number of pancakes to 12.  This is done in order to permit coasting to a soft “landing” in the extraordinary event of a magnet quench.  It simultaneously diminishes the probability of a quench, giving a highly reliable redundant safety system.  The design philosophy would be that the largest conceivable disturbance could not quench the magnets, but that if one should quench anyways, the system would maintain levitation for the better part of a minute, so that launch would not have to be aborted.  Details of the winding pack including dimensions are presented in Figure 97 and Figure 98.
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Figure 100: Cross section through original levitation coil
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Figure 102: Winding pack cross section of the Floating Coil, end-turns

The F-Coil consists of 6 double pancake coils (flat spirals), which are stacked on top of each other. Each double pancake has 32 turns with 16 turns in each pancake. The operational current is 1,635 A, generating a field of about 2.0 T, including the levitating field from the CL-Coil.

The current coil design was developed
 with the constraint that both the F-Coil and the CL-Coil should be the same size.  This was done, because it was felt that Phase III of the program would be least expensive if all of the major cryostat components had the same size.  Since the CL-Coil has the higher current and the F-Coil is deliberately conservative, in order to satisfy prototyping constraints of high energy margin and the ability to achieve a “soft-landing” quench, this will not be terribly suboptimal even for the design of the experimental coils.  The dimensions developed by Radovinsky with these constraints are shown in Table 7:

Table 7: Geometry of the F-Coil and CL-Coil, Prototype Experiment

	Parameter
	Units
	F-Coil
	CL-Coil

	Nlayers
	Units
	16
	16

	Npancakes
	 
	12
	12

	Nturns
	 
	192
	192

	Henv 
	(mm)
	66.6
	66.6

	Wenv 
	(mm)
	90.6
	90.6

	Zfo,ch 
	(mm)
	76.65
	-76.65

	Gap 
	(mm)
	190.00
	190.00

	Fz 
	(kN)
	67.12
	-67.12

	Lf 
	(H)
	3.96E-02
	3.96E-02

	Mfloating 
	(H)
	5.63E-03
	5.63E-03

	Mcharging 
	(H)
	1.50E-02
	1.50E-02

	Ifloating
	(A)
	1635
	-1635

	Icharging 
	(A)
	0
	3712

	Bmax 
	(T)
	1.97
	4.47

	Emax 
	(kJ)
	53.0
	273.0


The conductor characteristics based on the optimization study are given in Table 6. The F-Coil and CL-Coil would optimize at different design points, since the field and current are higher for the CL-Coil.  We retain a constraint that the conductor and winding geometries and strand types must be identical for both coils, but that the number of pure copper strands in the cable may be different.  The design parameters presented below are geometrically self-consistent, but must be optimized in a separate study. Nb3Sn is currently considered the reference design.  NbTi is not considered in this study, since the feasibility of the CL-Coil is clearly at issue. Nb3Sn can provide an order of magnitude more energy absorption capacity for AC losses and disturbances because this conductor remains superconducting at much higher temperatures than NbTi.  This will translate into a higher operational reliability of a Nb3Sn magnet system and will outweigh the higher cost of a Nb3Sn conductor. Furthermore, for the MagLifter the conductor cost is only a small fraction of the total system cost
.

The F-Coil and CL-Coil conductor designs have also been modified to permit the inclusion of an internal quench detector and coil protection wire, as described below in Table 6.

Table 8:   F-Coil and CL-Coil Conductor Designs

	Parameter
	Units
	F-Coil
	CL-Coil

	Dstrand
	(mm)
	0.505
	0.505

	nstrands
	
	60
	60

	nsccomposite
	
	20
	40

	ncustrands
	
	40
	20

	Copper/Noncopper
	
	3.5
	3.5

	Anoncu
	(mm2)
	0.890
	1.78

	Asc,strands
	(mm2)
	4.006
	8.012

	Acu,scstrand
	(mm2)
	3.116
	6.231

	Acustrands
	(mm2)
	8.012
	4.006

	Acu,total
	(mm2)
	11.128
	10.24

	Ametal
	(mm2)
	12.018
	12.018

	Ahe
	(mm2)
	4.78
	4.78

	Acs
	(mm2)
	17.67
	17.67

	hcond
	(mm)
	4.96
	4.96

	wcond
	(mm)
	4.96
	4.96

	tcond
	(mm)
	0.36
	0.36

	tins
	(mm)
	0.24
	0.24

	henv
	(mm)
	5.45
	5.45

	wenv
	(mm)
	5.45
	5.45

	Ains
	(mm2)
	6.3
	6.3

	Ri,cond
	(mm)
	0.5971
	0.5971

	Ro,cond
	(mm)
	0.957
	0.957

	fHe
	
	0.278
	0.278

	Icond
	(A)
	1635
	3712

	Istrand
	(A)
	81.8
	92.8

	Bmax
	(T)
	1.97
	4.47

	Jcu
	(A/mm2)
	147
	363

	Jnoncu
	(A/mm2)
	1,836
	2,085

	nturns
	
	192
	192

	Lturn
	(m)
	2.46
	2.46

	Lconductor, system
	(m)
	472
	472

	Lstrand, sc
	(km)
	9.43
	18.9

	Lstrand, Cu
	(km)
	18.9
	9.43

	Msctrands
	(kg)
	15.1
	30.2

	Mcustrands
	(kg)
	33.6
	16.8

	Mconduit
	(kg)
	22.6
	22.6

	Mins
	(kg)
	2.6
	2.6

	Mwp
	(kg)
	73.9
	72.2

	Mcoil
	(kg)
	79.0
	77.3

	Wcoil
	(N)
	774
	757

	Fz
	(kN)
	85.9
	85.9

	L/W
	
	111
	113


5. The CL-Coil Manufacturing 
The machine developed by AML for winding the coils with the cable-in-conduit (CICC) conductor is shown in Figure 100. The conductor is pulled from its transport spool under a tension of about 200 lbs. This tension on the conductor is necessary to guarantee a dense winding pack and to achieve straight sections in the coil without remaining bowing.
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Figure 103:  Winding developed by AML for winding of coils with CICC conductor
The CICC conductor is insulated with 0.250” wide glass fiber tape. This tape wrapper was specially developed for this process. AML tried to have the conductor wrapped by a subcontractor, but the insulation gets damaged when the wrapped conductor is wound onto a transport spool. 
The tape wrapper, shown in Figure 101, measures the length of CICC passing through and adjusts the speed of the rotating wrapper head to produce a continuous wrap with a predefined overlap. The CICC length is measured with an angle encoder, read by a computer. The computer calculates the required rotational speed of the rotating head and adjusts the speed in real time.


[image: image5]
Figure 104:  Computer controlled tape wrapper for CICC insulation
Figure 102 shows the winding of the CL-Coil. Precisely machined mandrels define the arc sections of the coil. The straightness in the straight sections of the coil are achieved by pre-bending the conductor in the opposite direction with a placement wheel shown in Figure 100 and by applying a high mechanical tension on the conductor during winding. The vertical position of the conductor in the winding process is also guaranteed by the placement wheel, which is manually adjusted turn by turn.
[image: image140.wmf]
Figure 105:  Winding of first layer of CL-Coil consisting of 12 turns
The finished coil consisting of 12 turns per layer (vertical) and 19 layers (horizontal) is shown in Figure 103. The coil is wrapped with 3 layers of additional fiber glass tape (0.020” thick). The steel clamp shown in Figure 103 is needed to maintain the coil shape. The tension on the conductor during winding would tend to oval the coil shape.
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Figure 106: Completed coil with additional ground wrap of fiber glass
The wound CICC coil has to be transferred into a mold for vacuum impregnation. Since the coil tries to take on an oval shape, it has to be constantly restraint. The procedure and tooling developed for this process is described in the following sketches. 
[image: image142.wmf]
Figure 107:  The wound and wrapped coil restraint in steel brackets
[image: image143.wmf]
Figure 108:  Top brackets removed. Dowel pins remain
[image: image144.wmf]
Figure 109:  Mold bottom plate placed on top of restraint coil assembly. Positioned by dowel pins
[image: image145.wmf]
Figure 110: Assembly with installed bottom plate turned over
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Figure 111:  Remove steel bars. Dowel pins remain
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Figure 112:  Replace the side brackets, which restrain the coil, with 0.5” dowel pins inside and outside the coil. Place 0.010” G-10 strips inside and outside of coil to form vertical mold walls.
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Figure 113: Place mold top plate. The position is precisely defined by the 0.5” dowel pins. The two plates are bolted together (not shown) to form stable assembly.
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Figure 114: Remove mold top cover plate after vacuum impregnation of coil is completed. The 0.5” pins still remain in place to supply additional support to coil.
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Figure 115:  Place transverse support structure (SS) onto coil. The 0.5” dowel pins are pushed down through the mold bottom plate. The G-10 mold walls remain.
[image: image151.wmf]
Figure 116: Place transverse support structure (SS) in place. Remaining gaps between the support structure and the coil are filled with Green Putty (a less viscous adhesive slurry would be better for future coils).
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Figure 117:  Actual mold assembly. The G-10 race track plate is place on top of the coil and becomes a part of the impregnated coil
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Figure 118: Picture of actual mold. The CICC conductor penetrates through the mold wall. All joints between the mold plates and walls and the CICC wall penetrations are sealed with RTV.
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Figure 119:  Fully impregnated coil. The glass tape overwrap of the coil becomes transparent when impregnated with adhesive
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Figure 120:  Detail of impregnated coil showing an arc section. No air bubbles or other defects were found, showing a successful vacuum impregnation.
Many details of the coil winding and the vacuum impregnation are described in numerous Status Reports to NASA and can be obtained on request.
6.0 Structural Analysis

6.1 Coil-Vessel Gravity Supports

6.1.1 Forces 

A 2D ANSYS electromagnetic model is used to determine the normal operating forces when the coils are energized. In addition to the levitation forces, the model provides lateral forces which tend to separate the legs of the racetrack, and the net forces acting on each coil resulting from imperfect lateral alignment. A simple weight calculation is presented which forms the basis of the dead-weight (DW) support design. Support design concepts are presented which address the specific issue of dead-weight and electromagnetic loads, including misalignment effects.

The coil pack cross-sections, as described above, are composed of 5.45 mm square conductors in a 16 wide by 12 tall array. The conductor current is 1635 A, and directed in each coil to produce opposing fields. The centers of the coil packs are separated by 0.4 m in X and 0.3433 m in Y
. 
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Figure 121: 2D planar model of coaxial racetracks
The electromagnetic loads, due to the levitating vertical force and lateral loads, due to possible offsets are listed in Table 7.

Table 9: Top (F-) Coil forces for various Coil Axis lateral off-sets

	Run
	Off-Set

[mm]
	Lateral (X) Forces

[kN]
	Vertical (Y) Forces

[kN]

	
	
	Left Leg
	Right Leg
	Total
	Left Leg
	Right Leg
	Total

	Testrig11
	0
	-21.11
	+21.11
	0
	32.73
	32.73
	65.45

	Testrig12
	1
	-20.93
	+21.28
	+0.35
	32.65
	32.80
	65.45

	Testrig13
	5
	-20.23
	+21.98
	+1.75
	32.36
	33.06
	65.42

	Testrig14
	10
	-19.36
	+22.86
	+3.50
	31.97
	33.37
	65.33


In summary, any eccentricity between the F and CL-coil axes will result in a force tending to increase the eccentricity, and a torque tending to flip the magnets over. It is assumed that the coils can be aligned with a tolerance of 1/8 in, which will lead to a relatively small de-centering force (~250 lbf). The net torque is less of an issue since the net forces remain compressive across the laminated compression pads for displacements of this magnitude.

6.1.2 Dead Weight Loads

A schematic of the test stand and test coils is shown below in the Test Section in Figure 141. The Dead Weight support system (not shown) must be designed to carry the gross weight of the He vessel back to a room temperature ground when the coils are not energized. The weight of the He vessel is determined by the sum of its parts as listed in Table 8. When the coils are energized, the electromagnetic separating force will push the F-coil up and the CL-Coil down, closing the gaps in the vertical load paths. This vertical repulsive force also manifests as a tensile load in the columns of the Support Structure (as well as localized loads in the cross members). 

Table 10:  He vessel (and contents) gross weight calculation

	Part
	Volume

[m3]
	Density

[kg/m3]
	Mass

[kg]
	Weight

[N]

	Coil
	0.016
	N/A
	84.3
	830

	Al Structure
	0.015
	2700
	40.5
	400

	SS He Can
	0.014
	8000
	112
	1100

	G10 Blocks
	0.004
	1900
	8
	80

	4K He @ 1 atm
	0.085
	130
	11
	110

	Total
	
	
	255.8
	2500


The total levitated weight is given in Table 9.
Table 11: Total levitated weight by individual component
	Part
	Material
	Wgt. Kg
	Quantity
	Total Wgt Kg
	Total Wgt Lbs

	COIL
	
	84.3
	1
	84.3
	185.7
	

	LHE_CAN_BOTTOM
	SSTEEL
	41.7
	1
	41.7
	91.74
	

	LHE_CAN_WALL
	SSTEEL
	11.2
	1
	11.2
	24.64
	

	LHE_CAN_TOP
	SSTEEL
	50.6
	1
	50.6
	111.32
	

	4K_SUP_TUBE
	SSTEEL
	1.1
	3
	3.3
	7.26
	

	80K_CAN_BOT
	SSTEEL
	25.4
	1
	25.4
	55.88
	

	80K_CAN_WALL
	SSTEEL
	22.2
	1
	22.2
	48.84
	

	80K_CAN_TOP
	SSTEEL
	24.2
	1
	24.2
	53.24
	

	80K_SHLD_TUBE
	SSTEEL
	1.3
	3
	3.9
	8.58
	

	VAC_CAN_BOT
	ALUM
	20.3
	1
	20.3
	44.66
	

	VAC_CAN_WALL
	ALUM
	15.7
	1
	15.7
	34.54
	

	VAC_CAN_TOP
	ALUM
	47.6
	1
	47.6
	104.72
	

	VAC_CAN_SUP_TUBE
	ALUM
	0.28
	3
	0.84
	1.85
	

	ANGLE-SUPPORT
	ALUM
	2.8
	2
	5.6
	12.32
	

	X-BEAM_SUPPORT
	ALUM
	0.9
	2
	1.8
	3.96
	

	ANGLE_OVERTURN_SUP_BLOCK
	G-11
	0.16
	6
	0.98
	2.16
	

	COIL_POSITION_HALF_RING
	G-11
	0.27
	1
	0.27
	0.60
	

	COIL_POSITION_PARTIAL_RING
	G-11
	0.27
	2
	0.54
	1.19
	

	COIL_SUP_BOT_FLNG
	SSTEEL
	0.07
	6
	0.42
	0.93
	

	COIL_MID_SUP_TUBE
	SSTEEL
	0.06
	4
	0.24
	0.53
	

	COIL_END_SUP_TUBE
	SSTEEL
	0.12
	2
	0.24
	0.53
	

	LHE_VAC_G11_SUP_TUBE_END
	G-11
	0.12
	2
	0.23
	0.51
	

	LHE_VAC_G11_SUP_TUBE_MID
	G-11
	0.10
	4
	0.41
	0.91
	

	LEV-COIL-FLNG
	Micarta
	5.14
	1
	5.14
	11.31
	

	LN2_TRACER
	SSTEEL
	1.61
	1
	1.61
	3.54
	

	
	
	
	
	
	
	

	**Total Wgt
	
	
	
	368.3
	811.45
	

	** Does Not Include Conductor, Nut & Bolts, Vent Piping.
	
	
	
	


6.2 Vacuum and Helium Vessels Stress Analysis
The MagLifter helium and vacuum vessels (HeV and VV) and their accompanying structural supports must sustain normal operating loads which include attractive forces during charging
, repulsive forces during levitation
, and differential pressure forces all of the time. Earlier project memos qualify the VV
 and levitation support system
 during the levitation mode of operation. However, neither addresses the effects of attractive forces during the charging operation, when electromagnetic (EM) forces pull the coils together, or the adequacy of the He vessel. 

A3D ANSYS model of the He and Vacuum vessels is assembled and used to determine stresses and deformations from the two extreme operating conditions: charging and levitation. A charging support structure is proposed and evaluated for structural and thermal performance. The only effect on the VV analyzed here and not analyzed in the previous report [12] is the suspension of the attractive force which occurs during charging.

The analysis indicates that (6) 5/16” rods are required to suspend the He vessel and carry the 50 kN attractive force. A simple heat-leak calculation indicates that these ~11” long rods will leak 0.4 W into the He system, and 20 W into the LN2 system. More elaborate suspension systems could be proposed and analyzed, to cut down on the heat leak, but this may be the most straight-forward and robust design. This brings the total heat leak from cold mass supports (G10 compression columns and SS rod hangers) to 0.67 W into the He system (0.93 liters/hr), and 25 W into the LN2 system (0.55 liters/hr).

The analysis also indicates that the He vessel stresses and deflections are within nominal limits.

6.2.1 Analysis

Figure 119 shows a drawing and solid model of the He vessel. The vessel is suspended from the relatively thick VV cover by six rods. These rods must carry the C-Coil to F-Coil attractive load developed during charging. A 3D quarter-symmetric ANSYS
 structural model of these vessels is shown in Figure 120. The shell model uses the thicknesses listed in Table 10.

The 3D plate model uses higher-order Shell93 elements and invokes large-deflection effects to evaluate stresses in the F-Coil HeV and VV as a result of atmospheric pressure outside the VV, 2 atm of He pressure inside the HeV, vacuum in between the two, and mechanical loads from attractive forces. These loads are shown in the annotated model plots of Figure 121.

The analysis produces deflections and stresses which are compared to typical design limits. In addition, the model is used to locate the HeV rod hangers to achieve reasonable load-sharing. Thermal conduction hand calculations are used to estimate the thermal load caused by these HeV hangers. 

The model is assembled in mks units and so all deformation plots are in meters, and all stress plots are in Pa. Multiply MPa by 0.145 (or divide by ~7) to get ksi.

Table 12: Material Thicknesses used in the model

	Part
	Thickness

[mm]

	VV bottom
	7.9

	VV side-walls
	6.4

	VV top
	19.1

	VV Columns
	4.8

	HeV bottom
	7.9

	HeV side-walls
	3.2

	HeV top
	7.9

	HeV tubes
	3.2
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Figure 122:  He Vessel Design
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Figure 123:  He & vacuum vessel model
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Figure 124: Quarter model of He and Vacuum Vessels, showing pressure loading. Internal and 50 KN attractive force equivalent pressure
6.2.2 Results

The structural analysis of the HeV and VV show stress levels and deflections which must be measured against typical design criteria and system limits. These results and comparisons are presented below.

Figure 122 is a deformed plot of the vessels with vertical deflections superimposed. Notice that the floor of the He vessel moves downward by about 3.3 mm as a result of the -50kN attraction and the 2 atm of internal pressure. Only about 0.7 mm of this deformation is due to the internal pressure. A review of the design drawings (by Camille) indicates that this deformation partially closes a 3/8” (9.5 mm) gap between the He vessel and LN2 shield surfaces. There is nothing in this He-LN2 gap, and so the 3.3 mm deformation is considered acceptable.

Figure 123 is a plot of the stress intensity in the VV as a result of the attractive force load condition (plus 1 atm of pressure differential). The 250 MPa maximum stress occurs at the intersection of the columns and the thin bottom plate. More importantly, the stress where the rods attach to the thick VV cover are well below the maximum value. The rods could be threaded into the bottom of the cover and then fillet welded for security. If the six (5/16” diameter SS) rod hangers share the 50 kN load equally, then each one will carry 8300 N (1900 lb). Is this a reasonable design? A UNRC 5/16” Unbrako 316 SS Cap screw has a design tensile capacity of 4200 lb. 

The model is used to locate the end rod placement for nearly equal load-sharing. With the outer four rods positioned axially 0.55 m from the middle pair, 8.2 kN will be carried on each of the middle rods and 8.4 kN will be carried on each of the end rods (2x8.2+4x8.4=50kN). It should be noted that the stress and displacement results presented in this memo are for a rod spacing which does not produce equal load sharing (0.38 m spacing, 6.6 kN on middle rods, 9.2 kN on end rods). Pushing the outer rods to 0.44 m from the middle improves the load sharing to 6.9 kN on the middle rods and 9.1 kN on the outer rods. Nearly perfect load sharing occurs when the end rod hangers are repositioned to 0.55 m from the middle. In this case, the stress plots indicate almost identical results to the not-so ideally positioned configuration, indicating a weak dependence on rod location. These revised plots were not pulled into the memo simply because annotating them would have been a somewhat time-consuming process with little benefit.

Figure 124 is a plot of the stress intensity in the HeV. With a maximum bending stress of about 400 MPa, the vessel is well below the 750 MPa stress limit for SS at 4K. Please do not think that the vessel is substantially over-designed. The peak He pressure could be more than 2 atm, and the welds details might not allow taking credit for the full wall thickness.

The thermal heat load from the 5/16” hangers is obtained by a simple hand-calculation. Table 11 is a copy of the spreadsheet used to perform these calculations. It lists the heat leak from the G10 compression tubes (G10 average thermal conductivities adjusted to match FE model results of [13]), and SS rods. At 0.068 W/rod, the rods leak about 60% more heat into the He system than the G10 compression columns. So the total heat leak through the He system supports is 6(0.068+0.043) or 0.67 W. This will boil off He at a rate of 1.4 liters/hr/W x 0.67 W or 0.93 Liters/W.

[image: image160.png]



Figure 125:  Helium vessel deformation
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	50kN attractive force, 2 atm He Pressure 

	50kN attractive force, 0 atm He Pressure


Figure 126:  Vertical deformation, with (top) and without (bottom) He pressure
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Figure 127:  Tresca stress contours in VV showing effects of attractive loads (and 1 atm ext. press.)

Figure 128:  Tresca stress contours in HeV showing effects of attractive loads (and 2 atm int. press.)[image: image163.png]




Table 13:   Thermal losses from MAGLIFTER Supports
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6.3 Stress analysis of Pressurized Conduit  

A 2D planar structural ANSYS
 analysis of AML’s proposed conductor conduit is presented. Loading is limited to internal pressure. Stresses are evaluated by a methodology which is roughly consistent with that of the ASME Pressure Vessel code.

Results indicate that the stresses developed from a 1000 psi internal pressure push the 0.25 mm thick conduit to about 75% of its design limit.

6.3.1 Analysis

The analysis is based on the 2D, quarter-symmetric conduit model shown in Figure 126, with dimensions given in Table 12. The ANSYS plot title list most salient design parameters (in various units). Internal pressure and symmetry boundary conditions (rollers) are applied. The material is assumed to be 316 SS with an elastic modulus of 207 GPa. Stresses are compared to the typical design criteria and discussed in detail.

Table 14:  Conduit Dimensions

	Parameter
	Dimensions

[mm]

	Outer Width x Height
	5 x 5

	Wall thickness
	0.25

	Inner Corner Radius
	1.02

	Outer Corner Radius
	1.27


[image: image165.wmf]
Figure 129:  Model plot of conduit with internal pressure

6.3.2 Results

The resulting stress field is shown in Figure 127. There is perfect symmetry about the 45( plane, so there are only two regions of interest: (1) at the Y=0 symmetry plane and (2) at through the middle of the corner ((=45(). These regions are called out as Sections 1 & 2 in the figure. Subsequent discussions will allude to these references. 

The maximum stress intensity of 600 MPa occurs on the inside surface of the corner (Section 2). The stress at the symmetry planes (Section 1) is less. But lets look closely at both regions. The question is, how do we evaluate these stresses in a way which is consistent with a typical pressure-vessel approach?

The ASME pressure vessel code breaks down the stresses in a vessel wall into different categories. Each category has its own stress allowable. The nominal allowable stress, Sm, is based on the yield and ultimate strength of the vessel material at the nominal operating temperature. In the ASME analysis approach, Sm is taken as the lesser of 2/3Sy or 1/3Sut. The fusion community (US and international) has soften this requirement slightly by using 2/3Sy or 1/2Sut. The choice is ours to make.
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Figure 130:  Stress Intensity contours, 1000 psi internal pressure loading

For a 316LN conduit in the annealed state (post seem weld), the 4K yield (Sy) and ultimate (Sut) values are 815 MPa and 1360 MPa, respectively. This puts the design stress value (Sm) at about 500 MPa. Notice that I’ve already made a compromise by using the average of the two approaches. 

The various stress categories and their allowable stress limits are listed in Table 13. We often talk about keeping the stress below the yield stress of the material. What we really mean is that we want to keep the membrane + bending stress below the yield stress. And strictly speaking, this is not quite accurate (relative to these ASME requirements). This is true, however, for materials which have a relatively high ultimate strength, so that the Sm value is determined by 2/3Sy, since 1.5x2/3Sy is Sy. For materials which have a relatively low ultimate strength, the Sm value will be determined by some fraction of the ultimate strength, and we’re obliged to keep the bending stress below the yield stress.

The final stress category applies to the maximum stress. Its often referred to as the total stress or the peak stress. This stress, by definition, cannot lead to a catastrophic failure from a single load application, but can contribute to a fatigue failure (many load cycles). Therefore, the qualification of this stress is a bit more tricky. In the simplest case, the analyst can use a design-basis fatigue curve. A more complicated approach would be to perform a detailed crack-growth analysis. We generally end up designing to the first two stress requirements at a project’s conceptual design level.

Table 15:  Stress categories and limits
	Stress Category
	Stress Limit

	Average Section Stress (MEM)
	Sm

	Linearized Section Stress (MEM+BEND)
	1.5 Sm

	Total Section Stress (MEM+BEND+PEAK)
	((cycles)


Section I

Figure 128 is a plot of the vertical stresses at Section 1. This is the predominant stress direction since the other orthogonal components are either zero (Z-stress is zero for plane stress) or negligible (X-stress is equal to the internal pressure at the inside skin and zero at the outside skin). 

ANSYS has a feature which automatically calculates the stresses for each of the three categories. A plot of these Section 1 stress categories is shown in Figure 129. Although the choice of color for the “MEMBRANE” stress is poor, the figure shows all three stress components. The membrane stress is reported to be 62 MPa, which agrees with a Pr/t hand calculation, where r is taken as the inside radius. Recall that with an Sm value of 500 MPa, this stress level easily meets the requirements of the Average Section Stress. 

The blue (MEM+BEND) line happens to be coincident with the red (TOTAL) line, indicating that there is no nonlinear component to the stress field which would be characteristic of a stress concentration. The MEM+BEND stress at this section is 477 MPa. This stress is below the 1.5Sm (750 MPa) limit.

Section 2

Figure 130 is a plot of the circumferential stresses at Section 2. This is the predominant stress direction, just as the vertical stress is for Section 1. A plot of these Section 2 stress categories is shown in Figure 131. The membrane stress is reported to be 76 MPa. Recall that with an Sm value of 500 MPa, this stress level easily meets the requirements of the Average Section Stress. 

The blue (MEM+BEND) line indicates a maximum “Linearized Section Stress” of 550 MPa. (ANSYS also has a printable version of this categorization output for more numerical resolution.) Again, this stress is below the 1.5Sm (750 MPa) limit.

At 593 MPa, the (TOTAL) stress is only slightly larger than the (MEM+BEND) stress. So, the corner does not present a very nasty stress concentration.
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Figure 132:   Categorized Section 1 Stresses
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Figure 134: Categorized Section 2 Stresses
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7. Thermal Analysis

7.1 Thermal Analyses of MAGLIFTER Coils
The thermal analyses of the heat loads on cryogenic systems of the CL- and F-coils of the MAGLIFTER project have been performed, and the results are presented in this memorandum. Preliminary results of the heat loads caused by thermal conduction through the SS support rods, and the G10 compression columns were published in
. The present study adjusts those results for the most recent dimensions [2], and adds heat loads due to thermal conduction through the MLI, due to radiation, as well as losses in the current leads in the C-coil.

A short summary of heat loads and consumption of cryogenic liquids can be found in Table 14.

Table 16: Cryostat heat loads

	Coil
	C-coil
	F-coil

	Heat load on
	W
	W

	LN2
	119.62
	37.87

	LHe
	5.06
	1.79

	Consumption
	liters/hr
	liters/hr

	LN2
	2.63
	0.83

	LHe
	7.08
	2.50


7.1.1 Model

The geometry of the components of the F-coil, and the C-coil used in the analyses are specified according to 
. They are included in Table 1. Strictly speaking these dimensions are given for the C-coil, and for the F-coil lengths of the cryostat, LN2 heat shield, and He can are somewhat smaller. These differences were neglected in the analyses, since associated heat loads are small compared to other heat losses in the system.

A steady-state thermal analysis was performed, in which the RT, the LN2, and the LHe temperatures were assumed to be 300 K, 77 K, and 4.2 K, respectively. Thermal calculations were conducted using computer program Mathematica. Temperature-dependent coefficients of thermal conductivity of SS, and G10 were digitized from tabulated form using a polynomial fit. These curves are shown in Figs 1.a and 1.b. Thermal conductivity of Cu of the LN2 radiation shield (77 K) was assumed as a constant, K=700 W/mK. 

	[image: image171.wmf]
Fig 1.a. Thermal Conductivity of SS
	[image: image172.wmf]
Fig 1.b. Thermal Conductivity of G10


Heat flux from RT to LN2 through the SS rod, and the G10 column was calculated using a model including an annular segment of the Cu radiation shield. Respective temperature profiles are shown in Figs 2.a and 3.a. The temperature is shown as a function of the distance measured from the RT end of the rod/column, along its length, and then radially from its OD in the plane of the Cu radiation shield. Note that the temperature drop in the Cu shield is almost negligible. It is primarily due to the excessively (from the thermal viewpoint) thick Cu shield. Even if we assume q=5 W, and a 0.5 mm thick Cu the temperature drop in the radiation shield from the OD of the SS rod will not exceed 3 K. 

Temperature profiles between LHe, and LN2 are shown in Figs. 2.b, 3.b, and 3.c. Note that there are two plots for the G10 columns. It is because there are two different lengths of columns defined in [2], and Table. 1.
	[image: image173.wmf]
Fig 2.a. Temperature profile in the SS rod, and an annular part of the Cu radiation shield from 300K to 77K  for q=5 W.
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Fig 2.b. Temperature profile in the SS rod from 4.2 K to 77K calculated for q=0.08 W.
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Fig 3.a. Temperature profile in the G10 column, and an annular part of the Cu radiation shield from 300K to 77K calculated for q=0.94 W.
	[image: image176.png]Autodesk Inventor (tm) - [Mold 5.iam] SEIES
e Edt View Inseil Fomat Tods Window Hel 18] x|

[D-mE8)bEl-c(@ieEnsralealsior s @@ +50

|| Esketch - | % Updato = colo | "1 Message [ Cut e slecton sn putt on e Cboard |

¢PROVLIVERUDPLSY

5

Cutthe selection and put it on the Clipboard





Fig 3.b. Temperature profile in the short G10 column from 4.2 K to 77K calculated for q=0.14 W.
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Fig 3.c. Temperature profile in the long G10 column from 4.2 K to 77K calculated for q=0.12 W.


Thermal conduction through the MLI between the RT cryostat, and the LN2 shield was based on the thermal conductivity of 0.05e-3 W/mK.

Radiation losses in the space between LHe vessel, and LN2 shield assumed emissivity of 0.08.

The major difference between the coils is that in the C-coil heat losses associated with the vapor-cooled current leads are added.

Heat load through the current leads is assumed at 25 W/kA on LN2, and 1 W/kA on LHe.

Consumption of coolants is 0.022 liters/W-hr in LN2, and 1.4 liters/W-hr in LHe.
Table 1. Worksheet for Thermal Analyses of the F- and C- Coils

	Coil >
	C-coil or F-coil
	C-coil
	F-coil

	
	
	
	
	
	
	

	SS rods: 6 Each 
	no
	mm
	
	q/unit, W
	q, W
	q, W

	Diameter
	6
	8
	
	
	
	

	Length between RT, and LN2 intercept
	6
	27
	
	5.00
	30.00
	30.00

	Length between LN2 intercept, and LHe
	6
	203
	
	0.08
	0.48
	0.48

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	G10 columns: 
	
	
	
	
	
	

	4  161-mm long  + 2 180-mm long
	no
	mm
	
	
	
	

	Outer Diameter
	6
	69.9
	
	
	
	

	Wall Thickness
	6
	1.6
	
	
	
	

	Length between RT, and LN2 intercept
	6
	41
	
	0.94
	5.61
	5.61

	Length between LN2 intercept, and LHe
	2
	136
	
	0.12
	0.24
	0.24

	Length between LN2 intercept, and LHe
	4
	114
	
	0.14
	0.56
	0.56

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	LN2 Shield:
	
	mm
	
	
	
	

	Thickness 
	
	3
	
	
	
	

	
	
	
	
	
	
	

	Boxes
	length
	width
	height
	
	
	

	
	mm
	mm
	mm
	
	
	

	Cryostat
	1744
	680
	317
	
	
	

	LN2 shield
	1683
	611
	242
	
	
	

	He can
	1615
	545
	177
	
	
	

	
	
	
	
	
	
	

	RT to LN2 MLI, Kc=0.05e-3 W/mK
	Thickness
	Area
	
	
	
	

	
	mm
	mm2
	
	
	
	

	along length and ends
	20
	1318541
	
	
	0.74
	0.74

	flat surface between the coils
	10
	1028696
	
	
	1.15
	1.15

	flat surface on the opposite side
	30
	1028696
	
	
	0.38
	0.38

	
	
	
	
	
	
	

	Radiation, eps=0.08
	
	mm2
	
	
	
	

	Area of the LN2 shield
	
	3168653
	
	
	0.51
	0.51

	
	
	
	
	
	
	

	Vapor-cooled Leads
	no
	I, kA
	Load, W/kA
	
	
	

	Load on LN2
	2
	1.635
	25
	
	81.75
	0

	Load on LHe
	2
	1.635
	1
	
	3.27
	0

	
	
	
	
	
	
	

	Total
	
	
	
	
	
	

	RT to LN2
	
	
	
	
	119.62
	37.87

	LN2 to LHe
	
	
	
	
	5.06
	1.79

	
	
	
	
	
	
	

	Consumption
	
	liters/W/hr
	
	
	liters/hr
	liters/hr

	LN2
	
	0.022
	
	
	2.63
	0.83

	LHe
	
	1.40
	
	
	7.08
	2.50


7.2 LN2 Shield Design/Analysis
This memorandum is to justify the change of the material of the LN2 radiation shield from Cu to SS
. The analyses of the eddy currents in the Cu radiation shield show that during the quench EM forces in the Cu shield are equivalent to the normal pressure of up to 15 bar locally, and 5 bar average. It is too much from the structural viewpoint. Replacing Cu by SS reduces the pressure by a factor of more than 200, and brings it to the level below the threshold of reasonable concern.

Thermal analyses of a 3-mm thick SS shield show appropriate results can be achieved provided special attention is paid to the means of heat removal from the G10 tubes, and SS support rods at the LN2 intercepts. These means include a layout of the LN2 tracer such that it passes close to these localities, and adding Cu bridges thermally shorting the G10 tubes, and SS support rods to the LN2 tracer.

7.2.2 Eddy-Current Loads on the Cu LN2 Shield

Let us model the top plate of the LN2 shield as a 2a=0.6 m wide, 1 m long, and Th=3 mm thick electrically conductive rectangular plate. Resistivity, (, at 77K in case of Cu is 2.33E-09 ohm, and in case of SS - 5.24E-07 ohm. 
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Fig. 1 B-field components across the LN2 Shield
	Figure 1 shows distribution of the normal to the plate, Bz, and tangential, Bx, components of the B-field in the LC coil charged to the maximum current of 3.7 kA.

For the purpose of the analyses it is assumed that across the plate, -a < x < a, these components are Bz=Bo T, Bx=Bo*(x/a), Bo=2 T. 


The current decay in the worst case is defined by [2] as shown in Fig. 2.a. An exponential approximation shown in Fig. 1.b shows a good match at the time constant, k=1 s-1.
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Fig. 2.a Current Decay Using Internal Heaters, Fired after a 0.2 s Quench Detection Delay. 
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Fig 2.b Approximation of Current Decay Using Internal Heaters by an exponent, I=Io*EXP(-kt), k=1 s-1.


A simple 2D formula [3] gives the following distribution of the normal component of the EM pressure across the plate,
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The maximum pressure at x=a for the Cu plate is 15 bar, and the average, smeared over the 2a-wide span, is 5 bar. In case of SS these numbers are 0.07 bar and 0.023 bar respectively. 

The 15 and even 5 bar in the Cu case are absolutely unacceptable. (Compare to the structural analyses of the SS LHe vacuum vessel [4]).

The conclusion is that we have either to slit the Cu shield to reduce the eddy current paths, or to replace Cu with SS. I decided in favor of the latter choice. The reasons are as follows.

Slitting Cu will require additional elements to provide structural integrity, something like a G10 plate on which the Cu will be glued. It significantly adds to the complexity of the design.

Two major implications of replacing the Cu with the SS are that the SS case will require a rather thick plate, and a LN2 tracer tube laid out so that it would remove the heat as close to the sources of the heat leaks as possible. The former, Cu, design already included a tracer tube, and the thickness was 3 mm, which can be sufficient in case of SS. Whether it is enough or not will be analyzed in the next section.

7.2.3 Thermal Analyses of the SS Radiation Shield

There are two major concerns regarding heat removal from the SS radiation shield. The first question is related to the heat removal from the top/bottom plate facing the narrow gap on the side of the second magnet of the installation. On this side the LN2 tracer tube will not fit in the narrow gap between the shield, and the cryostat. It can be installed only along its perimeter on the sidewalls of the rectangular box-shaped LN2 shield. Figure 3 shows the temperature distribution across a half of the plate; i.e. along x defined in the previous section.
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Fig 3. Temperature, T(K), as a function of x, i.e. across the top/bottom plate
	This analysis assumed the heat flux through the 10-mm thick MLI of a thermal conductivity of 0.05*10-3 W/mK, and temperature gradient from 300 K at the RT cryostat to 77 K on the LN2 shield. The thermal conductivity of SS is a defined in [1] function of the temperature.

Figure 3 shows a very low, 2 K, temperature differential, and the peak temperature of 79 K at the center of the plate.


The second source of concern is heat removal from the LN2 intercepts on the SS support rods, and G10 columns. The previous analyses [1] showed that a 3-mm thick Cu radiation shield is sufficient to transfer all the heat load from both the SS rod, and the G10 tube with a negligible temperature drop across the shield from the base of the rod/tube to the LN2 tracer tube located up to 30 cm away. Diagrams, Figs. 4.a and 5.a, show temperature distributions in the Cu shield reproduced from [1]. Figures 4.b and 5.b show similar diagrams calculated for the SS radiation shield. 
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Fig 4.a. Temperature profile in the SS rod, and an annular part of the Cu radiation shield from 300K to 77K calculated for q=5 W. 
	[image: image12.png]



Fig 4.b. Temperature profile in the SS rod, and a semi-annular part of the SS radiation shield from 300K to 77K calculated for q=4.75 W.
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Fig 5.a. Temperature profile in the G10 column, and an annular part of the Cu radiation shield from 300K to 77K calculated for q=0.94 W.
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Fig 5.b. Temperature profile in the G10 column, and an annular part of the SS radiation shield from 300K to 77K calculated for q=0.91 W.


Note the pronounced temperature drop across the SS sheet. It is particularly strong in the vicinity of the SS support rods, Fig. 4.b, where placing the LN2 tracer tube just 2 cm away from the OD of the SS rod results in a more than 15 degrees temperature growth at the point of the intersection of the SS rod, and the SS radiation shield. 

Such steep temperature gradients in the model imply that there should be taken special measures to avoid them in the real design.

Two recommendations can help with this respect. First, to place the LN2 tracer tube as close to the points of interest as possible, and second, to provide local Cu thermal bridges to short the heat flux from the SS rods, and G10 columns to the tracer. 
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7.3 Thermal and Stress Analysis of Cryostat Compression Columns
This section summarizes the thermal and structural analysis of the proposed epoxy-glass tubes used to carry the levitation force from the MAGLIFTER test coil to the vacuum vessel (VV) load-transfer plate
. The model is used to size the tubes so that heat leaks are kept to a minimum while maintaining structural robustness. 

The analysis indicates that G-10CR tubes with 2.75” OD, 1/16” thickness, and 161 mm length, will produce modest conduction heat loads on the cryogenic systems, and operate at safe stress and buckling stability levels. 

· The 6-column heat load is 0.26 W on the He system and 5.2 W on the N2 system.

· The boil-off rates for 4K He and 77K LN2 are 0.37 and 0.12 liters/hr, respectively.

· The 56 MPa maximum operating stress is well bellow the conservative 200 MPa allowable.

· The design-basis force is at most 1/5th of the column’s critical buckling load, even when lateral forces are considered.

After a brief search, a G-10CR distributor has not yet been located. However, a G-10FR4 distributor stocks 2.875” OD x 2.750” ID tubes (1/16” wall) and thinks that the CR-rated material can be found with a higher-volume minimum order.

7.3.1 Analysis

The thermal-stress model is shown in Figure 132. The 3D model is assembled from 3D ANSYS plate elements, based on the mean radius of the tube. Dimensions are listed in the ANSYS plot tile. Thermal loads are applied as heat sinks/sources at the bottom (4K), 120 mm up from the bottom (77K), and at the top (300K). Structural loads are applied by imposing a compressive force (67kN/6) on the top of the column. The effect of a lateral load is incorporated by applying an X-directed force along with the Z-directed compressive force. An analyses presented in an earlier memo
 indicates that the resultant force vector could be 3( off of vertical. This is indicated within the ANSYS plot title.
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Figure 135:  G-10 Tube used as compression column

The thermal conductivity of G-10CR/G-11CR as a function of temperature is shown in Figure 133. A representative (average curve) is digitized, and listed in Table 15, along with other salient material properties. The structural properties of this material (elastic modulus, E, and thermal expansion coefficient, () are a weak function of temperature, and this variation is ignored here. However, the variation of thermal conductivity, k, with temperature is worth modeling.
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Figure 136:  Thermal Conductivity of G-10/11CR as a function of temperature

Table 17:  Material Properties of G-10/G11CR as a function of Temperature

	Temperature [K]
	5
	10
	20
	50
	100
	200
	300

	Er [GPa]
	22

	E(, EZ [GPa]
	32

	(r [(/K]
	25

	((, (Z [(/K]
	8

	k(, kZ [W/m/K]
	0.08
	0.11
	0.17
	0.25
	0.35
	0.50
	0.70


7.3.2 Results

Thermal Analysis

The temperature distribution in G-10CR column is shown in Figure 134and Figure 135. Also notice that the heat load on the He, N2 and room temperature heat sinks/sources are listed in the plot title: 0.044 W, 0.869 W and –0.914 W, respectively.

The 6-column heat load is 0.044x6 or 0.26 W on the He system and 0.869x6 or 5.2 W on the N2 system. The saturated He at 4K will boil off at a rate of 0.26 W x 1.4 liters/hr/W or 0.37 liters/hr due to the column heat leak only. The saturated N2 at 77K will boil off at a rate of 5.2 W x 0.022 liters/hr/W or 0.12 liters/hr due to the column heat leak only.

Stress Analysis

Figure 136 shows the stress in the G-10CR column for the nominal compressive load plus thermal gradients. The maximum stress of 39 MPa is well below the warp-weave compressive stress limit of about 200 MPa at room temperature.

The load is increased to 10x the nominal compressive load with no signs of buckling. Notice that the stress plot of Figure 137 also lists the stiffness of the column in the title. This value is unchanged from the 1x load case shown in Figure 136, even though the stresses are about ten times higher.

When the lateral forces are included in the analysis, the results indicate that the column is slightly less robust than the pure compression case.  Figure 138 is a plot of the stress intensity for the 1x nominal compressive load case. The isometric view with greatly exaggerated deformations shows that the radial shrinkage from thermal gradient is more significant than the asymmetry caused by the shear load. The maximum stress has increased from 39 MPa to 56 MPa (which is still well below 200 MPa). The title indicates that the tube stiffness is 53.7 MN/m, which is about 20% softer than the pure compression configuration.

At the 5x nominal load condition, the structure has softened slightly more to 52.4 MN/m as shown in Figure 139. However, it remains stable with no detectable buckling mode shape.

What’s too thin?

The thickness of the proposed G-10CR tube is cut in half to 1/32” and the thermal-structural analysis is rerun. The objective of this analysis is to determine when a buckling instability becomes an issue. Figure 140  is a plot of the thinner tube when the load is on the verge of a buckling failure. The title indicates that almost the entire 67 kN levitation 
load must be applied before the column buckles. Clearly, the 1/16” thick tube is significantly more robust than this 1/32” thick tube. The thicker tube shall be adopted as the reference design with confidence that it’s structural stability is beyond reproach. 
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Figure 137:  Temperature distribution in G10 column
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Figure 138:   Temperature in G10 column as a function of axial distance 
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Figure 139:  Stress Intensity from nominal compressive load plus thermal gradients

(0( load angle)
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Figure 140:   Stress Intensity from 10x nominal compressive load plus thermal gradients

(0( load angle)

Figure 141:  Stress Intensity from nominal compressive load plus thermal gradients
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Figure 142:  Stress Intensity from 10x nominal compressive load plus thermal gradients
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Figure 143:  Deformed shape and stresses at onset of buckling (applied load 66.3 kN)

8. CL- and F-Coil Test Facility
The Levitation Magnet Test Facility being described here is not a part of the MagLifter Phase II task.  During Phase II, the F-Coil and CL-Coil will be tested to full current.  The CL-Coil can be tested separately, while the F-Coil is charged by the CL-Coil.  The cryostats are clamped together and levitation is not demonstrated.  However, since this is merely a first step that is compatible with Phase II funding, a next step, referred to here as Phase III is required to demonstrate the levitation capability of the F-Coil.  The two key parameters that the F-Coil should demonstrate in such a facility are the height at which it can levitate and the multiple of its own weight that it can support.  The goal of the program is to demonstrate that the F-Coil can support 50 times its own weight at a coil-coil distance of at least 19 cm between the F-coil bottom and the top of the CL-coil.

After the successful completion of the Phase-II program, a proven design of levitation magnets for the MagLifter will exist, with an extrapolated lift capacity of at least 590 tons. Two prototypical model magnets with reduced length will have been built and cryogenically tested. However, an additional, extensive test program is necessary to fully qualify these magnets for the spaceport-like MagLifter operation. The necessary test program should cover the following activities.

A general-purpose test stand will be designed and manufactured for the magnetic, mechanical, and cryogenic testing of MagLifter magnets. A sketch of a possible test stand that meets the MagLifter requirements is shown in Fig.C.1.


The basic purpose of the MagLifter Test Facility is to demonstrate the most important design and performance features of a MagLifter Levitation Coil system.  However, because of budget and schedule constraints, the coil being levitated (called the Floating Coil or F-Coil) is not identical with any of the eight Levitation Coils on the actual MagLifter sled.  The F-coil is prototypical in the sense that it has the same superconductor and winding pack cross section as the actual MagLifter levitation coil.  Neglecting second-order and end effects, it also has nearly the same peak field and force/unit length as the actual coil.


The coil demonstration system consists of two coils.  The Floating Coil or F-Coil, is a shorter version of one of the eight Levitation Coils on the MagLifter sled.  The Charging-Levitation Coil is a dual-function magnet that charges the F-Coil to full current and levitates it on its Levitation Facility test stand.  It thus corresponds to a combination of the MagLifter Levitation Coil power supply and the guideway image currents that lift the Levitation Coils and the sled and rocket they support.  The CL-Coil and the F-Coil have the same number of turns, even though the CL-coil requires almost twice as much current (3712 A) as the F-coil (1635 A), because of imperfect inductive coupling.  The CL-coil can be protected more easily than the F-coil, since it is connected to a room temperature power supply and dump circuit through conventional vapor-cooled leads.  The F-Coil is charged inductively with no external power supply to demonstrate the principle of levitating a coil with no on-board power supply in the actual MagLifter coil.  

A parametric variation of current, field, and distance by Radovinsky
 recommended the use of a 12 pancake CL-Coil.  A structural analysis by Myatt
 showed that there were no structural problems in reducing either the CL-Coil or the F-coil down to 6 pancakes.  Twelve pancakes are retained, because of protection constraints in both coils.  Since the CL-Coil and the F-coil have the same number of turns, the CL-Coil is a good approximation to the induced eddy currents in the conducting MagLifter guideway, which resemble a true mirror-image coil. 

8.1 Distance between CL-coil and F-coil:  

This is the reference levitation height of the Levitation Magnets of the MagLifter system at high velocity. The gap between the two cryostats is 190 mm, corresponding to a 95 mm clearance of the cryostat from the image plane.  The higher achievable gap and the higher gap-lift-to-weight product are the main superiority of a superconducting magnet system over a permanent magnet-based system.
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Figure 144:  Isometric view of the test stand support frame for qualification of superconducting MagLifter magnets

[image: image188.jpg]



Figure 145:  Load cell assembly on teststand
The two model magnets produced during Phase-II are both mounted on an aluminum test stand shown in Figure 141. The upper magnet (F-coil) is mounted in the same orientation as on the MagLifter sled, the lower magnet (CL-Coil) is mounted as its mirror image in order to repel the F-coil and support the downward repulsive forces on its own supports during levitation. While the lower magnet is fixed in position to the test stand support structure, the upper magnet is mounted with the help of vertical slides, and can be fixed in positions with a gap between the two magnets.  Load cells at the bottom frame (shown in red directly under the green support pads in Figure 142) measure the sum of gravitational and Lorentz loads on the Floating coil.  Brackets (shown in pink), that slide on the vertical support rods and are attached to the cryostats resist motion in all of the non-vertical degrees of freedom.
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Figure 146: Isometric View of CL-Coil and F-Coil on Test Stand/Support Frame

in Rest Position

Figure 143 shows the CL- and F-Cryostats in the rest position on the test stand.  The tabs connecting the F-Cryostat to the slide rod are not shown.

For the lifecycle tests a small refrigerator of about 100 W should be available to effectively perform the required number of cool-down and warm-up cycles or the re-cooling after a quench was initiated. The lower magnet is connected to the refrigerator with a cryogen transfer line, which supplies the necessary cryogens. The upper magnet is equipped with a helium reservoir (dewar), which allows simulation of conditions during the acceleration cycle of the sled, when the magnet is disconnected from a supply of cryogens exterior to the sled.

While the CL-Coil is equipped with current leads and connected to an external power supply, the F-Coil is equipped with a low resistance splice, and is inductively charged by the CL-Coil.  In order to charge the F-Coil, the C-coil is cooled to the superconducting state and driven to its maximum current, while the F-Coil is still resistive.  The F-Coil is then cooled to the superconducting state and the CL-Coil is driven to an intermediate negative current.  This initial charging is performed in the clamped position with the best coupling between coils.   When the current in the CL-Coil is zero and there is no force between the coils, the F-coil is raised to the levitated position.  The discharging of the CL-Coil and the charging of the F-Coil are then completed.  Since the F-Coil can support many times its own weight, the CL-Coil will be able to magnetically support it in the levitated position long before it reaches its final discharged current. The levitation capacity of the CL-Coil is about 5 tonnes for the proposed model magnets and a hydraulic system is used to counteract the lifting force (see Fig. 15). A load cell mounted between in the vertical support for the upper magnet measures the lift force. 

The described test with an inductively charged Floating Coil, levitated over an image coil simulates the levitation conditions on the guideway at high speed. The motion-induced image currents in the conductive sheet of the guideway are simulated on the test stand by the CL-Coil. Detailed measurements of lift capacity versus gap height will be performed to verify calculations.

Mechanical vibrations induced into the levitated magnet can cause AC losses in the superconductor and other detrimental effects. A test of the levitated F-Coil under the influence of induced vibrations is therefore necessary. The simulated levitation with the help of the CL-Coil enables this testing. While the CL-Coil operates at a constant DC current, an AC component can be superimposed. Amplitude and frequency of this AC modulation can be easily controlled. The resulting flux changes of the CL-Coil coil will induce mechanical vibrations on the F-Coil and their influence on the operation of a levitated superconducting magnet can be measured. 

9. Test Report – MagLifter CL-Coil and Cryostat

9.1 Summary:  
The MagLifter C/L coil and cryostat were tested during the time period from Oct. 27, 2003 through Nov.1, 2003. The evaluated heat leak from room temperature to the liquid nitrogen cooled radiation shield was roughly 60~70 W, which corresponds to a liquid nitrogen consumption of approximately 1.5 liter/hr.  The evaluated heat leak to the magnet vessel was determined as the coil warmed following its electrical testing. The helium boil-off rate from the magnet vessel ranged from a maximum value of approximately 15 liter/hr (corresponding to 11 W heat load) when the liquid helium level was at its maximum height in the lead stack portion of the cryostat, to a low value in the range 3~5 liter/hr (corresponding to 2~3.5 W heat load) as the helium level passed below the coil’s high current leads. The evaluated nitrogen consumption was about 15~20% higher than pre-test estimates, but this result may be due to our relatively poor measurement resolution. The liquid helium consumption closely matched the pre-test estimates. 
During the electrical tests of the coil, the coil current was ramped up at a rate of 10 A/s to successively higher current levels, with the current returned to zero at 20 A/s ramp rate following each test run. The peak current for the first three test runs was limited to 500A. These runs were performed for the purpose of quench detector balancing. The next three ramps were programmed respectively for peak currents of 2000 A, 2800 A, and 3300 A.  During the sixth ramp of the day, at a current level of roughly 3060 A, the voltage balance circuit detected an unbalance signal that exceeded our quench detection criterion and initiated a discharge of the coil current through an external 90 m dump resistor. Post-test processing of the data indicates that the imbalance signal was the result of an instrumentation error, whose source is not yet determined, rather than because of loss of superconductivity in the coil.  
Following the coil current discharge we observed that nearly all of the coil voltage tap pairs showed an open circuit within the cryostat. Even so, the coil was ramped three times to 500 A current to confirm that the coil conductor was still intact. Following warm-up of the cryostat to room temperature we removed the instrumentation feed-through from the cryostat cover plate and found that portions of four of the feed-through pins had evaporate from the inside of the feed-through. This is the first time that we have observed this type of failure at an instrumentation feed-through and may indicate a pre-existing defect in the feed-through. Further investigation of the voltage tap wires with a boroscope revealed that the location where the lead wires connect to the internal voltage sensor had broken off from one side of the coil.  This connection was removed from the cryostat for further observation under a microscope. The appearance under microscope suggests that the sheath of the internal sensor had melted at this break point.

During the week of Dec. 15, the cryostat was opened for further visual inspection of the internal voltage sensors. The sensor wired internal to the coil remain intact. Replacement voltage tap wires were attached to the internal voltage sensors and the cryostat is being re-assembled in anticipation of further testing. Once the cryostat returns to PSFC, the replacement instrumentation feed-through will be potted with epoxy to provide additional resistance against voltage breakdown. 
9.2 Cryogenic Arrangement: 
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Figure 144 shows a sketch of the experimental arrangement of the cryogenic equipment used during the test. This layout is a general configuration only and not exactly to scale. Specific details of the arrangement changed slightly as the test progressed from cool-down, through electrical testing, to warm-up. 
Figure 147:   Schematic arrangement of equipment for cryogenic test of the MagLifter C/L coil cryostat. 


The experimental arrangement typically included three compressed gas cylinders and up to three liquid cryogen dewars. The first gas cylinder (shown at the mid-height, right side of the figure) always contained helium gas and was used to provide purge the coil conductor during cool-down and warm-up. A second gas cylinder (shown towards the lower left side of the figure) contained nitrogen and was used to maintain nearly constant pressure in the liquid nitrogen dewar that was connected to the radiation shield trace line. An additional liquid nitrogen dewar was introduced towards the end of the cool-down process and during the electrical tests to refill the liquid nitrogen reservoir on the lead stack chimney. The large cryogen dewar shown towards the lower right side of the figure contained liquid nitrogen during the initial stages of cool-down. In this case, the corresponding gas cylinder contained nitrogen. During the final stage of cool-down and during the electrical tests of the coil, the large dewar shown towards the lower right side of the figure contained liquid helium. In this case, the corresponding gas cylinder contained helium. 

The boil-off gas from the radiation shield trace line was passed through a heat exchanger followed by a rotameter. The flow through the trace line was partially controlled by adjusting the position of the outlet valve on the storage dewar and partially by adjusting the needle valve at the inlet to the rotameter.  The trace line circuit was equipped with two type-E thermocouples, one of these was mounted to the inlet nitrogen line as it passed into the cryostat, and one was mounted to the outlet line as it exited from the cryostat. These thermocouples were continuously recorded on our Yokogawa strip chart recorder throughout the testing.  The plumbing lines from the nitrogen storage dewar to the cryostat and from the cryostat to the heat exchanger consisted of ½” copper tubing which was covered with foam-type pipe insulation.  A type-K thermocouple was mounted to a section of tubing from the heat exchanger to the rotameter. This thermocouple was input to a commercial heater controller that regulated the power to a 1000W heater tape that was coiled about the heat exchanger fins. This heater was necessary to maintain near room temperature flow through the rotameter.  The flow rate through the rotameter was occasionally logged during the tests by manual recording in a test journal.  Several entries from this journal are summarized in Appendix A to this memo. 


The cryogen transfer rate during cool-down was similarly estimated using a set of three heat exchangers and rotameters connected to the vapor cooled lines (two), and to a bypass line exiting from the lead stack pump-out arm.  During the coil tests in liquid helium, a burst disk assembly was mounted to the lead-stack pump-out, to limit the maximum magnet vessel pressure in the event of a coil quench. 

9.3 Coil and Cryostat Cooling: 
Significant events during the C/L coil cool-down are summarized in Appendix A.  Prior to cool-down a small ~5 SCFH helium gas purge flow was started through the coil conductor to minimize the chance for contamination when the coil was pre-cooled with liquid nitrogen. A small ~5 SCFH nitrogen gas purge flow was likewise started through the fill line for the lead stack nitrogen reservoir.  At this point we connected the coil to a 0.1A current source, and began recording the coil voltage on a strip chart recorder as a means to evaluate its temperature during cooling. 


Cooling of the radiation shield trace line started first. The liquid flow rate through the trace line was estimated from the corresponding boil-off gas flow rate through the rotameter mounted following the heat exchanger at the trace line outlet. The trace line flow was initially set to ~65 SCFM through the outlet rotameter, which corresponds to a liquid flow rate of 2.6 liter/hr. After 2 hr it became clear that the heat load on the non-vacuum shielded line between the storage dewar and the trace line inlet port was sufficiently large (roughly 160 W) to vaporize all liquid before it even entered the cryostat boundary.  At this point, the trace line flow rate was increased to ~3.6 liter/hr.  At this increased flow rate, the inlet temperature fell rapidly to a constant value of –180 C as recorded by our chart recorder. The offset between this saturation temperature and the expected value of –196 C is most likely caused by incomplete compensation of the thermocouple signal by the recorders room temperature reference circuit.  

Pre-cooling of the coil to liquid nitrogen temperature began at an initial transfer rate of roughly 4.8 liter/hr of liquid nitrogen into the magnet vessel.  After observing the fairly large parasitic heat loads caused by the poorly insulated transfer line from the storage dewar to the trace line, we decided to likewise increase the transfer rate to the magnet vessel to roughly 10 liter/hr to compensate for similar losses in this circuit.  The presence of liquid nitrogen in the magnet vessel was monitored by a thermistor which was mounted roughly 50mm above the floor of the magnet vessel.  The presence of liquid in the magnet vessel was detected roughly 20 hr into cool-down. 
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Figure 145 shows the cooling traces for the coil and the trace line thermocouples during the first 30 hr of cool-down. The trace line inlet temperature dropped fairly rapidly, once the flow rate was increased to a value above that needed to compensate the parasitic heat loads on the transfer line. The close correspondence between the cooling curves for the coil and for the trace line outlet is a bit surprising.  It may result from a happy coincidence in the selection of the relative nitrogen transfer rates to the trace line and magnet vessel, or may indicate some degree of thermal coupling between the magnet vessel and radiation shield. The rapid drop in the magnet temperature after 20 hr into cool-down is most likely produced by increased thermal conduction to the liquid reservoir that we collected at the bottom of the magnet vessel. The rapid drop in the trace line outlet temperature at about 27 hr into cool-down resulted from an increase in the trace line flow rate to approximately 5.0 liter/hr. 

Figure 148:  Cooling histories for MagLifter C/L coil and trace line during pre-cooling to  78 K.

9.4 Trace line heat load:  

The heat load, Qt, from the trace line circuit was roughly estimated from the nitrogen mass flow rate, 
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, the corresponding trace line outlet flow temperature, To, the latent heat of vaporization, hb, and the heat capacity of the boil-off gas, cp. 
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In this memo, the latent heat of vaporization was taken as hb = 199 J/g, while the heat capacity of the gas phase was taken as cp = 1 J/g-K.  The calculation assumes that only the gas phase exists at the measurement point, To.  The total heat load is further divided into a parasitic loss in the transfer line from the storage dewar to the trace line inlet port, Qp, and a contribution from the radiation shield to the trace line, Qr. The transfer line heat load is calculated similarly to that for the total heat load, except using the inlet temperature to the trace line as the measured variable. 
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The heat load from the radiation shield to the trace line is determined as the difference between the total heat load and the transfer line heat load, Qr = Qt – Qp.  The trace line temperatures measured at different nitrogen flow rates provides us with the ability to roughly estimate both the transfer line losses and the heat load from the radiation shield to the trace line. Table 19  summarized these values.  

There are two sets of estimates in the table for the heat load from the radiation shield. The first estimate was obtained from data during the initial cool-down of the cryostat, while the second set of data were gathered during warming.  After the coil had pre-cooled to liquid nitrogen temperature, we added an additional, larger diameter layer of foam insulation to the radiation shield transfer line. This extra insulation accounts for the lower heat leak to the transfer line determined in the last row of the table compared to that determined in the first two rows. 

There are two major sources of uncertainty to these heat load estimates. The first is that the nitrogen flow rate could not be controlled any better than to within about +/- 0.25 liter/hr over several hours. The second is that the phase quality at ~77 K outlet temperature could be only approximately determined by observing small variations in temperature as the flow rate was varied near its nominal value.  At best, the radiation shield heat load listed in Figure 1 is accurate to within perhaps 15~20%. 

Table 18:  Estimated heat loads on radiation shield transfer line and trace line
	lN2 volumetric flow rate [l/hr]
	lN2 mass flow rate [g/s]
	Trace line inlet temperature [K]
	Trace line outlet temperature [K]
	Transfer line heat load [W]
	Trace line heat load [W]

	2.6
	0.585
	153
	n.a.
	161
	n.a.

	3.6
	0.81
	77
	n.a.
	161
	n.a.

	5.0
	1.125
	77
	77
	(161) assumed
	63 

	3.2
	0.72
	77
	133
	(116) assumed
	67

	2.6
	0.585
	77
	n.a.
	116
	n.a.


9.5 Magnet vessel heat load:  
Following the conclusion of the electrical testing of the MagLifter C/L coil on Nov. 1, the magnet vessel and lead stack were filled with liquid helium to a height of roughly 0.75 m.  The output from the level meter was connected to our strip chart recorder, which recorded decrease in helium level in the magnet vessel vs. time.  During this recording time the liquid nitrogen flow to the radiation shield trace line was maintained constant at approximately 5.2 liter/hr.  

Figure 146 shows the variation in the magnet vessel helium level vs. time. The liquid helium level drops very rapidly during the first 2~3 hr of observation for two reasons. First, the cross-sectional area of the lead stack is significantly smaller than that of the magnet vessel, and second, one of the major heat loads on the magnet volume is that due to conduction along the vapor cooled leads and lead extensions. As the helium level drops, the lead conduction path increases. The longer conduction path reduces the heat load on the magnet vessel, and is accompanied by a decrease in the helium boil-off rate. Once the helium level falls below the bottom of the lead extensions, the heat load from the leads to the helium bath is greatly reduced.  By itself, Figure 3 is not especially helpful for determining the helium boil-off rate from the magnet vessel.  Instead, this data has been reprocessed in Figure 4 to show the change in the total volume of liquid helium vs. time. 
[image: image16.emf]0

20

40

60

80

0 5 10 15 20 25

Elasped time [hr]

Liquid helium level [cm]


Figure 149:  Variation in magnet vessel helium level vs. time following electrical testing of the coil 

Figure 147 shows the variation of the volume of liquid helium in the magnet vessel vs. time. This figure was derived by first dividing the magnet volume into five vertical regions. The first region spanned the distance from the floor of the magnet vessel to the bottom of the coil cross braces.  The second spanned the distance from the bottom of the coil cross brace to the bottom of the web on the angle bracket support for the coil. The third spanned the distance from the bottom of the web on the angle bracket to the bottom surface of the coil. The fourth spanned the distance from the bottom surface of the coil to the bottom of the lead stack. The fifth spanned the distance from the bottom of the lead stack to the maximum helium level.  Cross-sectional areas were also calculated for each of these vertical regions based on the reference design drawings provided in this document above. 
The total helium volume in the magnet vessel was determined by first comparing the location of the measured helium level to the five vertical regions of the cryostat. The volume of helium within each region was first determined by multiplying the height over which the measured helium level overlapped with that vertical region.  The total helium volume was then determined as the sum of the helium volumes over the five regions. 
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Figure 150:  Volume of liquid helium in magnet vessel vs. time. 

Polynomial fits of the helium volume vs. time data in Figure 147 were performed as a precursor to estimating the corresponding helium boil-off rates. The helium boil-off rate for each fit was determined by the time derivative of the helium volume vs. time curve. Although both the 4th and 5th order fits included in Figure 147 appear to match the data closely by eye, small variations become apparent when the corresponding derivatives are calculated for the estimated boil-off rates.  Figure 148 shows a plot of the helium boil-off rate vs. helium level in the magnet vessel. In this figure time passes from the upper right hand to lower left hand corner of the graph as the helium boils away.  The helium boil-off rate decreases from a maximum value in the range 14~15 liter/hr when the helium is filled to its maximum level in the lead stack (roughly 75 cm total height).  The boil-off rate decrease roughly linearly with the helium level to a value of approximately 12 liter/hr as the helium level reaches the bottom of the lead stack (roughly 15 cm height).  This linear decrease is qualitatively consistent with the increasing conduction length along the lead extensions as the helium level decreases. 
The helium boil-off rate decreases still further as the helium level drops from the upper surface of the coil to the lower surface. There are at least two likely reasons for this rapid decrease in boil-off with decreasing helium level.  One reason is the drastic reduction in thermal conduction from the vapor-cooled leads that occurs because of the large reduction in cross-sectional area between the lead extensions to the coil lead wires. A second likely reason is a reduction in the heat conduction from the coil support rods (which are anchored to the outside of the magnet vessel near the top of the coil) to the liquid bath, as the liquid level decrease below the top of the coil.   As the helium level falls below approximately 6 cm it is no longer in contact with any part of the coil or support structure. The apparent boil-off rate decreases from roughly 5 liter/hr observed at 6 cm liquid level to perhaps as low as 3 liter/hr at the point when monitoring was discontinued. 
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Figure 151: Estimated helium boil-off rate from the magnet vessel vs. helium level within the vessel. 

9.6 Electrical Arrangement: 
Figure 149 shows a simplified electrical schematic for the MagLifter C/L coil.  The internal voltage sensor that was cabled with, and co-wound with the coil is also shown in the figure. The magnet conductor and the sheath of the internal voltage sensor is represented by the heavy black line in the figure, while the core of the sensor is represented by the thin, dashed blue line. The internal sensor actually consists of two co-axial wires, each of which is terminated by brazing the core of the sensor to its sheath near the mid-point of the winding. The first sensor wire exits from one end of the coil, while the second sensor exits from the other end. As long as the internally terminated ends of the wires are in close proximity, this configuration should be electrically equivalent to that of a single sensor wire that has a single short between core and sheath near the coil midpoint.  The drawing depicts the idealized case of a single internal sensor.  The short location between the core and sheath is labeled “center” tap in Figure 149. 

Voltage taps are attached respectively to the core and to the sheath of the internal sensor near each of the MagLifter C/L coil terminals. These voltage tap wires were color coded.  For the coil terminal that was mounted to the negative power supply terminal during the coil test, the voltage tap to the internal sensor sheath was colored red, while the voltage tap that was attached to the internal sensor core was also colored red.  In Figure 6, these voltage tap locations are labeled respectively V1 and V2, corresponding to the electrical potential measured by the taps. For the coil terminal that was mounted to the positive power supply terminal during the coil test, the voltage tap to the internal sensor sheath was colored blue, while the voltage tap that was attached to the internal sensor core was colored green.  In Figure 149, these voltage tap locations are labeled respectively V4 and V3.  The voltage taps labeled V5 and V6 were connected to the upper [image: image194.jpg]


ends of the vapor-cooled leads, outside of the cryostat. 

Figure 152:  Schematic representation of the MagLifter C/L coil during current excitation tests. 

Figure 150 shows six of the data signals that were measured during the experimental run 103110106. This is the data collected during the sixth experimental run of the day, which had a programmed current ramp profile of 10 A/s to a target of 3300A. 
The horizontal axis in each of the data traces in Figure 150 shows time in seconds, ranging from  –0.3s to 0.05s. The time t = 0 in these traces corresponds to the activation of the coil protection dump switch and triggering of the data collection system.  The four voltage traces in the left hand and center column of the figure show respectively: the total coil voltage (upper left), the voltage along the length of the internal sensor core (lower left), the voltage between the core and sheath for the internal sensor nearest the negative terminal of the power supply (center upper), and the voltage between core and sheath for the internal sensor nearest the positive terminal of the power supply (center lower).  The horizontal axis for these four traces shows measured voltage ranging from –1V to 1V.  The two traces in the right-hand column of the figure show the power supply voltage (upper trace) and power supply current (lower trace). 
The voltage traces in Figure 150 are not consistent with a true quench of the coil for two reasons.  1) The total coil voltage remains constant at roughly 0.4V, which is equal to the coil inductance of 40mH times the current ramp rate of 10A/s.  2) The power supply voltage likewise remains constant at roughly 4V.  If there were a true quench of the coil we should see a rising voltage on both of these signals corresponding to normal zone propagation in the coil, up to the point where the power supply voltage reaches its set point limit voltage, which for this run was 6V.  
Instead, the voltage traces in Figure 150 appear to be the result of an as-yet undetermined fault in the instrumentation that caused the voltage tap V3 to be pulled down to a lower electrical potential than even the point V1. The electric potential V3 must be lower than that at V1 for the V4-V3 signal to rise to a voltage greater than the coil’s 0.4V inductive charging voltage. This suggests an outward directed current flow along the core of the internal voltage sensor nearest to the positive terminal of the power supply to a point not associated with the C/L coil.  The V3-V2 measurement is likewise consistent with an increasing outward current flow along the internal sensor core in the right half of the coil in Figure 6, starting at roughly –0.1s before the dump.
 Measurements performed with a hand held multimeter prior to cool-down, showed a resistance of roughly 2.5 k for internal sensor cores, from the sensor “center” tap locations to the voltage tap locations outside of the coil.  The 0.66V signal recorded for the V4-V3 signal 1ms before dump thus corresponds to a leakage current along the sensor core of approximately 265A. 
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Figure 153:  Voltage traces during run 103110106, recorded just prior to the MagLifter C/L coil current dump. 

9.7 Coil Signals During Dump:  
Figure 151 shows a similar set of data traces recorded near the start of the C/L coil current discharge.  None of the traces in Figure 151 are consistent with those that we typically record near the start of a superconductor coil current dump through an external dump resistor.  First, the power supply current (right lower) shows a nearly instantaneous drop in current by about 400A at time zero. This current deficit lasts for roughly 20ms, after which the current value quickly recovers to the expected exponential current decay trace. Then the current decay follows conventional exponential decay.  The time constant for the coil current decay is roughly 0.41s, which is just slightly lower than its expected value of 0.44s, determined from the coil’s 40mH inductance and the dump resistor value of 90m. 

For a 3060A current, the expected total coil voltage (V4-V1) at the start of the dump is expected to be approximately –270V.  By contrast, the measured signals for the coil inductive voltage, V4-V1 (upper left), or V3-V2 (lower left) show values of only about –140V, which is only about ½ of their expected values.  Similarly, the duration of measured signal for these sets of taps is only about 20ms, which corresponds to the duration of missing current from the power supply current trace. Based on subsequent findings, I suspect that the four missing feed-through pins vaporized during these first 20ms of the discharge.  The internal sensor signal V2-V1 for the left half of the coil shows a peak voltage of only –40V, which similarly disappears about 20ms into the dump. The internal voltage sensor signal V4-V3 shows a very quick initial rise to about 40V at the start of the dump, which persists for a few ms, before falling to a value of about –60V, and then disappearing roughly 20ms into the dump.
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Figure 154:  Voltage traces during run 103110106, recorded at the start of the MagLifter C/L coil current dump.

The –20V signal recorded for the power supply voltage resulted from the emergency shut-down of the supply that occurred during the dump.  Inspection of the power supply immediately following the dump showed two major faults, one of these being a ground fault, the other being a fault of the supply’s zero-flux current transducer.  During a normal dump the power supply is issued a full inversion voltage command, which generally produces a maximum negative supply voltage between –5 and –6V, rather then the –20V observed in Figure 151.  Likewise, in nearly all previous tests, the power supply remains fully operational throughout the dump, rather than faulting as was observed in the present case.  A post-test check of the power supply indicates a ground fault current set point of approximately 2.6mA.  

Exponential current decay:  
Figure 152 shows a longer time scale trace of the power supply current measured during Run 103110106 during the coil current discharge from 3060A to zero. The measured signal is indicated by a solid black line in the figure, while a single time constant exponential fit of the current decay is indicated by the dashed red line in the trace.  Except for the “missing current” at the start of the dump, the exponential fit provides a good match to the measured data.  As discussed previously, the current decay time constant for the fit was 0.41s, which is fairly close to the expected value of roughly 0.44s. 
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Figure 155:  Exponential fit of the power supply current during the C/L coil dump discharge.

9.8 Examination of Instrumentation Feed-through:  
Figure 153 shows the inside of the C/L coil instrumentation feed-through following warm-up of the cryostat to room temperature.  The photo shows the blackened inner surface of the feed-through. 
Of the 55 available pins in this feed-through, only 16 were used during the test. The black/red and black/yellow twisted pairs seen towards the right of the image are from a helium level meter. The black/orange twisted pair connecting towards the right, mid-height of the feed-through are from a liquid nitrogen thermistor that was used to set the maximum height of liquid nitrogen in the magnet vessel during cool-down. Each of the voltage tap wires coming from the coil was split out by jumpers to either two or three pins respectively to provide the six signal pairs that were used to monitor the coil and current lead voltages. As seen towards the middle of the photo, four of these leads have separated from the feed-through. These include one pin associated with each red wire coming from the left half of the coil in Figure 149, and two pins associated with the blue voltage tap wire from the right half of the coil.  In addition to these four pins, an additional two pins, with no wires connected to them were also missing from the inside of the feed-through. 
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Figure 156:  Inner surface of the C/L coil instrumentation feed-through. 


Figure 154 shows the point where the internal sensor from the left half of the coil (Figure 149) broke off from the coil. The green putty insulation surrounding the break out from the co-axial sensor to the voltage tap lead wires shows a bit of blackening near the point of the break. The sheath from the internal sensor shows discoloration and probably signs of melting, as does the tip of the sensor core, seen towards the right side of the image.  The insulation chip missing from the right end of the sensor wire remains attached to the stub of the internal sensor, which remains attached to the coil.
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Figure 157:   Point where the internal sensor parted from the C/L coil. 


Figure 153 shows the location of the break between the green, insulated part of the sensor wire and the C/L coil. The approximate break location is indicated by the solid red line in the figure.  As a best guess, it appears that roughly 1.5” to 2” of the sensor wire remains attached to the coil. 
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Figure 158:  Approximate location of the internal sensor, break location. 

9.9 Voltage Sensor Repair: 
The MagLifter C/L coil and cryostat were returned to International Cryogenics in early Dec. 2003. By Dec. 15, the neck of the cryostat was opened to allow additional visual inspection of the locations were the internal voltage sensors exit from the coil lead wires. The ends of the internal sensors were re-stripped and voltage taps were reattached. Figure 156 shows the newly attached voltage tap lead wires attached to the coil internal voltage sensors. The neck of the cryostat should be re-installed and leak checked by the end of Jan. 2004, at which point it could be returned to PSFC for further testing. 



Figure 159:  Repaired voltage tap connections to the C/L coil internal voltage sensors.

9.10 Summary:  
The MagLifter C/L coil and cryostat were tested during the time period from Oct. 27 through Nov. 1, 2003. The cryogenic performance of the cryostat was consistent with the design expectations.  Electrical testing of the coil proceeded normally up to the test run 103110106 during which an unbalance voltage signal was detected by the coil protection circuitry and the coil current was discharged from approximately 3060A through an external 90 m dump resistor.  Post-test evaluation of the measured coil signals suggests that the unbalance signal was the result of an instrumentation malfunction rather than an indication of loss of superconductivity in the coil.  During the current discharge we experienced a voltage breakdown of the sensor lead wires at the inner surface of the instrumentation feed-through. This type of voltage breakdown is highly unusual and had not been observed in previous experiments using similar instrumentation at similar current and voltage levels.  Low-level current excitation of the coil following the instrumentation breakdown indicates that the coil conductor is intact. The cryostat has been opened and the instrumentation has been fully restored. Prior to the next test of the coil, the replacement instrument feed-through will be epoxy potted to provide additional pin-to-pin insulation.

9.11 Appendix A: Cool-down Event Log

Table 19:  Event summary for MagLifter coil and cryostat cooling. 

	Date
	Time
	Event

	29 Oct 2003
	10:45
	Start ~5 SCFH helium gas purge of coil conductor

	
	
	Apply 0.1A current to coil for coil cool-down temperature monitoring.

	
	
	Start chart record of coil voltage, trace line inlet and outlet temperature.

	
	
	Start ~5 SCFH nitrogen gas purge of lead stack nitrogen reservoir. 

	
	11:00
	Check transfer line fit to “funnel” at base of magnet vessel.

	
	11:40
	Start lN2 flow to trace line with ~65 SCFH outlet gas flow (2.5 l/hr liquid equivalent) [Coil voltage 94.0 mV, trace inlet 19.7 C, trace outlet 22.4 C]

	
	12:30
	Start lN2 flow to magnet vessel with ~60 SCFH gas flow from each VCL, ~120 SCFM total outlet gas flow (roughly 4.8 liquid liter/hr equivalent)

	
	12:45
	Increase trace line lN2 flow  to ~90 SCFH gas out flow (3.6 liter/hr) to reduce inlet temperature to a  –180 C saturation reading.  

	
	13:00
	Increase lN2 flow to magnet vessel to ~10 liter/hr liquid equivalent

	
	20:30
	Reduce lN2 flow to magnet vessel to roughly 6.5 liter/hr equivalent

[Coil voltage 69.4 mV, trace inlet –180 C, trace outlet –43 C]

	30 Oct 2003
	07:00
	Stop lN2 flow to magnet vessel to change dewars

[Coil voltage 50 mV, trace inlet –180 C, trace outlet –95 C]

	
	07:30
	Restore lN2 flow to magnet vessel to roughly 15 liter/hr equivalent

	
	09:30
	Increase trace line flow to roughly 4.5 liter/hr liquid equivalent

	
	10:00
	[Coil voltage 39.2 mV, trace inlet –183 C, trace outlet –118 C]

	
	10:45
	lN2 transfer to magnet vessel suspended when lN2 thermistor indicates liquid at bottom of magnet vessel.  [Coil voltage 21.3 mV]

	
	13:15
	lN2 transfer to magnet vessel resumed at ~10 liter/hr after magnet vessel level falls below thermistor location.

	
	13:30
	lN2 transfer to magnet vessel stopped completely. 

[Coil voltage ~ 15.3 mV, trace inlet –182 C, trace outlet –150 C]

	
	13:40
	Trace line dewar changed, flow restored to 4.0 liter/hr after change.

	
	14:15
	[Coil voltage 14.0 mV, trace inlet –182 C, trace outlet –148 C]

Trace line flow increased to ~5.0 liter/hr.

	
	14:50
	Trace line outlet achieves liquid nitrogen temperature.

[Coil voltage 13.5 mV, trace inlet –182 C, trace outlet –184 C]

	
	20:00
	[Coil voltage 12.2 mV, trace inlet –182 C, trace outlet –189 C]

Magnet vessel boil-off of 11.5 SCFH indicates less than 20W heat load. 

	31 Oct 2003
	08:15
	lN2 flow at start of day ~4.0 liter/hr due to low dewar pressure.

Replace N2 gas cylinder for building trace-line-dewar pressure.

Restore lN2 flow to trace line to ~5.5 liter/hr.

	
	10:45
	MagLifter cryostat pressurized to ~3psi by closing VCL rotameters and increasing flow through CIC purge line to blow out lN2 into empty storage dewar. 

	31 Oct 2003
	11:30
	Remove transfer line from magnet vessel to lN2 storage dewar and seal.

Reduce magnet vessel CIC helium gas purge flow to 2 SCFH.

Begin magnet vessel evacuation to 15 in.-Hg using pressure regulator. 

	
	12:30
	Backfill magnet vessel to 0.5 psig using 15 SCFH helium gas purge flow through the magnet conductor.

	
	12:45
	Repeat magnet vessel evacuation to 15 in.-Hg using pressure regulator.

	
	13:15
	Backfill magnet vessel using 15 SCFH helium gas purge flow through the magnet conductor.



	
	14:00
	Re-open VCL rotameters. 

Initiate lHe transfer at roughly 5.0 liter/hr liquid equivalent.

Reduce CIC He gas purge flow to ~ 2 SCFH.

Discontinue gas purge and fill lead stack reservoir with liquid nitrogen. 

	
	16:25
	Helium transfer line repositioned in dewar to engage “funnel” mounted to the bottom of the magnet vessel. 

[Coil voltage 13.1 mV, trace inlet –182 C, trace outlet –189 C]

	
	21:15
	Coil voltage to 6.5 mV, lead stack reservoir refilled with lN2.

	1 Nov 2003
	07:00
	Magnet vessel helium dewar changed ~85 liter used overnight.

Trace line lN2 flow maintained at ~5.2 liter/hr.

Lead stack reservoir refilled with lN2.

	
	07:35
	Helium transfer begun from 500 liter dewar to the magnet vessel.

	
	08:25
	420 liter helium remain in storage dewar, helium level in magnet vessel to ~90 mm  (this is the height of coil from the bottom of the vessel)

	
	08:45
	Helium level in magnet vessel to ~145 mm.

	
	08:50
	385 liter helium remains in storage dewar.

	
	08:53
	365 liter helium in storage dewar, helium level in magnet vessel to ~420mm. 

	
	09:30
	Electrical testing begins with initial current ramps to 500 A.

	
	12:00 
	Coil testing complete. Helium level in magnet vessel to ~745 mm.

280 liter remain in storage dewar.  Transfer line removed and helium level recorded to track boil-off rate during warm-up. 

	2 Nov 2003
	08:00
	~20 mm  helium level in magnet vessel. CIC purge flow resumed at ~5 SCFH flow, radiation shield trace line flow reduced to ~3 liter/hr. 

	
	19:30
	Initiate ~5 SCFH nitrogen gas flow through trace line to warm-up.


10. Retest of Charging Coil
10.1 Summary

The MagLifter CL coil has been tested in liquid helium (LHe), following repair, return, and inspection.  The coil quenched at 3460 A during the upramp at 5 A/s.  The quenching current is about 93.5% of the design operating current.  The test was ended due to burn out of an external dump switch.  Further analysis of the voltage signals before quenching indicates that the quenching was most likely caused by mechanical movement or epoxy cracking, rather than fundamental limits in the superconductor.  It is expected that the CL coil can be trained to a current that is not only higher than the observed quench current, but also beyond the design operating current.

10.2 Coil Inspection

After the return inspection of the MagLifter CL coil
, the diagnostic wires were soldered to a new diagnostic signal feed-through with the same wiring scheme used in the first test.  The magnet was then DC hipotted at 1 kV for 60 seconds.  No leakage current was observed at micro-Ampere sensitivity.

The diagnostic feed-through was connected by an extension cable with the far end opened for voltage measurements.  A DC current of 30 mA was then applied to the vapor-cooled leads.  All coil voltages and internal sensor voltages were consistent with those reported in the return inspection.  

10.3 Pre-cooling with LN

The test setup was identical with that in the previous test series.  Pre-cooling of the magnet started on April 26, 2004.  The 1/8” SST tubing connected to one end of the conductor was purged with 2 CFH of GHe all time during pre-cooling.  As shown in Figure 157, the liquid nitrogen was introduced into the trace of the thermal shield.  The exhaust of the cryogen was directed into the closed end of the LHe vessel via the built-in ¼” SST LHe transfer tube.  The GN was vented out of the cryostat at the vapor-cooled leads.  The temperatures at the inlet and the outlet of the LN trace were monitored with type E thermocouples.  The LHe vessel temperature was measured by a LN thermistor to prevent overfilling the LHe vessel with liquid nitrogen.  Between 300 K and 77 K, the coil temperature was estimated, using the normal voltage of the winding excited with a 30 mA DC current.
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Figure 160:  Routing of the pre-cooling LN flow.
The outlet of the thermal shield trace was cooled down to LN temperature in ~ 6 hours.  The coil voltage remained stable at ~ 30 mV for ~ 9 hours, followed by ~ 10 hours of steady decrease to ~ 5 mV, indicating that the overall coil temperature had been reduced to LN temperature.  The LN consumption for the pre-cooling was ~ 300 liters.  The coil and the thermal shield were kept at LN temperature for another 72 hours before transferring LHe.  This allowed the SST thermal shield to be evenly cooled to 77 K (the length of this time was determined by unrelated activities in the MIT test facility).  In order to maintain the thermal shield temperature at 77 K, the LN trace flow was maintained at an equivalent GN flow rate of 300 CFH, corresponding to 45 W of heat load.
About 8 hours before transferring LHe, the LHe vessel was pressurized to push out the residual LN, followed by a few cycles of evacuation and back-filling with GHe.  The coil was then allowed to warm up to ~ 90 K to assure removal of the liquid nitrogen before transferring LHe.
10.4 LHe Transfer

LHe was transferred into LHe vessel of the CL coil on April 30, with a starting volume of 470 liters in the storage dewar.  In the end of LHe transferring, with the LHe level reached 70% of a 36” level sensor, the in-vessel LHe inventory was ~ 135 liters.  There was ~ 200 liters left in the storage dewar.  The difference of 135 liters of LHe was used to cool down the coil from 90 K to 4 K.  

After the pressure in the LHe vessel had stabilized and before charging the coil, the integrated LHe boil-off rate was 15.8 liter/hr, corresponding to 11.5 W of heat load.  The heat load was similar to that observed in the first test.  During the latter part of the test, the LHe boil-off rate did not change significantly by Joule heating in the leads and the busses at 3000 A.

To help determine whether the conductor in the conduit was filled with LHe, the GHe purge line connected to the 1/8” tubing was replaced with a Validyne DP10 pressure transducer with a resolution of 0.1 psi.  A transient pressure reduction of ~ -2 psi was observed during LHe transfer.  This implied that the GHe in the conduit had condensed at 4.2 K, and the resulting reduced pressure inside of the conduit had completely filled it with LHe.
Special attention was paid to the possible development of acoustic resonance in the 1/8” tubing with a closed warm end outside the service stack flange.  However, during the LHe transfer and the entire test operations, no oscillation in the pressure reading was observed.
10.5 Electrical Cable and Diagnostic Wire Connection

As shown in Figure 158, the vapor-cooled leads of the CL coil were connected to the water-cooled Reese cables rated at 10 kA.  A dump switch box for quench protection of the coil rated at 6 kA, containing 8 IGBT’s (Insulated Gate Bipolar Transistor) in parallel and a 90-mOhm resistor, was connected between the negative leg of the vapor-cooled lead and the power supply.  During normal operation this switch is closed, but opened if a quench is detected. 

Table 18
 lists the designations of voltage pairs.

Figure 161:  Electrical and diagnostic connections to the CL coil.

Table 20:  Voltage pair designation

	Signal
	Voltage pair

	Total coil voltage
	V5 ~ V6

	Left lead voltage
	V1 ~ VCL-

	Right lead voltage
	VCL+ ~ V4

	Left section coil voltage (co-wound internal sensor)
	V2 ~ V1

	Right section coil voltage (co-wound internal sensor)
	V4 ~ V3


As described in the first test report, the sheath and the core of the co-wound internal sensor were shorted near the center of the conductor length as the central voltage tap.  The voltage from V2-V1 was designated as the left section of the coil voltage, and V4-V3 the right section.  The voltage signals from the left section and the right section were routed to the quench detection balanced circuit.  The balanced signal was fed to the power supply ramp controller, which had a built-in quench detection circuit.  The quench detection threshold voltage was set to 100 mV with a dump delay time of 60 ms. The dump switch performance and reliable data acquisition triggering were confirmed a few times by injecting a voltage into the quench detector before turning on the power supply.
10.6 Test of CL Coil
Table 19 summarizes the coil charging history.  In the first shot, the dump switch failed to for charging of the magnet, due to the failure of one of the IGBT control circuit boards governing two IGBTs.  The control circuit board and two IGBTs were disconnected and isolated from the rest of the switches.  It was assumed that with ¾ of the 6-kA switch capacity, the CL coil could be tested up to the design operating current of 3.712 kA.

To confirm the function of the dump switch before charging the coil to a higher current, the coil was ramped first to 1000 A and then to 2000 A in shots 2 and 4, followed by a manual dump.  The modified switch seemed to be well behaved at this stage.

Table 21:  MagLifter CL coil test log, April 30, 2004

	Shot 
	Description
	Quench Location

	001
	Dump switch opened during current up ramp.  The power supply voltage was at ~ 11 V when the current was ramped to 150 A.
	None

	
	One of the IGBT control circuit boards failed.  The control circuit board and two IGBTs were disabled and isolated.  It was expected that the remaining 6 IGBTs should be able to switch 4500 A, which was beyond the test goal of 3700 A.  The test was continued with the modified dump switch.
	

	002
	The coil current was ramped to 1000 A at 10 A/s with a few minutes of intermediate holding at 300 A, 500 A, and 800 A, respectively, followed by a manual dump.
	None

	003
	The current was ramped to 2 kA at 10 A/s and held for 3 minutes, followed by a down ramp at 20 A/s.
	None

	004
	The coil current was ramped up to 2100 A at 10 A/s, held for 2 minutes, then manually dumped.  
	None

	005
	The coil current was ramped up to 2500 A at 10 A/s, held for 5 minutes, then ramped up to 3000 A at 5 A/s.  The current was held at 3000 A for 15 minutes, followed by a down ramp to 2500 A.  After 1 minute holding at 2500 A, the coil current was raised to 3300 A, held for 3 minutes, then ramped down to 3000 A.  Noises coming from inside the cryostat were heard during the up-ramp, between 3000 A and 3300 A.  After holding at 3000 A for ~ 1 minute, the coil current was ramped up at 5 A/s.  No noise was heard during the up-ramp at any current below 3300 A.  A few noises were heard before the coil quenched at 3460 A.  The dump switch controller indicated that the switch could not be closed after this quench.  One of the IGBTs was burned out due to arcing. 
	Left section

(V2-V1)

	006
	The shot was conducted to inspect the coil and the power supply.  The Reese cable connections to the dump switch were shorted to bypass the switch.  The coil current was ramped to 200 A at 2 A/s and held for 2 minutes.  Both coil and power supply seemed to be functioning at this current.
	


Figure 159 illustrates the current ramping scenario of shot 005.  The current was first ramped up to 2500 A, followed by a hold at 2500 A for 5 minutes, then ramped up to 3000 A and held for 15 minutes.  After a long hold, the current was ramped down to 2500 A, ramped up to 3300 A, then ramped down to 3000 A.  The hold and down ramps were performed for stress relief in the conductor and the epoxy.  The current ramp rate was 5 A/s in the final up ramp from 3000 A to the quenching current at 3460 A.  Figure 160 shows the record of the coil current around the time of quench.  The quench current was ~ 93.5% of the design operating current
 of 3712 A.
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Figure 162:  Shot 005: The current ramping scenario.
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Figure 163:  Shot 005: The coil quenched at 3460 A during an up-ramp at 5 A/s.
When prepared for the next shot, it was found that the dump switch failed to close.  Further inspection found that an arc between one of the IGBT cells and the switch box had occurred during the current dump in shot 005.  Due to a lack of replacement parts, the high current test was ended at this point.

Figure 161 shows the voltages of the coil and the dump resistor at the current dump.  The peak voltage was ~ 
[image: image28.wmf]±

 250 V, which was lower than the expected 311 V, implying that 1/5 of the coil current flowed through the failing IGBT’s until they opened up at ~ 0.4 s.   After that, the current decayed rapidly through the dump resistor with a time constant of 0.6 s.
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Figure 164:  Shot 005: Voltages in the coil and the dump switch after the current dump.
Shot 006 was conducted to investigate whether there had been any damage to the magnet, in addition to the power supply.  The Reese cable connections to the dump switch were shorted together to bypass the burned out switch.  The coil current was ramped up to ~ 200 A at 2 A/s, followed by a hold for ~ 2 minutes.  No resistive voltage from the coil was observed, implying that the magnet is undamaged.

Post test inspection also confirmed that the coil voltages at various voltage pairs were as expected.  The co-wound internal voltage sensor was not damaged.  No burned out mark was observed in the diagnostic cable connector on the service stack flange.

10.7 Discussion

Based on the available test results, a preliminary investigation can be made of the cause of the single quench in order to determine whether it was caused by degradation of the conductor during fabrication of the conductor and the coil, or by stress relief in the cryogenic temperature in the form of epoxy cracking or conductor movement.  If the quench was caused by stress relief, then the magnet can be expected to be able to “train” to its operating current or beyond after further training, an operating procedure that is frequently observed in large epoxy-potted coils, although rare in internally-cooled magnets.
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Figure 165:   Shot 005: Coil voltage before quenching.
Figure 162 shows the voltage variation before quenching in different sections of the coil.  The current sharing began in the left section of the coil at ~ 160 ms before the current dump.  The quench detector opened up the dump switch and tripped off the power supply at ~ 70 ms after the left section coil voltage continuously exceeded the preset threshold voltage of 0.1V.

The slow increase of the left section conductor voltage, during quench, implies that the quench was more likely induced by conductor movement or epoxy cracking.  Epoxy cracking in the vicinity of a bare NbTi cable can induce fast quenching  by the sudden release of energy in the epoxy.  However, in the case of the CL coil, the cable is jacketed in a SST conduit containing helium, which should be insensitive to small epoxy cracking until a sufficient vacancy has developed for displacement of the entire CICC.

The quench voltage rise in the left section in shot 005 looks unlike the signal expected for a degraded NbTi conductor, quenched near its current limit.  In the latter case, the quench voltage should increase beyond 100 mV in 10-50 ms depending on the conductor size and the background field.  

In the first cold test of the CL coil, a positive voltage was developed in the same left section before the quench detector triggered the dump switch.  The internal sensor to the left section was broken during current dumping in the previous test.  Because the voltage between the cable and the core of the co-wound internal sensor is on the order of a volt, the breakage of the sensor connection was probably caused by the movement of the conductor in the left section, rather than arcing.

The low frequency voltage oscillations in both current leads, beginning at ~ 140 ms before the current dump, seem to be the inductive voltages picked up by the moving conductors, which supports the hypothesis of quenching induced by mechanical effects.

In the same figure, the right section coil voltage was very stable even when the normal zone was propagating in the left section.  This implies that the present quenching current has not yet reached the limiting current of the conductor, assuming that the qualities of the conductor fabrication and coil winding in those two sections were consistent.  With further training, the CL coil is likely to reach or exceed its design operating current.

10.8 Conclusion

The second test of the CL coil achieved a field and current that were 11.3 % higher and a stored energy that was 24 % higher than those achieved in the first test.  Both tests were terminated by failures in external circuitry of the test facility or sensors and the ultimate limits of the CL coil have not been reached.  There is no reason to believe that the CL coil will not be capable of reaching or exceeding its design values of field and current.   It is possible already to claim that operation up to 3,460 A has been demonstrated or 93.5 % of the design value. 

It should be noted that the CL-coil simulates guideway eddy currents and that the performance needed by on-vehicle floating coils is significantly less demanding.  In fact, since the CL-coil was designed to ramp from –1635 A to 3712 A i.e., dI ~ 5347 A (1), it is still possible to charge the F-coil to either full current or full force, simply by changing the bias of the CL-coil, as the ability to fully charge the F-coil only requires the ability of the CL-coil to operate up to 2674 A.  Paradoxically, the change in bias, e.g. swinging the CL-coil from 3400 A to -1947 A, would actually generate a higher lift force on the F-coil than the reference design.  Instead of lifting 111 times its weight, the F-coil should be lifting 132 times its weight at 190 mm, albeit with reduced margins.  The only disadvantage would be that this would not be exactly simulating the actual field, current, and unit lift characteristics of the reference design.  This illustrates the fundamental robustness of the levitation concept, even when the experimental program has not yet demonstrated the limits of superconducting magnet performance.  There is no reason to believe that these limits cannot be achieved in a Phase III program.
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MACQUENCH1

		T_max, Tw_max, p_max, Xq, VOLT, I  VS. TIME														From current_ck.dat

		time(s)		Tcond(K)		Tw(K)		p(Pa)		Lq(m)		VRes(V)		I(A)		Tau		Vres

		0.00E+00		9.65E+00		5.00E+00		2.65E+06		2.00E-01		0.00E+00		2.98E+03		0		0.00E+00

		2.00E-03		9.89E+00		8.65E+00		2.76E+06		2.00E-01		2.13E-02		2.98E+03		0		2.13E-02

		4.00E-03		1.01E+01		9.94E+00		1.54E+06		2.86E-01		3.04E-02		2.98E+03		0		3.04E-02

		6.00E-03		1.04E+01		1.04E+01		1.46E+06		3.11E-01		3.31E-02		2.98E+03		0		3.31E-02

		8.00E-03		1.08E+01		1.06E+01		1.39E+06		3.43E-01		3.64E-02		2.98E+03		0		3.64E-02

		1.00E-02		1.11E+01		1.07E+01		1.35E+06		3.72E-01		3.96E-02		2.98E+03		0		3.96E-02

		1.20E-02		1.15E+01		1.08E+01		1.32E+06		4.00E-01		4.25E-02		2.98E+03		0		4.25E-02

		1.40E-02		1.20E+01		1.10E+01		1.31E+06		4.26E-01		4.54E-02		2.98E+03		0		4.54E-02

		1.60E-02		1.24E+01		1.13E+01		1.31E+06		4.52E-01		4.82E-02		2.98E+03		0		4.82E-02

		1.80E-02		1.29E+01		1.15E+01		1.31E+06		4.78E-01		5.10E-02		2.98E+03		0		5.10E-02

		2.00E-02		1.35E+01		1.18E+01		1.32E+06		5.03E-01		5.37E-02		2.98E+03		0		5.37E-02

		2.20E-02		1.40E+01		1.21E+01		1.32E+06		5.28E-01		5.64E-02		2.98E+03		0		5.64E-02

		2.40E-02		1.46E+01		1.25E+01		1.33E+06		5.52E-01		5.91E-02		2.98E+03		0		5.91E-02

		2.60E-02		1.52E+01		1.28E+01		1.35E+06		5.77E-01		6.18E-02		2.98E+03		0		6.18E-02

		2.80E-02		1.58E+01		1.32E+01		1.36E+06		6.02E-01		6.45E-02		2.98E+03		0		6.45E-02

		3.00E-02		1.64E+01		1.36E+01		1.37E+06		6.26E-01		6.72E-02		2.98E+03		0		6.72E-02

		3.20E-02		1.70E+01		1.39E+01		1.38E+06		6.50E-01		6.99E-02		2.98E+03		0		6.99E-02

		3.40E-02		1.77E+01		1.43E+01		1.39E+06		6.75E-01		7.26E-02		2.98E+03		0		7.26E-02

		3.60E-02		1.83E+01		1.47E+01		1.39E+06		6.98E-01		7.53E-02		2.98E+03		0		7.53E-02

		3.80E-02		1.89E+01		1.51E+01		1.40E+06		7.22E-01		7.79E-02		2.98E+03		0		7.79E-02

		4.00E-02		1.94E+01		1.55E+01		1.40E+06		7.45E-01		8.05E-02		2.98E+03		0		8.05E-02

		4.20E-02		2.00E+01		1.58E+01		1.41E+06		7.68E-01		8.31E-02		2.98E+03		0		8.31E-02

		4.40E-02		2.05E+01		1.62E+01		1.41E+06		7.90E-01		8.56E-02		2.98E+03		0		8.56E-02

		4.60E-02		2.07E+01		1.66E+01		1.39E+06		8.12E-01		8.80E-02		2.98E+03		0		8.80E-02

		4.80E-02		2.09E+01		1.69E+01		1.36E+06		8.31E-01		9.02E-02		2.98E+03		0		9.02E-02

		5.00E-02		2.10E+01		1.72E+01		1.34E+06		8.50E-01		9.22E-02		2.98E+03		0		9.22E-02

		5.20E-02		2.11E+01		1.74E+01		1.32E+06		8.67E-01		9.41E-02		2.98E+03		0		9.41E-02

		5.40E-02		2.12E+01		1.77E+01		1.30E+06		8.83E-01		9.59E-02		2.98E+03		0		9.59E-02

		5.60E-02		2.13E+01		1.79E+01		1.29E+06		8.98E-01		9.76E-02		2.98E+03		0		9.76E-02

		5.80E-02		2.14E+01		1.81E+01		1.27E+06		9.13E-01		9.93E-02		2.98E+03		0		9.93E-02

		6.00E-02		2.15E+01		1.83E+01		1.26E+06		9.27E-01		1.01E-01		2.98E+03		0		1.01E-01

		6.20E-02		2.16E+01		1.84E+01		1.24E+06		9.41E-01		1.02E-01		2.98E+03		0		1.02E-01

		6.40E-02		2.17E+01		1.86E+01		1.23E+06		9.54E-01		1.04E-01		2.98E+03		0		1.04E-01

		6.60E-02		2.18E+01		1.88E+01		1.22E+06		9.68E-01		1.05E-01		2.98E+03		0		1.05E-01

		6.80E-02		2.18E+01		1.89E+01		1.21E+06		9.80E-01		1.07E-01		2.98E+03		0		1.07E-01

		7.00E-02		2.19E+01		1.91E+01		1.20E+06		9.93E-01		1.08E-01		2.98E+03		0		1.08E-01

		7.20E-02		2.20E+01		1.92E+01		1.19E+06		1.01E+00		1.10E-01		2.98E+03		0		1.10E-01

		7.40E-02		2.21E+01		1.94E+01		1.18E+06		1.02E+00		1.11E-01		2.98E+03		0		1.11E-01

		7.60E-02		2.22E+01		1.95E+01		1.17E+06		1.03E+00		1.13E-01		2.98E+03		0		1.13E-01

		7.80E-02		2.23E+01		1.96E+01		1.17E+06		1.04E+00		1.14E-01		2.98E+03		0		1.14E-01

		8.00E-02		2.24E+01		1.97E+01		1.16E+06		1.05E+00		1.15E-01		2.98E+03		0		1.15E-01

		8.20E-02		2.25E+01		1.99E+01		1.15E+06		1.06E+00		1.17E-01		2.98E+03		0		1.17E-01

		8.40E-02		2.26E+01		2.00E+01		1.15E+06		1.07E+00		1.18E-01		2.98E+03		0		1.18E-01

		8.60E-02		2.27E+01		2.01E+01		1.14E+06		1.08E+00		1.19E-01		2.98E+03		0		1.19E-01

		8.80E-02		2.28E+01		2.02E+01		1.13E+06		1.10E+00		1.20E-01		2.98E+03		0		1.20E-01

		9.00E-02		2.29E+01		2.03E+01		1.13E+06		1.11E+00		1.22E-01		2.98E+03		0		1.22E-01

		9.20E-02		2.30E+01		2.04E+01		1.12E+06		1.12E+00		1.23E-01		2.98E+03		0		1.23E-01

		9.40E-02		2.31E+01		2.05E+01		1.12E+06		1.13E+00		1.24E-01		2.98E+03		0		1.24E-01

		9.60E-02		2.32E+01		2.06E+01		1.11E+06		1.14E+00		1.26E-01		2.98E+03		0		1.26E-01

		9.80E-02		2.33E+01		2.07E+01		1.11E+06		1.15E+00		1.27E-01		2.98E+03		0		1.27E-01

		1.00E-01		2.34E+01		2.08E+01		1.10E+06		1.16E+00		1.28E-01		2.98E+03		0		1.28E-01

		1.02E-01		2.35E+01		2.09E+01		1.10E+06		1.17E+00		1.29E-01		2.98E+03		0		1.29E-01

		1.04E-01		2.36E+01		2.10E+01		1.09E+06		1.18E+00		1.30E-01		2.98E+03		0		1.30E-01

		1.06E-01		2.37E+01		2.11E+01		1.09E+06		1.19E+00		1.32E-01		2.98E+03		0		1.32E-01

		1.08E-01		2.38E+01		2.12E+01		1.08E+06		1.20E+00		1.33E-01		2.98E+03		0		1.33E-01

		1.10E-01		2.39E+01		2.13E+01		1.08E+06		1.21E+00		1.34E-01		2.98E+03		0		1.34E-01

		1.12E-01		2.40E+01		2.14E+01		1.08E+06		1.22E+00		1.35E-01		2.98E+03		0		1.35E-01

		1.14E-01		2.41E+01		2.15E+01		1.07E+06		1.22E+00		1.37E-01		2.98E+03		0		1.37E-01

		1.16E-01		2.42E+01		2.16E+01		1.07E+06		1.23E+00		1.38E-01		2.98E+03		0		1.38E-01

		1.18E-01		2.43E+01		2.17E+01		1.06E+06		1.24E+00		1.39E-01		2.98E+03		0		1.39E-01

		1.20E-01		2.44E+01		2.18E+01		1.06E+06		1.25E+00		1.40E-01		2.98E+03		0		1.40E-01

		1.22E-01		2.44E+01		2.19E+01		1.06E+06		1.26E+00		1.42E-01		2.98E+03		0		1.42E-01

		1.24E-01		2.45E+01		2.19E+01		1.05E+06		1.27E+00		1.43E-01		2.98E+03		0		1.43E-01

		1.26E-01		2.46E+01		2.20E+01		1.05E+06		1.28E+00		1.44E-01		2.98E+03		0		1.44E-01

		1.28E-01		2.47E+01		2.21E+01		1.05E+06		1.29E+00		1.45E-01		2.98E+03		0		1.45E-01

		1.30E-01		2.48E+01		2.22E+01		1.05E+06		1.30E+00		1.46E-01		2.98E+03		0		1.46E-01

		1.32E-01		2.49E+01		2.23E+01		1.04E+06		1.31E+00		1.48E-01		2.98E+03		0		1.48E-01

		1.34E-01		2.50E+01		2.24E+01		1.04E+06		1.32E+00		1.49E-01		2.98E+03		0		1.49E-01

		1.36E-01		2.51E+01		2.25E+01		1.04E+06		1.32E+00		1.50E-01		2.98E+03		0		1.50E-01

		1.38E-01		2.52E+01		2.25E+01		1.03E+06		1.33E+00		1.51E-01		2.98E+03		0		1.51E-01

		1.40E-01		2.53E+01		2.26E+01		1.03E+06		1.34E+00		1.53E-01		2.98E+03		0		1.53E-01

		1.42E-01		2.54E+01		2.27E+01		1.03E+06		1.35E+00		1.54E-01		2.98E+03		0		1.54E-01

		1.44E-01		2.55E+01		2.28E+01		1.03E+06		1.36E+00		1.55E-01		2.98E+03		0		1.55E-01

		1.46E-01		2.56E+01		2.29E+01		1.02E+06		1.37E+00		1.56E-01		2.98E+03		0		1.56E-01

		1.48E-01		2.57E+01		2.30E+01		1.02E+06		1.38E+00		1.57E-01		2.98E+03		0		1.57E-01

		1.50E-01		2.58E+01		2.30E+01		1.02E+06		1.38E+00		1.59E-01		2.98E+03		0		1.59E-01

		1.52E-01		2.59E+01		2.31E+01		1.02E+06		1.39E+00		1.60E-01		2.98E+03		0		1.60E-01

		1.54E-01		2.60E+01		2.32E+01		1.02E+06		1.40E+00		1.61E-01		2.98E+03		0		1.61E-01

		1.56E-01		2.61E+01		2.33E+01		1.01E+06		1.41E+00		1.62E-01		2.98E+03		0		1.62E-01

		1.58E-01		2.62E+01		2.34E+01		1.01E+06		1.42E+00		1.64E-01		2.98E+03		0		1.64E-01

		1.60E-01		2.63E+01		2.35E+01		1.01E+06		1.43E+00		1.65E-01		2.98E+03		0		1.65E-01

		1.62E-01		2.64E+01		2.35E+01		1.01E+06		1.43E+00		1.66E-01		2.98E+03		0		1.66E-01

		1.64E-01		2.65E+01		2.36E+01		1.01E+06		1.44E+00		1.67E-01		2.98E+03		0		1.67E-01

		1.66E-01		2.66E+01		2.37E+01		1.00E+06		1.45E+00		1.69E-01		2.98E+03		0		1.69E-01

		1.68E-01		2.67E+01		2.38E+01		1.00E+06		1.46E+00		1.70E-01		2.98E+03		0		1.70E-01

		1.70E-01		2.68E+01		2.39E+01		1.00E+06		1.46E+00		1.71E-01		2.98E+03		0		1.71E-01

		1.72E-01		2.69E+01		2.39E+01		1.00E+06		1.47E+00		1.72E-01		2.98E+03		0		1.72E-01

		1.74E-01		2.70E+01		2.40E+01		9.98E+05		1.48E+00		1.74E-01		2.98E+03		0		1.74E-01

		1.76E-01		2.71E+01		2.41E+01		9.97E+05		1.49E+00		1.75E-01		2.98E+03		0		1.75E-01

		1.78E-01		2.72E+01		2.42E+01		9.95E+05		1.50E+00		1.76E-01		2.98E+03		0		1.76E-01

		1.80E-01		2.73E+01		2.43E+01		9.94E+05		1.50E+00		1.77E-01		2.98E+03		0		1.77E-01

		1.82E-01		2.74E+01		2.43E+01		9.92E+05		1.51E+00		1.79E-01		2.98E+03		0		1.79E-01

		1.84E-01		2.75E+01		2.44E+01		9.91E+05		1.52E+00		1.80E-01		2.98E+03		0		1.80E-01

		1.86E-01		2.76E+01		2.45E+01		9.90E+05		1.53E+00		1.81E-01		2.98E+03		0		1.81E-01

		1.88E-01		2.77E+01		2.46E+01		9.88E+05		1.53E+00		1.83E-01		2.98E+03		0		1.83E-01

		1.90E-01		2.78E+01		2.47E+01		9.87E+05		1.54E+00		1.84E-01		2.98E+03		0		1.84E-01

		1.92E-01		2.79E+01		2.47E+01		9.86E+05		1.55E+00		1.85E-01		2.98E+03		0		1.85E-01

		1.94E-01		2.80E+01		2.48E+01		9.85E+05		1.56E+00		1.87E-01		2.98E+03		0		1.87E-01

		1.96E-01		2.81E+01		2.49E+01		9.84E+05		1.56E+00		1.88E-01		2.98E+03		0		1.88E-01

		1.98E-01		2.82E+01		2.50E+01		9.82E+05		1.57E+00		1.89E-01		2.98E+03		0		1.89E-01

		2.18E-01		2.92E+01		2.58E+01		9.72E+05		1.65E+00		2.03E-01		2.98E+03		0		2.03E-01

		2.38E-01		3.01E+01		2.66E+01		9.63E+05		1.72E+00		2.17E-01		2.98E+03		0		2.17E-01

		2.58E-01		3.11E+01		2.74E+01		9.57E+05		1.79E+00		2.32E-01		2.98E+03		0		2.32E-01

		2.78E-01		3.21E+01		2.81E+01		9.51E+05		1.85E+00		2.48E-01		2.98E+03		0		2.48E-01

		2.98E-01		3.31E+01		2.89E+01		9.47E+05		1.92E+00		2.65E-01		2.98E+03		0		2.65E-01

		3.18E-01		3.41E+01		2.97E+01		9.44E+05		1.98E+00		2.84E-01		2.98E+03		0		2.84E-01

		3.38E-01		3.51E+01		3.04E+01		9.42E+05		2.05E+00		3.03E-01		2.98E+03		0		3.03E-01

		3.58E-01		3.62E+01		3.12E+01		9.40E+05		2.11E+00		3.23E-01		2.98E+03		0		3.23E-01

		3.78E-01		3.72E+01		3.19E+01		9.39E+05		2.17E+00		3.45E-01		2.98E+03		0		3.45E-01

		3.98E-01		3.82E+01		3.27E+01		9.39E+05		2.24E+00		3.69E-01		2.98E+03		2.937		239.272

		4.18E-01		3.93E+01		3.34E+01		9.38E+05		2.30E+00		3.90E-01		2.96E+03		2.576		270.738

		4.38E-01		4.03E+01		3.42E+01		9.38E+05		2.36E+00		4.13E-01		2.94E+03		2.585		267.46

		4.58E-01		4.13E+01		3.49E+01		9.38E+05		2.42E+00		4.38E-01		2.92E+03		2.145		319.805

		4.78E-01		4.23E+01		3.57E+01		9.38E+05		2.48E+00		4.65E-01		2.89E+03		2.153		315.21

		4.98E-01		4.33E+01		3.64E+01		9.38E+05		2.54E+00		4.91E-01		2.86E+03		2.159		311.375

		5.18E-01		4.44E+01		3.71E+01		9.38E+05		2.60E+00		5.20E-01		2.84E+03		1.679		396.821

		5.38E-01		4.54E+01		3.78E+01		9.38E+05		2.65E+00		5.50E-01		2.81E+03		1.685		389.668

		5.58E-01		4.64E+01		3.85E+01		9.38E+05		2.71E+00		5.78E-01		2.77E+03		1.69		383.973

		5.78E-01		4.74E+01		3.93E+01		9.38E+05		2.77E+00		6.09E-01		2.74E+03		1.695		378.386

		5.98E-01		4.84E+01		4.00E+01		9.38E+05		2.83E+00		6.41E-01		2.71E+03		1.264		501.38

		6.18E-01		4.93E+01		4.07E+01		9.38E+05		2.88E+00		6.74E-01		2.67E+03		1.268		489.792

		6.38E-01		5.03E+01		4.14E+01		9.38E+05		2.94E+00		7.01E-01		2.62E+03		1.272		480.833

		6.58E-01		5.12E+01		4.20E+01		9.38E+05		2.99E+00		7.30E-01		2.58E+03		1.275		472.074

		6.78E-01		5.21E+01		4.27E+01		9.37E+05		3.05E+00		7.60E-01		2.54E+03		1.279		463.515

		6.98E-01		5.30E+01		4.34E+01		9.36E+05		3.10E+00		7.89E-01		2.50E+03		0.944		618.053

		7.18E-01		5.38E+01		4.40E+01		9.35E+05		3.16E+00		8.19E-01		2.46E+03		0.947		599.784

		7.38E-01		5.47E+01		4.47E+01		9.34E+05		3.21E+00		8.38E-01		2.40E+03		0.95		585.819

		7.58E-01		5.55E+01		4.53E+01		9.32E+05		3.26E+00		8.62E-01		2.35E+03		0.952		572.23

		7.78E-01		5.63E+01		4.60E+01		9.31E+05		3.31E+00		8.85E-01		2.30E+03		0.954		559.014

		7.98E-01		5.71E+01		4.66E+01		9.30E+05		3.36E+00		9.08E-01		2.25E+03		0.957		546.16

		8.18E-01		5.79E+01		4.72E+01		9.28E+05		3.41E+00		9.30E-01		2.20E+03		0.959		533.653

		8.38E-01		5.86E+01		4.78E+01		9.26E+05		3.46E+00		9.51E-01		2.16E+03		0.713		702.856

		8.58E-01		5.93E+01		4.84E+01		9.25E+05		3.51E+00		9.72E-01		2.11E+03		0.715		676.62

		8.78E-01		6.00E+01		4.89E+01		9.23E+05		3.56E+00		9.75E-01		2.04E+03		0.716		656.597

		8.98E-01		6.07E+01		4.95E+01		9.20E+05		3.60E+00		9.84E-01		1.98E+03		0.718		637.23

		9.18E-01		6.13E+01		5.01E+01		9.18E+05		3.65E+00		9.92E-01		1.93E+03		0.719		618.505

		9.38E-01		6.19E+01		5.06E+01		9.15E+05		3.70E+00		9.98E-01		1.88E+03		0.721		600.396

		9.58E-01		6.24E+01		5.11E+01		9.12E+05		3.74E+00		1.00E+00		1.83E+03		0.722		582.881

		9.78E-01		6.30E+01		5.16E+01		9.09E+05		3.79E+00		1.00E+00		1.78E+03		0.724		565.935

		9.98E-01		6.35E+01		5.22E+01		9.06E+05		3.83E+00		1.01E+00		1.73E+03		0.725		549.537

		1.02E+00		6.40E+01		5.26E+01		9.02E+05		3.87E+00		1.01E+00		1.68E+03		0.726		533.667

		1.04E+00		6.44E+01		5.31E+01		8.99E+05		3.91E+00		1.00E+00		1.64E+03		0.727		518.304

		1.06E+00		6.49E+01		5.36E+01		8.96E+05		3.95E+00		1.00E+00		1.59E+03		0.729		503.43

		1.08E+00		6.53E+01		5.40E+01		8.92E+05		3.99E+00		9.99E-01		1.55E+03		0.73		489.027

		1.10E+00		6.57E+01		5.45E+01		8.89E+05		4.03E+00		9.94E-01		1.51E+03		0.731		475.077

		1.12E+00		6.61E+01		5.49E+01		8.85E+05		4.07E+00		9.88E-01		1.47E+03		0.732		461.564

		1.14E+00		6.64E+01		5.53E+01		8.81E+05		4.11E+00		9.82E-01		1.43E+03		0.733		448.472

		1.16E+00		6.67E+01		5.58E+01		8.78E+05		4.15E+00		9.74E-01		1.39E+03		0.558		573.275

		1.18E+00		6.71E+01		5.62E+01		8.74E+05		4.18E+00		9.66E-01		1.35E+03		0.559		547.421

		1.20E+00		6.74E+01		5.65E+01		8.70E+05		4.22E+00		9.40E-01		1.29E+03		0.56		527.501

		1.22E+00		6.76E+01		5.69E+01		8.67E+05		4.25E+00		9.21E-01		1.25E+03		0.561		508.347

		1.24E+00		6.79E+01		5.73E+01		8.63E+05		4.29E+00		9.03E-01		1.20E+03		0.561		489.933

		1.26E+00		6.81E+01		5.77E+01		8.59E+05		4.32E+00		8.83E-01		1.16E+03		0.562		472.227

		1.28E+00		6.83E+01		5.80E+01		8.55E+05		4.35E+00		8.64E-01		1.12E+03		0.563		455.2

		1.30E+00		6.85E+01		5.83E+01		8.51E+05		4.39E+00		8.44E-01		1.08E+03		0.563		438.822

		1.32E+00		6.87E+01		5.87E+01		8.47E+05		4.42E+00		8.24E-01		1.04E+03		0.564		423.067

		1.34E+00		6.88E+01		5.90E+01		8.43E+05		4.45E+00		8.05E-01		1.01E+03		0.565		407.908

		1.36E+00		6.90E+01		5.93E+01		8.39E+05		4.48E+00		7.85E-01		9.72E+02		0.565		393.321

		1.38E+00		6.91E+01		5.96E+01		8.35E+05		4.51E+00		7.65E-01		9.38E+02		0.566		379.282

		1.40E+00		6.92E+01		5.99E+01		8.31E+05		4.53E+00		7.45E-01		9.05E+02		0.566		365.769

		1.42E+00		6.93E+01		6.01E+01		8.28E+05		4.56E+00		7.25E-01		8.74E+02		0.567		352.761

		1.44E+00		6.94E+01		6.04E+01		8.24E+05		4.59E+00		7.06E-01		8.44E+02		0.567		340.237

		1.46E+00		6.95E+01		6.07E+01		8.20E+05		4.62E+00		6.87E-01		8.14E+02		0.568		328.177

		1.48E+00		6.96E+01		6.09E+01		8.16E+05		4.64E+00		6.68E-01		7.86E+02		0.568		316.564

		1.50E+00		6.96E+01		6.12E+01		8.13E+05		4.67E+00		6.49E-01		7.59E+02		0.569		305.379

		1.52E+00		6.97E+01		6.14E+01		8.09E+05		4.69E+00		6.31E-01		7.33E+02		0.569		294.605

		1.54E+00		6.98E+01		6.16E+01		8.06E+05		4.71E+00		6.13E-01		7.07E+02		0.57		284.226

		1.56E+00		6.98E+01		6.19E+01		8.02E+05		4.74E+00		5.95E-01		6.83E+02		0.57		274.227

		1.58E+00		6.98E+01		6.21E+01		7.99E+05		4.76E+00		5.78E-01		6.60E+02		0.57		264.593

		1.60E+00		6.99E+01		6.23E+01		7.96E+05		4.78E+00		5.60E-01		6.37E+02		0.571		255.31

		1.62E+00		6.99E+01		6.25E+01		7.92E+05		4.80E+00		5.44E-01		6.15E+02		0.571		246.363

		1.64E+00		6.99E+01		6.27E+01		7.89E+05		4.82E+00		5.27E-01		5.94E+02		0.572		237.741

		1.66E+00		7.00E+01		6.29E+01		7.86E+05		4.84E+00		5.12E-01		5.73E+02		0.572		229.43

		1.68E+00		7.00E+01		6.31E+01		7.83E+05		4.86E+00		4.96E-01		5.54E+02		0.572		221.418

		1.70E+00		7.00E+01		6.32E+01		7.80E+05		4.88E+00		4.81E-01		5.35E+02		0.573		213.695

		1.72E+00		7.00E+01		6.34E+01		7.77E+05		4.90E+00		4.66E-01		5.16E+02		0.573		206.25

		1.74E+00		7.00E+01		6.36E+01		7.74E+05		4.92E+00		4.52E-01		4.99E+02		0.573		199.071

		1.76E+00		7.00E+01		6.37E+01		7.71E+05		4.94E+00		4.37E-01		4.81E+02		0.573		192.149

		1.78E+00		7.00E+01		6.39E+01		7.68E+05		4.96E+00		4.24E-01		4.65E+02		0.574		185.474

		1.80E+00		7.00E+01		6.40E+01		7.66E+05		4.98E+00		4.11E-01		4.49E+02		0.574		179.037

		1.82E+00		7.00E+01		6.42E+01		7.63E+05		4.99E+00		3.98E-01		4.34E+02		0.574		172.829

		1.84E+00		7.00E+01		6.43E+01		7.60E+05		5.01E+00		3.85E-01		4.19E+02		0.763		125.672

		1.86E+00		7.00E+01		6.45E+01		7.58E+05		5.03E+00		3.73E-01		4.04E+02		0.763		123.442

		1.88E+00		7.00E+01		6.46E+01		7.55E+05		5.04E+00		3.67E-01		3.97E+02		0.763		120.198

		1.90E+00		7.00E+01		6.47E+01		7.53E+05		5.06E+00		3.59E-01		3.87E+02		0.764		117.042

		1.92E+00		7.00E+01		6.48E+01		7.50E+05		5.07E+00		3.50E-01		3.77E+02		0.764		113.972

		1.94E+00		7.00E+01		6.50E+01		7.48E+05		5.09E+00		3.42E-01		3.67E+02		0.764		110.984

		1.96E+00		7.00E+01		6.51E+01		7.46E+05		5.10E+00		3.34E-01		3.58E+02		0.764		108.077

		1.98E+00		7.00E+01		6.52E+01		7.43E+05		5.12E+00		3.26E-01		3.49E+02		0.765		105.248

		2.00E+00		7.00E+01		6.53E+01		7.41E+05		5.13E+00		3.18E-01		3.40E+02		0.765		102.495

		2.02E+00		7.00E+01		6.54E+01		7.39E+05		5.15E+00		3.11E-01		3.31E+02		0.765		99.816

		2.04E+00		6.99E+01		6.55E+01		7.37E+05		5.16E+00		3.03E-01		3.22E+02		0.766		97.209

		2.06E+00		6.99E+01		6.56E+01		7.35E+05		5.17E+00		2.96E-01		3.14E+02		0.766		94.671

		2.08E+00		6.99E+01		6.57E+01		7.33E+05		5.19E+00		2.89E-01		3.06E+02		0.766		92.201

		2.10E+00		6.99E+01		6.58E+01		7.31E+05		5.20E+00		2.82E-01		2.98E+02		0.766		89.798

		2.12E+00		6.99E+01		6.59E+01		7.29E+05		5.21E+00		2.75E-01		2.90E+02		0.767		87.458

		2.14E+00		6.99E+01		6.60E+01		7.27E+05		5.23E+00		2.69E-01		2.83E+02		0.767		85.181

		2.16E+00		6.99E+01		6.61E+01		7.25E+05		5.24E+00		2.62E-01		2.76E+02		0.767		82.964

		2.18E+00		6.99E+01		6.62E+01		7.23E+05		5.25E+00		2.56E-01		2.69E+02		0.767		80.806

		2.20E+00		6.98E+01		6.62E+01		7.21E+05		5.26E+00		2.50E-01		2.62E+02		0.767		78.705

		2.22E+00		6.98E+01		6.63E+01		7.19E+05		5.28E+00		2.44E-01		2.55E+02		0.768		76.66

		2.24E+00		6.98E+01		6.64E+01		7.18E+05		5.29E+00		2.38E-01		2.48E+02		0.768		74.67

		2.26E+00		6.98E+01		6.65E+01		7.16E+05		5.30E+00		2.32E-01		2.42E+02		0.768		72.732

		2.28E+00		6.98E+01		6.65E+01		7.14E+05		5.31E+00		2.27E-01		2.36E+02		0.768		70.845

		2.30E+00		6.98E+01		6.66E+01		7.12E+05		5.32E+00		2.21E-01		2.30E+02		0.768		69.008

		2.32E+00		6.98E+01		6.67E+01		7.11E+05		5.33E+00		2.16E-01		2.24E+02		0.769		67.219

		2.34E+00		6.98E+01		6.67E+01		7.09E+05		5.34E+00		2.10E-01		2.18E+02		0.769		65.478

		2.36E+00		6.97E+01		6.68E+01		7.08E+05		5.36E+00		2.05E-01		2.12E+02		0.769		63.782

		2.38E+00		6.97E+01		6.69E+01		7.06E+05		5.37E+00		2.00E-01		2.07E+02		0.769		62.132

		2.40E+00		6.97E+01		6.69E+01		7.04E+05		5.38E+00		1.95E-01		2.02E+02		0.769		60.524

		2.42E+00		6.97E+01		6.70E+01		7.03E+05		5.39E+00		1.91E-01		1.96E+02		0.77		58.959

		2.44E+00		6.97E+01		6.71E+01		7.01E+05		5.40E+00		1.86E-01		1.91E+02		0.77		57.435

		2.46E+00		6.97E+01		6.71E+01		7.00E+05		5.41E+00		1.81E-01		1.87E+02		0.77		55.951

		2.48E+00		6.97E+01		6.72E+01		6.99E+05		5.42E+00		1.77E-01		1.82E+02		0.77		54.505

		2.50E+00		6.96E+01		6.72E+01		6.97E+05		5.43E+00		1.73E-01		1.77E+02		0.77		53.098

		2.52E+00		6.96E+01		6.73E+01		6.96E+05		5.44E+00		1.68E-01		1.73E+02		0.77		51.727

		2.54E+00		6.96E+01		6.73E+01		6.94E+05		5.45E+00		1.64E-01		1.68E+02		0.77		50.393

		2.56E+00		6.96E+01		6.74E+01		6.93E+05		5.46E+00		1.60E-01		1.64E+02		0.771		49.093

		2.58E+00		6.96E+01		6.74E+01		6.92E+05		5.47E+00		1.56E-01		1.60E+02		0.771		47.827

		2.60E+00		6.96E+01		6.75E+01		6.90E+05		5.48E+00		1.53E-01		1.56E+02		0.771		46.594

		2.62E+00		6.96E+01		6.75E+01		6.89E+05		5.49E+00		1.49E-01		1.52E+02		0.771		45.394

		2.64E+00		6.96E+01		6.75E+01		6.88E+05		5.49E+00		1.45E-01		1.48E+02		0.771		44.224

		2.66E+00		6.96E+01		6.76E+01		6.87E+05		5.50E+00		1.42E-01		1.44E+02		0.771		43.086

		2.68E+00		6.95E+01		6.76E+01		6.85E+05		5.51E+00		1.38E-01		1.40E+02		0.771		41.976

		2.70E+00		6.95E+01		6.77E+01		6.84E+05		5.52E+00		1.35E-01		1.37E+02		0.771		40.896

		2.72E+00		6.95E+01		6.77E+01		6.83E+05		5.53E+00		1.31E-01		1.33E+02		0.772		39.844

		2.74E+00		6.95E+01		6.77E+01		6.82E+05		5.54E+00		1.28E-01		1.30E+02		0.772		38.819

		2.76E+00		6.95E+01		6.78E+01		6.81E+05		5.55E+00		1.25E-01		1.26E+02		0.772		37.821

		2.78E+00		6.95E+01		6.78E+01		6.79E+05		5.56E+00		1.22E-01		1.23E+02		0.772		36.848

		2.80E+00		6.95E+01		6.78E+01		6.78E+05		5.56E+00		1.19E-01		1.20E+02		0.772		35.901

		2.82E+00		6.95E+01		6.79E+01		6.77E+05		5.57E+00		1.16E-01		1.17E+02		0.772		34.979

		2.84E+00		6.95E+01		6.79E+01		6.76E+05		5.58E+00		1.13E-01		1.14E+02		0.772		34.08

		2.86E+00		6.95E+01		6.79E+01		6.75E+05		5.59E+00		1.10E-01		1.11E+02		0.772		33.205

		2.88E+00		6.94E+01		6.80E+01		6.74E+05		5.60E+00		1.08E-01		1.08E+02		0.772		32.352

		2.90E+00		6.94E+01		6.80E+01		6.73E+05		5.60E+00		1.05E-01		1.05E+02		0.772		31.522

		2.92E+00		6.94E+01		6.80E+01		6.72E+05		5.61E+00		1.03E-01		1.03E+02		0.772		30.713

		2.94E+00		6.94E+01		6.81E+01		6.71E+05		5.62E+00		1.00E-01		1.00E+02		0.773		29.924

		2.96E+00		6.94E+01		6.81E+01		6.70E+05		5.63E+00		9.75E-02		9.75E+01		0.773		29.157

		2.98E+00		6.94E+01		6.81E+01		6.69E+05		5.64E+00		9.51E-02		9.51E+01		0.773		28.409

		3.00E+00		6.94E+01		6.81E+01		6.68E+05		5.64E+00		9.28E-02		9.26E+01		0.773		27.68

		3.02E+00		6.94E+01		6.82E+01		6.67E+05		5.65E+00		9.05E-02		9.03E+01		0.773		26.971

		3.04E+00		6.94E+01		6.82E+01		6.66E+05		5.66E+00		8.83E-02		8.80E+01		0.773		26.279

		3.06E+00		6.94E+01		6.82E+01		6.65E+05		5.67E+00		8.61E-02		8.57E+01		0.773		25.606

		3.08E+00		6.94E+01		6.82E+01		6.64E+05		5.67E+00		8.40E-02		8.35E+01		0.773		24.949

		3.10E+00		6.94E+01		6.83E+01		6.63E+05		5.68E+00		8.19E-02		8.14E+01		0.773		24.31

		3.12E+00		6.93E+01		6.83E+01		6.62E+05		5.69E+00		7.99E-02		7.93E+01		0.773		23.687

		3.14E+00		6.93E+01		6.83E+01		6.61E+05		5.69E+00		7.79E-02		7.73E+01		0.773		23.081

		3.16E+00		6.93E+01		6.83E+01		6.60E+05		5.70E+00		7.60E-02		7.53E+01		0.773		22.49

		3.18E+00		6.93E+01		6.83E+01		6.59E+05		5.71E+00		7.41E-02		7.34E+01		0.773		21.914

		3.20E+00		6.93E+01		6.84E+01		6.59E+05		5.72E+00		7.23E-02		7.15E+01		0.773		21.353

		3.22E+00		6.93E+01		6.84E+01		6.58E+05		5.72E+00		7.05E-02		6.97E+01		0.774		20.806

		3.24E+00		6.93E+01		6.84E+01		6.57E+05		5.73E+00		6.88E-02		6.79E+01		0.774		20.274

		3.26E+00		6.93E+01		6.84E+01		6.56E+05		5.74E+00		6.71E-02		6.62E+01		0.774		19.755

		3.28E+00		6.93E+01		6.84E+01		6.55E+05		5.74E+00		6.54E-02		6.45E+01		0.774		19.249

		3.30E+00		6.93E+01		6.84E+01		6.54E+05		5.75E+00		6.38E-02		6.28E+01		0.774		18.757

		3.32E+00		6.93E+01		6.85E+01		6.53E+05		5.76E+00		6.23E-02		6.12E+01		0.774		18.277

		3.34E+00		6.93E+01		6.85E+01		6.53E+05		5.76E+00		6.07E-02		5.97E+01		0.774		17.81

		3.36E+00		6.93E+01		6.85E+01		6.52E+05		5.77E+00		5.92E-02		5.82E+01		0.774		17.354

		3.38E+00		6.93E+01		6.85E+01		6.51E+05		5.78E+00		5.78E-02		5.67E+01		0.774		16.91

		3.40E+00		6.93E+01		6.85E+01		6.50E+05		5.79E+00		5.64E-02		5.52E+01		0.774		16.478

		3.42E+00		6.93E+01		6.85E+01		6.49E+05		5.80E+00		5.50E-02		5.38E+01		0.774		16.057

		3.44E+00		6.93E+01		6.86E+01		6.47E+05		5.81E+00		5.37E-02		5.24E+01		0.774		15.646

		3.46E+00		6.92E+01		6.86E+01		6.46E+05		5.82E+00		5.24E-02		5.11E+01		0.774		15.247

		3.48E+00		6.92E+01		6.86E+01		6.45E+05		5.83E+00		5.12E-02		4.98E+01		0.774		14.857

		3.50E+00		6.92E+01		6.86E+01		6.44E+05		5.84E+00		4.99E-02		4.85E+01		0.774		14.477

		3.52E+00		6.92E+01		6.86E+01		6.43E+05		5.85E+00		4.87E-02		4.73E+01		0.774		14.107

		3.54E+00		6.92E+01		6.86E+01		6.41E+05		5.86E+00		4.76E-02		4.61E+01		0.774		13.747

		3.56E+00		6.92E+01		6.86E+01		6.40E+05		5.87E+00		4.64E-02		4.49E+01		0.774		13.396

		3.58E+00		6.92E+01		6.86E+01		6.39E+05		5.88E+00		4.53E-02		4.38E+01		0.774		13.054

		3.60E+00		6.92E+01		6.87E+01		6.38E+05		5.89E+00		4.42E-02		4.26E+01		0.774		12.72

		3.62E+00		6.92E+01		6.87E+01		6.37E+05		5.90E+00		4.32E-02		4.16E+01		0.774		12.395

		3.64E+00		6.92E+01		6.87E+01		6.36E+05		5.91E+00		4.21E-02		4.05E+01		0.774		12.079

		3.66E+00		6.92E+01		6.87E+01		6.35E+05		5.92E+00		4.11E-02		3.95E+01		0.774		11.77

		3.68E+00		6.92E+01		6.87E+01		6.34E+05		5.93E+00		4.01E-02		3.85E+01		0.774		11.47

		3.70E+00		6.92E+01		6.87E+01		6.33E+05		5.94E+00		3.91E-02		3.75E+01		0.775		11.177

		3.72E+00		6.92E+01		6.87E+01		6.32E+05		5.94E+00		3.82E-02		3.65E+01		0.775		10.892

		3.74E+00		6.92E+01		6.87E+01		6.31E+05		5.95E+00		3.73E-02		3.56E+01		0.775		10.614

		3.76E+00		6.92E+01		6.87E+01		6.30E+05		5.96E+00		3.64E-02		3.47E+01		0.775		10.343

		3.78E+00		6.92E+01		6.87E+01		6.29E+05		5.97E+00		3.55E-02		3.38E+01		0.775		10.079

		3.80E+00		6.92E+01		6.88E+01		6.28E+05		5.98E+00		3.46E-02		3.29E+01		0.775		9.822

		3.82E+00		6.92E+01		6.88E+01		6.27E+05		5.99E+00		3.38E-02		3.21E+01		0.775		9.571

		3.84E+00		6.92E+01		6.88E+01		6.26E+05		6.00E+00		3.30E-02		3.13E+01		0.775		9.327

		3.86E+00		6.92E+01		6.88E+01		6.25E+05		6.01E+00		3.22E-02		3.05E+01		0.775		9.089

		3.88E+00		6.92E+01		6.88E+01		6.24E+05		6.01E+00		3.14E-02		2.97E+01		0.775		8.857

		3.90E+00		6.92E+01		6.88E+01		6.23E+05		6.02E+00		3.06E-02		2.90E+01		0.775		8.631

		3.92E+00		6.92E+01		6.88E+01		6.22E+05		6.03E+00		2.99E-02		2.82E+01		0.775		8.411

		3.94E+00		6.92E+01		6.88E+01		6.21E+05		6.04E+00		2.92E-02		2.75E+01		0.775		8.196

		3.96E+00		6.92E+01		6.88E+01		6.20E+05		6.05E+00		2.85E-02		2.68E+01		0.775		7.987

		3.98E+00		6.92E+01		6.88E+01		6.20E+05		6.06E+00		2.78E-02		2.61E+01		0.775		7.783

		4.00E+00		6.92E+01		6.88E+01		6.19E+05		6.06E+00		2.71E-02		2.54E+01		0.775		7.585

		4.02E+00		6.92E+01		6.88E+01		6.18E+05		6.07E+00		2.64E-02		2.48E+01		0.775		7.391

		4.04E+00		6.91E+01		6.88E+01		6.17E+05		6.08E+00		2.58E-02		2.42E+01		0.775		7.203

		4.06E+00		6.91E+01		6.88E+01		6.16E+05		6.09E+00		2.52E-02		2.36E+01		0.775		7.019

		4.08E+00		6.91E+01		6.89E+01		6.15E+05		6.09E+00		2.46E-02		2.30E+01		0.775		6.84

		4.10E+00		6.91E+01		6.89E+01		6.15E+05		6.10E+00		2.40E-02		2.24E+01		0.775		6.666

		4.12E+00		6.91E+01		6.89E+01		6.14E+05		6.11E+00		2.34E-02		2.18E+01		0.775		6.496

		4.14E+00		6.91E+01		6.89E+01		6.13E+05		6.12E+00		2.28E-02		2.12E+01		0.775		6.33

		4.16E+00		6.91E+01		6.89E+01		6.12E+05		6.12E+00		2.22E-02		2.07E+01		0.775		6.169

		4.18E+00		6.91E+01		6.89E+01		6.12E+05		6.13E+00		2.17E-02		2.02E+01		0.775		6.011

		4.20E+00		6.91E+01		6.89E+01		6.11E+05		6.14E+00		2.12E-02		1.97E+01		0.775		5.858

		4.22E+00		6.91E+01		6.89E+01		6.10E+05		6.15E+00		2.07E-02		1.92E+01		0.775		5.709

		4.24E+00		6.91E+01		6.89E+01		6.09E+05		6.15E+00		2.01E-02		1.87E+01		0.775		5.563

		4.26E+00		6.91E+01		6.89E+01		6.09E+05		6.16E+00		1.97E-02		1.82E+01		0.775		5.422

		4.28E+00		6.91E+01		6.89E+01		6.08E+05		6.17E+00		1.92E-02		1.77E+01		0.775		5.283

		4.30E+00		6.91E+01		6.89E+01		6.07E+05		6.17E+00		1.87E-02		1.73E+01		0.775		5.149

		4.32E+00		6.91E+01		6.89E+01		6.07E+05		6.18E+00		1.82E-02		1.68E+01		0.775		5.017

		4.34E+00		6.91E+01		6.89E+01		6.06E+05		6.19E+00		1.78E-02		1.64E+01		0.775		4.89

		4.36E+00		6.91E+01		6.89E+01		6.05E+05		6.19E+00		1.74E-02		1.60E+01		0.775		4.765

		4.38E+00		6.91E+01		6.89E+01		6.05E+05		6.20E+00		1.69E-02		1.56E+01		0.775		4.644

		4.40E+00		6.91E+01		6.89E+01		6.04E+05		6.21E+00		1.65E-02		1.52E+01		0.775		4.525

		4.42E+00		6.91E+01		6.89E+01		6.03E+05		6.21E+00		1.61E-02		1.48E+01		0.775		4.41

		4.44E+00		6.91E+01		6.89E+01		6.03E+05		6.22E+00		1.57E-02		1.44E+01		0.775		4.297

		4.46E+00		6.91E+01		6.89E+01		6.02E+05		6.22E+00		1.53E-02		1.41E+01		0.775		4.188

		4.48E+00		6.91E+01		6.89E+01		6.02E+05		6.23E+00		1.50E-02		1.37E+01		0.775		4.081

		4.50E+00		6.91E+01		6.89E+01		6.01E+05		6.24E+00		1.46E-02		1.34E+01		0.775		3.977

		4.52E+00		6.91E+01		6.89E+01		6.00E+05		6.24E+00		1.42E-02		1.30E+01		0.775		3.876

		4.54E+00		6.91E+01		6.89E+01		6.00E+05		6.25E+00		1.39E-02		1.27E+01		0.775		3.777

		4.56E+00		6.91E+01		6.90E+01		5.99E+05		6.25E+00		1.35E-02		1.24E+01		0.775		3.681

		4.58E+00		6.91E+01		6.90E+01		5.99E+05		6.26E+00		1.32E-02		1.20E+01		0.775		3.587

		4.60E+00		6.91E+01		6.90E+01		5.98E+05		6.27E+00		1.29E-02		1.17E+01		0.775		3.496

		4.62E+00		6.91E+01		6.90E+01		5.97E+05		6.27E+00		1.26E-02		1.14E+01		0.775		3.407

		4.64E+00		6.91E+01		6.90E+01		5.97E+05		6.28E+00		1.23E-02		1.11E+01		0.775		3.32

		4.66E+00		6.91E+01		6.90E+01		5.96E+05		6.28E+00		1.20E-02		1.09E+01		0.775		3.235

		4.68E+00		6.91E+01		6.90E+01		5.96E+05		6.29E+00		1.17E-02		1.06E+01		0.775		3.153

		4.70E+00		6.91E+01		6.90E+01		5.95E+05		6.29E+00		1.14E-02		1.03E+01		0.775		3.073

		4.72E+00		6.91E+01		6.90E+01		5.95E+05		6.30E+00		1.11E-02		1.01E+01		0.775		2.994

		4.74E+00		6.91E+01		6.90E+01		5.94E+05		6.30E+00		1.08E-02		9.80E+00		0.775		2.918

		4.76E+00		6.91E+01		6.90E+01		5.94E+05		6.31E+00		1.05E-02		9.55E+00		0.775		2.844

		4.78E+00		6.91E+01		6.90E+01		5.93E+05		6.31E+00		1.03E-02		9.30E+00		0.775		2.771

		4.80E+00		6.91E+01		6.90E+01		5.93E+05		6.32E+00		1.00E-02		9.07E+00		0.775		2.701

		4.82E+00		6.91E+01		6.90E+01		5.92E+05		6.33E+00		9.79E-03		8.84E+00		0.775		2.632

		4.84E+00		6.91E+01		6.90E+01		5.92E+05		6.33E+00		9.54E-03		8.61E+00		0.775		2.565

		4.86E+00		6.91E+01		6.90E+01		5.91E+05		6.34E+00		9.31E-03		8.39E+00		0.775		2.5

		4.88E+00		6.91E+01		6.90E+01		5.91E+05		6.34E+00		9.08E-03		8.18E+00		0.775		2.436

		4.90E+00		6.91E+01		6.90E+01		5.90E+05		6.35E+00		8.85E-03		7.97E+00		0.775		2.374

		4.92E+00		6.91E+01		6.90E+01		5.90E+05		6.35E+00		8.63E-03		7.77E+00		0.775		2.313

		4.94E+00		6.91E+01		6.90E+01		5.89E+05		6.35E+00		8.42E-03		7.57E+00		0.775		2.254

		4.96E+00		6.91E+01		6.90E+01		5.89E+05		6.36E+00		8.21E-03		7.38E+00		0.775		2.197

		4.98E+00		6.91E+01		6.90E+01		5.89E+05		6.36E+00		8.01E-03		7.19E+00		0.775		2.141

		5.00E+00		6.91E+01		6.90E+01		5.88E+05		6.37E+00		7.81E-03		7.01E+00		0.775		2.087

		5.02E+00		6.91E+01		6.90E+01		5.88E+05		6.37E+00		7.62E-03		6.83E+00		0.775		2.033

		5.04E+00		6.91E+01		6.90E+01		5.87E+05		6.38E+00		7.43E-03		6.65E+00		0.775		1.982

		5.06E+00		6.91E+01		6.90E+01		5.87E+05		6.38E+00		7.24E-03		6.48E+00		0.775		1.931

		5.08E+00		6.91E+01		6.90E+01		5.86E+05		6.39E+00		7.06E-03		6.32E+00		0.775		1.882

		5.10E+00		6.91E+01		6.90E+01		5.86E+05		6.39E+00		6.89E-03		6.16E+00		0.776		1.834

		5.12E+00		6.91E+01		6.90E+01		5.86E+05		6.40E+00		6.72E-03		6.00E+00		0.776		1.787

		5.14E+00		6.91E+01		6.90E+01		5.85E+05		6.40E+00		6.55E-03		5.85E+00		0.776		1.742

		5.16E+00		6.91E+01		6.90E+01		5.85E+05		6.40E+00		6.39E-03		5.70E+00		0.776		1.697

		5.18E+00		6.91E+01		6.90E+01		5.84E+05		6.41E+00		6.23E-03		5.55E+00		0.776		1.654

		5.20E+00		6.91E+01		6.90E+01		5.84E+05		6.41E+00		6.08E-03		5.41E+00		0.776		1.612

		5.22E+00		6.91E+01		6.90E+01		5.84E+05		6.42E+00		5.92E-03		5.28E+00		0.776		1.571

		5.24E+00		6.91E+01		6.90E+01		5.83E+05		6.42E+00		5.78E-03		5.14E+00		0.776		1.531

		5.26E+00		6.91E+01		6.90E+01		5.83E+05		6.43E+00		5.63E-03		5.01E+00		0.776		1.492

		5.28E+00		6.91E+01		6.90E+01		5.82E+05		6.43E+00		5.49E-03		4.88E+00		0.776		1.454

		5.30E+00		6.91E+01		6.90E+01		5.82E+05		6.43E+00		5.36E-03		4.76E+00		0.776		1.417

		5.32E+00		6.91E+01		6.90E+01		5.82E+05		6.44E+00		5.22E-03		4.64E+00		0.776		1.381

		5.34E+00		6.91E+01		6.90E+01		5.81E+05		6.44E+00		5.09E-03		4.52E+00		0.776		1.346

		5.36E+00		6.91E+01		6.90E+01		5.81E+05		6.45E+00		4.97E-03		4.40E+00		0.776		1.312

		5.38E+00		6.91E+01		6.90E+01		5.81E+05		6.45E+00		4.84E-03		4.29E+00		0.776		1.278

		5.40E+00		6.91E+01		6.90E+01		5.80E+05		6.45E+00		4.72E-03		4.18E+00		0.776		1.246

		5.42E+00		6.91E+01		6.90E+01		5.80E+05		6.46E+00		4.61E-03		4.08E+00		0.776		1.214

		5.44E+00		6.91E+01		6.90E+01		5.79E+05		6.46E+00		4.49E-03		3.97E+00		0.776		1.183

		5.46E+00		6.91E+01		6.90E+01		5.79E+05		6.47E+00		4.38E-03		3.87E+00		0.776		1.153

		5.48E+00		6.91E+01		6.90E+01		5.79E+05		6.47E+00		4.27E-03		3.77E+00		0.776		1.124

		5.50E+00		6.91E+01		6.90E+01		5.78E+05		6.47E+00		4.16E-03		3.68E+00		0.776		1.095

		5.52E+00		6.91E+01		6.90E+01		5.78E+05		6.48E+00		4.06E-03		3.58E+00		0.776		1.067

		5.54E+00		6.91E+01		6.90E+01		5.78E+05		6.48E+00		3.96E-03		3.49E+00		0.776		1.04

		5.56E+00		6.91E+01		6.90E+01		5.77E+05		6.48E+00		3.86E-03		3.40E+00		0.776		1.013

		5.58E+00		6.91E+01		6.90E+01		5.77E+05		6.49E+00		3.76E-03		3.32E+00		0.776		0.988

		5.60E+00		6.91E+01		6.90E+01		5.77E+05		6.49E+00		3.67E-03		3.23E+00		0.776		0.962

		5.62E+00		6.91E+01		6.90E+01		5.77E+05		6.49E+00		3.58E-03		3.15E+00		0.776		0.938

		5.64E+00		6.91E+01		6.90E+01		5.76E+05		6.50E+00		3.49E-03		3.07E+00		0.776		0.914

		5.66E+00		6.91E+01		6.90E+01		5.76E+05		6.50E+00		3.40E-03		2.99E+00		0.776		0.891

		5.68E+00		6.91E+01		6.90E+01		5.76E+05		6.50E+00		3.32E-03		2.92E+00		0.776		0.868

		5.70E+00		6.91E+01		6.90E+01		5.75E+05		6.51E+00		3.23E-03		2.84E+00		0.776		0.846

		5.72E+00		6.91E+01		6.90E+01		5.75E+05		6.51E+00		3.15E-03		2.77E+00		0.776		0.824

		5.74E+00		6.91E+01		6.90E+01		5.75E+05		6.51E+00		3.07E-03		2.70E+00		0.776		0.803

		5.76E+00		6.91E+01		6.90E+01		5.74E+05		6.52E+00		3.00E-03		2.63E+00		0.776		0.783

		5.78E+00		6.91E+01		6.90E+01		5.74E+05		6.52E+00		2.92E-03		2.56E+00		0.776		0.763

		5.80E+00		6.91E+01		6.90E+01		5.74E+05		6.52E+00		2.85E-03		2.50E+00		0.776		0.744

		5.82E+00		6.91E+01		6.90E+01		5.74E+05		6.53E+00		2.78E-03		2.43E+00		0.776		0.725

		5.84E+00		6.91E+01		6.90E+01		5.73E+05		6.53E+00		2.71E-03		2.37E+00		0.776		0.706

		5.86E+00		6.91E+01		6.90E+01		5.73E+05		6.53E+00		2.64E-03		2.31E+00		0.776		0.688

		5.88E+00		6.91E+01		6.90E+01		5.73E+05		6.54E+00		2.58E-03		2.25E+00		0.776		0.671

		5.90E+00		6.91E+01		6.90E+01		5.72E+05		6.54E+00		2.51E-03		2.20E+00		0.776		0.654

		5.92E+00		6.91E+01		6.90E+01		5.72E+05		6.54E+00		2.45E-03		2.14E+00		0.776		0.637

		5.94E+00		6.91E+01		6.90E+01		5.72E+05		6.55E+00		2.39E-03		2.08E+00		0.776		0.621

		5.96E+00		6.91E+01		6.90E+01		5.72E+05		6.55E+00		2.33E-03		2.03E+00		0.776		0.605

		5.98E+00		6.91E+01		6.90E+01		5.71E+05		6.55E+00		2.27E-03		1.98E+00		0.776		0.59

		6.00E+00		6.91E+01		6.90E+01		5.71E+05		6.56E+00		2.21E-03		1.93E+00		0.776		0.575

		6.02E+00		6.91E+01		6.90E+01		5.71E+05		6.56E+00		2.16E-03		1.88E+00		0.776		0.56

		6.04E+00		6.91E+01		6.90E+01		5.71E+05		6.56E+00		2.10E-03		1.83E+00		0.776		0.546

		6.06E+00		6.91E+01		6.90E+01		5.70E+05		6.56E+00		2.05E-03		1.79E+00		0.776		0.532

		6.08E+00		6.91E+01		6.90E+01		5.70E+05		6.57E+00		2.00E-03		1.74E+00		0.776		0.518

		6.10E+00		6.91E+01		6.90E+01		5.70E+05		6.57E+00		1.95E-03		1.70E+00		0.776		0.505

		6.12E+00		6.91E+01		6.90E+01		5.69E+05		6.57E+00		1.90E-03		1.65E+00		0.776		0.492

		6.14E+00		6.91E+01		6.90E+01		5.69E+05		6.58E+00		1.85E-03		1.61E+00		0.776		0.48

		6.16E+00		6.91E+01		6.90E+01		5.69E+05		6.58E+00		1.81E-03		1.57E+00		0.776		0.467

		6.18E+00		6.91E+01		6.90E+01		5.69E+05		6.58E+00		1.76E-03		1.53E+00		0.776		0.456

		6.20E+00		6.91E+01		6.90E+01		5.69E+05		6.58E+00		1.72E-03		1.49E+00		0.776		0.444

		6.22E+00		6.91E+01		6.90E+01		5.68E+05		6.59E+00		1.67E-03		1.45E+00		0.776		0.433

		6.24E+00		6.91E+01		6.90E+01		5.68E+05		6.59E+00		1.63E-03		1.42E+00		0.776		0.422

		6.26E+00		6.91E+01		6.90E+01		5.68E+05		6.59E+00		1.59E-03		1.38E+00		0.776		0.411

		6.28E+00		6.91E+01		6.90E+01		5.68E+05		6.59E+00		1.55E-03		1.34E+00		0.776		0.4

		6.30E+00		6.91E+01		6.90E+01		5.67E+05		6.60E+00		1.51E-03		1.31E+00		0.776		0.39

		6.32E+00		6.91E+01		6.90E+01		5.67E+05		6.60E+00		1.47E-03		1.28E+00		0.776		0.38

		6.34E+00		6.91E+01		6.91E+01		5.67E+05		6.60E+00		1.44E-03		1.24E+00		0.776		0.371

		6.36E+00		6.91E+01		6.91E+01		5.67E+05		6.61E+00		1.40E-03		1.21E+00		0.776		0.361

		6.38E+00		6.91E+01		6.91E+01		5.66E+05		6.61E+00		1.37E-03		1.18E+00		0.776		0.352

		6.40E+00		6.91E+01		6.91E+01		5.66E+05		6.61E+00		1.33E-03		1.15E+00		0.776		0.343

		6.42E+00		6.91E+01		6.91E+01		5.66E+05		6.61E+00		1.30E-03		1.12E+00		0.776		0.334

		6.44E+00		6.91E+01		6.91E+01		5.66E+05		6.62E+00		1.27E-03		1.09E+00		0.776		0.326

		6.46E+00		6.91E+01		6.91E+01		5.65E+05		6.62E+00		1.23E-03		1.07E+00		0.776		0.318

		6.48E+00		6.91E+01		6.91E+01		5.65E+05		6.62E+00		1.20E-03		1.04E+00		0.776		0.309

		6.50E+00		6.91E+01		6.91E+01		5.65E+05		6.62E+00		1.17E-03		1.01E+00		0.776		0.302

		6.52E+00		6.91E+01		6.91E+01		5.65E+05		6.63E+00		1.14E-03		9.87E-01		0.776		0.294

		6.54E+00		6.91E+01		6.91E+01		5.65E+05		6.63E+00		1.12E-03		9.62E-01		0.776		0.286

		6.56E+00		6.91E+01		6.91E+01		5.64E+05		6.63E+00		1.09E-03		9.37E-01		0.776		0.279

		6.58E+00		6.91E+01		6.91E+01		5.64E+05		6.63E+00		1.06E-03		9.14E-01		0.776		0.272

		6.60E+00		6.91E+01		6.91E+01		5.64E+05		6.64E+00		1.03E-03		8.90E-01		0.776		0.265

		6.62E+00		6.91E+01		6.91E+01		5.64E+05		6.64E+00		1.01E-03		8.68E-01		0.776		0.258

		6.64E+00		6.91E+01		6.91E+01		5.64E+05		6.64E+00		9.82E-04		8.46E-01		0.776		0.252

		6.66E+00		6.91E+01		6.91E+01		5.63E+05		6.64E+00		9.57E-04		8.24E-01		0.776		0.245

		6.68E+00		6.91E+01		6.91E+01		5.63E+05		6.65E+00		9.33E-04		8.03E-01		0.776		0.239

		6.70E+00		6.91E+01		6.91E+01		5.63E+05		6.65E+00		9.10E-04		7.83E-01		0.776		0.233

		6.72E+00		6.91E+01		6.91E+01		5.63E+05		6.65E+00		8.87E-04		7.63E-01		0.776		0.227

		6.74E+00		6.91E+01		6.91E+01		5.63E+05		6.65E+00		8.65E-04		7.43E-01		0.776		0.221

		6.76E+00		6.91E+01		6.91E+01		5.62E+05		6.65E+00		8.43E-04		7.24E-01		0.776		0.216

		6.78E+00		6.91E+01		6.91E+01		5.62E+05		6.66E+00		8.22E-04		7.06E-01		0.776		0.21

		6.80E+00		6.91E+01		6.91E+01		5.62E+05		6.66E+00		8.01E-04		6.88E-01		0.776		0.205

		6.82E+00		6.91E+01		6.91E+01		5.62E+05		6.66E+00		7.81E-04		6.70E-01		0.776		0.2

		6.84E+00		6.91E+01		6.91E+01		5.62E+05		6.66E+00		7.61E-04		6.53E-01		0.776		0.195

		6.86E+00		6.91E+01		6.91E+01		5.61E+05		6.67E+00		7.42E-04		6.37E-01		0.776		0.19

		6.88E+00		6.91E+01		6.91E+01		5.61E+05		6.67E+00		7.24E-04		6.21E-01		0.776		0.185

		6.90E+00		6.91E+01		6.91E+01		5.61E+05		6.67E+00		7.05E-04		6.05E-01		0.776		0.18

		6.92E+00		6.91E+01		6.91E+01		5.61E+05		6.67E+00		6.88E-04		5.89E-01		0.776		0.175

		6.94E+00		6.91E+01		6.91E+01		5.61E+05		6.67E+00		6.70E-04		5.74E-01		0.776		0.171

		6.96E+00		6.91E+01		6.91E+01		5.60E+05		6.68E+00		6.54E-04		5.60E-01		0.776		0.167

		6.98E+00		6.91E+01		6.91E+01		5.60E+05		6.68E+00		6.37E-04		5.45E-01		0.776		0.162

		7.00E+00		6.91E+01		6.91E+01		5.60E+05		6.68E+00		6.21E-04		5.32E-01		0.776		0.158

		7.02E+00		6.91E+01		6.91E+01		5.60E+05		6.68E+00		6.05E-04		5.18E-01		0.776		0.154

		7.04E+00		6.91E+01		6.91E+01		5.60E+05		6.69E+00		5.90E-04		5.05E-01		0.776		0.15

		7.06E+00		6.91E+01		6.91E+01		5.60E+05		6.69E+00		5.75E-04		4.92E-01		0.776		0.147

		7.08E+00		6.91E+01		6.91E+01		5.59E+05		6.69E+00		5.61E-04		4.79E-01		0.776		0.143

		7.10E+00		6.91E+01		6.91E+01		5.59E+05		6.69E+00		5.47E-04		4.67E-01		0.776		0.139

		7.12E+00		6.91E+01		6.91E+01		5.59E+05		6.69E+00		5.33E-04		4.55E-01		0.776		0.136

		7.14E+00		6.91E+01		6.91E+01		5.59E+05		6.70E+00		5.20E-04		4.44E-01		0.776		0.132

		7.16E+00		6.91E+01		6.91E+01		5.59E+05		6.70E+00		5.07E-04		4.33E-01		0.776		0.129

		7.18E+00		6.91E+01		6.91E+01		5.59E+05		6.70E+00		4.94E-04		4.21E-01		0.776		0.126

		7.20E+00		6.91E+01		6.91E+01		5.58E+05		6.70E+00		4.81E-04		4.11E-01		0.776		0.122

		7.22E+00		6.91E+01		6.91E+01		5.58E+05		6.70E+00		4.69E-04		4.00E-01		0.776		0.119

		7.24E+00		6.91E+01		6.91E+01		5.58E+05		6.71E+00		4.57E-04		3.90E-01		0.776		0.116

		7.26E+00		6.91E+01		6.91E+01		5.58E+05		6.71E+00		4.46E-04		3.80E-01		0.776		0.113

		7.28E+00		6.91E+01		6.91E+01		5.58E+05		6.71E+00		4.35E-04		3.71E-01		0.776		0.11

		7.30E+00		6.91E+01		6.91E+01		5.57E+05		6.71E+00		4.24E-04		3.61E-01		0.776		0.108

		7.32E+00		6.91E+01		6.91E+01		5.57E+05		6.71E+00		4.13E-04		3.52E-01		0.776		0.105

		7.34E+00		6.91E+01		6.91E+01		5.57E+05		6.72E+00		4.03E-04		3.43E-01		0.776		0.102

		7.36E+00		6.91E+01		6.91E+01		5.57E+05		6.72E+00		3.93E-04		3.34E-01		0.776		0.1

		7.38E+00		6.91E+01		6.91E+01		5.57E+05		6.72E+00		3.83E-04		3.26E-01		0.776		0.097

		7.40E+00		6.91E+01		6.91E+01		5.57E+05		6.72E+00		3.73E-04		3.17E-01		0.776		0.095

		7.42E+00		6.91E+01		6.91E+01		5.57E+05		6.72E+00		3.64E-04		3.09E-01		0.776		0.092

		7.44E+00		6.91E+01		6.91E+01		5.56E+05		6.73E+00		3.55E-04		3.01E-01		0.776		0.09

		7.46E+00		6.91E+01		6.91E+01		5.56E+05		6.73E+00		3.46E-04		2.94E-01		0.776		0.087

		7.48E+00		6.91E+01		6.91E+01		5.56E+05		6.73E+00		3.37E-04		2.86E-01		0.776		0.085

		7.50E+00		6.91E+01		6.91E+01		5.56E+05		6.73E+00		3.28E-04		2.79E-01		0.776		0.083

		7.52E+00		6.91E+01		6.91E+01		5.56E+05		6.73E+00		3.20E-04		2.72E-01		0.776		0.081

		7.54E+00		6.91E+01		6.91E+01		5.56E+05		6.74E+00		3.12E-04		2.65E-01		0.776		0.079

		7.56E+00		6.91E+01		6.91E+01		5.55E+05		6.74E+00		3.04E-04		2.58E-01		0.776		0.077

		7.58E+00		6.91E+01		6.91E+01		5.55E+05		6.74E+00		2.97E-04		2.52E-01		0.776		0.075

		7.60E+00		6.91E+01		6.91E+01		5.55E+05		6.74E+00		2.89E-04		2.45E-01		0.776		0.073

		7.62E+00		6.91E+01		6.91E+01		5.55E+05		6.74E+00		2.82E-04		2.39E-01		0.776		0.071

		7.64E+00		6.91E+01		6.91E+01		5.55E+05		6.74E+00		2.75E-04		2.33E-01		0.776		0.069

		7.66E+00		6.91E+01		6.91E+01		5.55E+05		6.75E+00		2.68E-04		2.27E-01		0.776		0.068

		7.68E+00		6.91E+01		6.91E+01		5.55E+05		6.75E+00		2.61E-04		2.21E-01		0.776		0.066

		7.70E+00		6.91E+01		6.91E+01		5.54E+05		6.75E+00		2.54E-04		2.16E-01		0.776		0.064

		7.72E+00		6.91E+01		6.91E+01		5.54E+05		6.75E+00		2.48E-04		2.10E-01		0.776		0.063

		7.74E+00		6.91E+01		6.91E+01		5.54E+05		6.75E+00		2.42E-04		2.05E-01		0.776		0.061

		7.76E+00		6.91E+01		6.91E+01		5.54E+05		6.75E+00		2.36E-04		2.00E-01		0.776		0.059

		7.78E+00		6.91E+01		6.91E+01		5.54E+05		6.76E+00		2.30E-04		1.94E-01		0.776		0.058

		7.80E+00		6.91E+01		6.91E+01		5.54E+05		6.76E+00		2.24E-04		1.90E-01		0.776		0.056

		7.82E+00		6.91E+01		6.91E+01		5.53E+05		6.76E+00		2.18E-04		1.85E-01		0.776		0.055

		7.84E+00		6.91E+01		6.91E+01		5.53E+05		6.76E+00		2.13E-04		1.80E-01		0.776		0.054

		7.86E+00		6.91E+01		6.91E+01		5.53E+05		6.76E+00		2.07E-04		1.75E-01		0.776		0.052

		7.88E+00		6.91E+01		6.91E+01		5.53E+05		6.77E+00		2.02E-04		1.71E-01		0.776		0.051

		7.90E+00		6.91E+01		6.91E+01		5.53E+05		6.77E+00		1.97E-04		1.67E-01		0.776		0.05

		7.92E+00		6.91E+01		6.91E+01		5.53E+05		6.77E+00		1.92E-04		1.62E-01		0.776		0.048

		7.94E+00		6.91E+01		6.91E+01		5.53E+05		6.77E+00		1.87E-04		1.58E-01		0.776		0.047

		7.96E+00		6.91E+01		6.91E+01		5.52E+05		6.77E+00		1.83E-04		1.54E-01		0.776		0.046

		7.98E+00		6.91E+01		6.91E+01		5.52E+05		6.77E+00		1.78E-04		1.50E-01		0.776		0.045

		8.00E+00		6.91E+01		6.91E+01		5.52E+05		6.78E+00		1.74E-04		1.46E-01		0.776		0.044

		8.02E+00		6.91E+01		6.91E+01		5.52E+05		6.78E+00		1.69E-04		1.43E-01		0.776		0.042

		8.04E+00		6.91E+01		6.91E+01		5.52E+05		6.78E+00		1.65E-04		1.39E-01		0.776		0.041

		8.06E+00		6.91E+01		6.91E+01		5.52E+05		6.78E+00		1.61E-04		1.36E-01		0.776		0.04

		8.08E+00		6.91E+01		6.91E+01		5.52E+05		6.78E+00		1.57E-04		1.32E-01		0.776		0.039

		8.10E+00		6.91E+01		6.91E+01		5.52E+05		6.78E+00		1.53E-04		1.29E-01		0.776		0.038

		8.12E+00		6.91E+01		6.91E+01		5.51E+05		6.79E+00		1.49E-04		1.25E-01		0.776		0.037

		8.14E+00		6.91E+01		6.91E+01		5.51E+05		6.79E+00		1.45E-04		1.22E-01		0.776		0.036

		8.16E+00		6.91E+01		6.91E+01		5.51E+05		6.79E+00		1.41E-04		1.19E-01		0.776		0.035

		8.18E+00		6.91E+01		6.91E+01		5.51E+05		6.79E+00		1.38E-04		1.16E-01		0.776		0.035

		8.20E+00		6.91E+01		6.91E+01		5.51E+05		6.79E+00		1.34E-04		1.13E-01		0.776		0.034

		8.22E+00		6.91E+01		6.91E+01		5.51E+05		6.79E+00		1.31E-04		1.10E-01		0.776		0.033

		8.24E+00		6.91E+01		6.91E+01		5.51E+05		6.80E+00		1.28E-04		1.07E-01		0.776		0.032

		8.26E+00		6.91E+01		6.91E+01		5.50E+05		6.80E+00		1.24E-04		1.05E-01		0.776		0.031

		8.28E+00		6.91E+01		6.91E+01		5.50E+05		6.80E+00		1.21E-04		1.02E-01		0.776		0.03

		8.30E+00		6.91E+01		6.91E+01		5.50E+05		6.80E+00		1.18E-04		9.95E-02		0.776		0.03

		8.32E+00		6.91E+01		6.91E+01		5.50E+05		6.80E+00		1.15E-04		9.69E-02		0.776		0.029

		8.34E+00		6.91E+01		6.91E+01		5.50E+05		6.80E+00		1.12E-04		9.45E-02		0.776		0.028

		8.36E+00		6.91E+01		6.91E+01		5.50E+05		6.80E+00		1.10E-04		9.21E-02		0.776		0.027

		8.38E+00		6.91E+01		6.91E+01		5.50E+05		6.81E+00		1.07E-04		8.97E-02		0.776		0.027

		8.40E+00		6.91E+01		6.91E+01		5.50E+05		6.81E+00		1.04E-04		8.74E-02		0.776		0.026

		8.42E+00		6.91E+01		6.91E+01		5.49E+05		6.81E+00		1.01E-04		8.52E-02		0.776		0.025

		8.44E+00		6.91E+01		6.91E+01		5.49E+05		6.81E+00		9.89E-05		8.30E-02		0.776		0.025

		8.46E+00		6.91E+01		6.91E+01		5.49E+05		6.81E+00		9.64E-05		8.09E-02		0.776		0.024

		8.48E+00		6.91E+01		6.91E+01		5.49E+05		6.81E+00		9.40E-05		7.89E-02		0.776		0.023

		8.50E+00		6.91E+01		6.91E+01		5.49E+05		6.82E+00		9.16E-05		7.69E-02		0.776		0.023

		8.52E+00		6.91E+01		6.91E+01		5.49E+05		6.82E+00		8.93E-05		7.49E-02		0.776		0.022

		8.54E+00		6.91E+01		6.91E+01		5.49E+05		6.82E+00		8.70E-05		7.30E-02		0.776		0.022

		8.56E+00		6.91E+01		6.91E+01		5.49E+05		6.82E+00		8.48E-05		7.11E-02		0.776		0.021

		8.58E+00		6.91E+01		6.91E+01		5.48E+05		6.82E+00		8.27E-05		6.93E-02		0.776		0.021

		8.60E+00		6.91E+01		6.91E+01		5.48E+05		6.82E+00		8.06E-05		6.76E-02		0.776		0.02

		8.62E+00		6.91E+01		6.91E+01		5.48E+05		6.82E+00		7.86E-05		6.58E-02		0.776		0.02

		8.64E+00		6.91E+01		6.91E+01		5.48E+05		6.83E+00		7.66E-05		6.42E-02		0.776		0.019

		8.66E+00		6.91E+01		6.91E+01		5.48E+05		6.83E+00		7.47E-05		6.25E-02		0.776		0.019

		8.68E+00		6.91E+01		6.91E+01		5.48E+05		6.83E+00		7.28E-05		6.09E-02		0.776		0.018

		8.70E+00		6.91E+01		6.91E+01		5.48E+05		6.83E+00		7.09E-05		5.94E-02		0.776		0.018

		8.72E+00		6.91E+01		6.91E+01		5.48E+05		6.83E+00		6.91E-05		5.79E-02		0.776		0.017

		8.74E+00		6.91E+01		6.91E+01		5.48E+05		6.83E+00		6.74E-05		5.64E-02		0.776		0.017

		8.76E+00		6.91E+01		6.91E+01		5.47E+05		6.83E+00		6.57E-05		5.50E-02		0.776		0.016

		8.78E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		6.40E-05		5.36E-02		0.776		0.016

		8.80E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		6.24E-05		5.22E-02		0.776		0.016

		8.82E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		6.08E-05		5.09E-02		0.776		0.015

		8.84E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		5.93E-05		4.96E-02		0.776		0.015

		8.86E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		5.78E-05		4.83E-02		0.776		0.014

		8.88E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		5.64E-05		4.71E-02		0.776		0.014

		8.90E+00		6.91E+01		6.91E+01		5.47E+05		6.84E+00		5.49E-05		4.59E-02		0.776		0.014

		8.92E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		5.35E-05		4.47E-02		0.776		0.013

		8.94E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		5.22E-05		4.36E-02		0.776		0.013

		8.96E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		5.09E-05		4.25E-02		0.776		0.013

		8.98E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		4.96E-05		4.14E-02		0.776		0.012

		9.00E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		4.83E-05		4.03E-02		0.776		0.012

		9.02E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		4.71E-05		3.93E-02		0.776		0.012

		9.04E+00		6.91E+01		6.91E+01		5.46E+05		6.85E+00		4.59E-05		3.83E-02		0.776		0.011

		9.06E+00		6.91E+01		6.91E+01		5.46E+05		6.86E+00		4.48E-05		3.73E-02		0.776		0.011

		9.08E+00		6.91E+01		6.91E+01		5.46E+05		6.86E+00		4.36E-05		3.64E-02		0.776		0.011

		9.10E+00		6.91E+01		6.91E+01		5.45E+05		6.86E+00		4.25E-05		3.55E-02		0.776		0.011

		9.12E+00		6.91E+01		6.91E+01		5.45E+05		6.86E+00		4.15E-05		3.46E-02		0.776		0.01

		9.14E+00		6.91E+01		6.91E+01		5.45E+05		6.86E+00		4.04E-05		3.37E-02		0.776		0.01

		9.16E+00		6.91E+01		6.91E+01		5.45E+05		6.86E+00		3.94E-05		3.28E-02		0.776		0.01

		9.18E+00		6.91E+01		6.91E+01		5.45E+05		6.86E+00		3.84E-05		3.20E-02		0.776		0.01

		9.20E+00		6.91E+01		6.91E+01		5.45E+05		6.87E+00		3.74E-05		3.12E-02		0.776		0.009

		9.22E+00		6.91E+01		6.91E+01		5.45E+05		6.87E+00		3.65E-05		3.04E-02		0.776		0.009

		9.24E+00		6.91E+01		6.91E+01		5.45E+05		6.87E+00		3.56E-05		2.96E-02		0.776		0.009

		9.26E+00		6.91E+01		6.91E+01		5.45E+05		6.87E+00		3.47E-05		2.89E-02		0.776		0.009

		9.28E+00		6.91E+01		6.91E+01		5.45E+05		6.87E+00		3.38E-05		2.81E-02		0.776		0.008

		9.30E+00		6.91E+01		6.91E+01		5.44E+05		6.87E+00		3.29E-05		2.74E-02		0.776		0.008

		9.32E+00		6.91E+01		6.91E+01		5.44E+05		6.87E+00		3.21E-05		2.67E-02		0.776		0.008

		9.34E+00		6.91E+01		6.91E+01		5.44E+05		6.87E+00		3.13E-05		2.60E-02		0.776		0.008

		9.36E+00		6.91E+01		6.91E+01		5.44E+05		6.88E+00		3.05E-05		2.54E-02		0.776		0.008

		9.38E+00		6.91E+01		6.91E+01		5.44E+05		6.88E+00		2.97E-05		2.47E-02		0.776		0.007

		9.40E+00		6.91E+01		6.91E+01		5.44E+05		6.88E+00		2.90E-05		2.41E-02		0.776		0.007

		9.42E+00		6.91E+01		6.91E+01		5.44E+05		6.88E+00		2.82E-05		2.35E-02		0.776		0.007

		9.44E+00		6.91E+01		6.91E+01		5.44E+05		6.88E+00		2.75E-05		2.29E-02		0.776		0.007

		9.46E+00		6.91E+01		6.91E+01		5.44E+05		6.88E+00		2.68E-05		2.23E-02		0.776		0.007

		9.48E+00		6.91E+01		6.91E+01		5.43E+05		6.88E+00		2.62E-05		2.17E-02		0.776		0.006

		9.50E+00		6.91E+01		6.91E+01		5.43E+05		6.88E+00		2.55E-05		2.12E-02		0.776		0.006

		9.52E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.48E-05		2.06E-02		0.776		0.006

		9.54E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.42E-05		2.01E-02		0.776		0.006

		9.56E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.36E-05		1.96E-02		0.776		0.006

		9.58E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.30E-05		1.91E-02		0.776		0.006

		9.60E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.24E-05		1.86E-02		0.776		0.006

		9.62E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.19E-05		1.81E-02		0.776		0.005

		9.64E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.13E-05		1.77E-02		0.776		0.005

		9.66E+00		6.91E+01		6.91E+01		5.43E+05		6.89E+00		2.08E-05		1.72E-02		0.776		0.005

		9.68E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		2.02E-05		1.68E-02		0.776		0.005

		9.70E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.97E-05		1.64E-02		0.776		0.005

		9.72E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.92E-05		1.59E-02		0.776		0.005

		9.74E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.87E-05		1.55E-02		0.776		0.005

		9.76E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.83E-05		1.51E-02		0.776		0.005

		9.78E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.78E-05		1.48E-02		0.776		0.004

		9.80E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.74E-05		1.44E-02		0.776		0.004

		9.82E+00		6.91E+01		6.91E+01		5.42E+05		6.90E+00		1.69E-05		1.40E-02		0.776		0.004

		9.84E+00		6.91E+01		6.91E+01		5.42E+05		6.91E+00		1.65E-05		1.37E-02		0.776		0.004

		9.86E+00		6.91E+01		6.91E+01		5.42E+05		6.91E+00		1.61E-05		1.33E-02		0.776		0.004

		9.88E+00		6.91E+01		6.91E+01		5.41E+05		6.91E+00		1.57E-05		1.30E-02		0.776		0.004

		9.90E+00		6.91E+01		6.91E+01		5.41E+05		6.91E+00		1.53E-05		1.26E-02		0.776		0.004

		9.92E+00		6.91E+01		6.91E+01		5.41E+05		6.91E+00		1.49E-05		1.23E-02		0.776		0.004

		9.94E+00		6.91E+01		6.91E+01		5.41E+05		6.91E+00		1.45E-05		1.20E-02		0.776		0.004

		9.96E+00		6.91E+01		6.91E+01		5.41E+05		6.91E+00		1.41E-05		1.17E-02		0.776		0.003

		9.98E+00		6.91E+01		6.91E+01		5.41E+05		6.91E+00		1.38E-05		1.14E-02		0.776		0.003

		1.00E+01		6.91E+01		6.91E+01		5.41E+05		6.92E+00		1.34E-05		1.11E-02		0.776		0.003

		1.00E+01		6.91E+01		6.91E+01		5.41E+05		6.92E+00		1.31E-05		1.08E-02





I

		0

		0.002

		0.004

		0.006

		0.008

		0.01

		0.012

		0.014

		0.016

		0.018

		0.02

		0.022

		0.024

		0.026

		0.028

		0.03

		0.032

		0.034

		0.036

		0.038

		0.04

		0.042

		0.044

		0.046

		0.048

		0.05

		0.052

		0.054

		0.056

		0.058

		0.06

		0.062

		0.064

		0.066

		0.068

		0.07

		0.072

		0.074

		0.076

		0.078

		0.08

		0.082

		0.084

		0.086

		0.088

		0.09

		0.092

		0.094

		0.096

		0.098

		0.1

		0.102

		0.104

		0.106

		0.108

		0.11

		0.112

		0.114

		0.116

		0.118

		0.12

		0.122

		0.124

		0.126

		0.128

		0.13

		0.132

		0.134

		0.136

		0.138

		0.14

		0.142

		0.144

		0.146

		0.148

		0.15

		0.152

		0.154

		0.156

		0.158

		0.16

		0.162

		0.164

		0.166

		0.168

		0.17

		0.172

		0.174

		0.176

		0.178

		0.18

		0.182

		0.184

		0.186

		0.188

		0.19

		0.192

		0.194

		0.196

		0.198

		0.218

		0.238

		0.258

		0.278

		0.298

		0.318

		0.338

		0.358

		0.378

		0.398

		0.418

		0.438

		0.458

		0.478

		0.498

		0.518

		0.538

		0.558

		0.578

		0.598

		0.618

		0.638

		0.658

		0.678

		0.698

		0.718

		0.738

		0.758

		0.778

		0.798

		0.818

		0.838

		0.858

		0.878

		0.898

		0.918

		0.938

		0.958

		0.978

		0.998

		1.018

		1.038

		1.058

		1.078

		1.098

		1.118

		1.138

		1.158

		1.178

		1.198

		1.218

		1.238

		1.258

		1.278

		1.298

		1.318

		1.338

		1.358

		1.378

		1.398

		1.418

		1.438

		1.458

		1.478

		1.498

		1.518

		1.538

		1.558

		1.578

		1.598

		1.618

		1.638

		1.658

		1.678

		1.698

		1.718

		1.738

		1.758

		1.778

		1.798

		1.818

		1.838

		1.858

		1.878

		1.898

		1.918

		1.938

		1.958

		1.978

		1.998

		2.018

		2.038

		2.058

		2.078

		2.098

		2.118

		2.138

		2.158

		2.178

		2.198

		2.218

		2.238

		2.258

		2.278

		2.298

		2.318

		2.338

		2.358

		2.378

		2.398

		2.418

		2.438

		2.458

		2.478

		2.498

		2.518

		2.538

		2.558

		2.578

		2.598

		2.618

		2.638

		2.658

		2.678

		2.698

		2.718

		2.738

		2.758

		2.778

		2.798

		2.818

		2.838

		2.858

		2.878

		2.898

		2.918

		2.938

		2.958

		2.978

		2.998

		3.018

		3.038

		3.058

		3.078

		3.098

		3.118

		3.138

		3.158

		3.178

		3.198

		3.218

		3.238

		3.258

		3.278

		3.298

		3.318

		3.338

		3.358

		3.378

		3.398

		3.418

		3.438

		3.458

		3.478

		3.498

		3.518

		3.538

		3.558

		3.578

		3.598

		3.618

		3.638

		3.658

		3.678

		3.698

		3.718

		3.738

		3.758

		3.778

		3.798

		3.818

		3.838

		3.858

		3.878

		3.898

		3.918

		3.938

		3.958

		3.978

		3.998

		4.018

		4.038

		4.058

		4.078

		4.098

		4.118

		4.138

		4.158

		4.178

		4.198

		4.218

		4.238

		4.258

		4.278

		4.298

		4.318

		4.338

		4.358

		4.378

		4.398

		4.418

		4.438

		4.458

		4.478

		4.498

		4.518

		4.538

		4.558

		4.578

		4.598

		4.618

		4.638

		4.658

		4.678

		4.698

		4.718

		4.738

		4.758

		4.778

		4.798

		4.818

		4.838

		4.858

		4.878

		4.898

		4.918

		4.938

		4.958

		4.978

		4.998

		5.018

		5.038

		5.058

		5.078

		5.098

		5.118

		5.138

		5.158

		5.178

		5.198

		5.218

		5.238

		5.258

		5.278

		5.298

		5.318

		5.338

		5.358

		5.378

		5.398

		5.418

		5.438

		5.458

		5.478

		5.498

		5.518

		5.538

		5.558

		5.578

		5.598

		5.618

		5.638

		5.658

		5.678

		5.698

		5.718

		5.738

		5.758

		5.778

		5.798

		5.818

		5.838

		5.858

		5.878

		5.898

		5.918

		5.938

		5.958

		5.978

		5.998

		6.018

		6.038

		6.058

		6.078

		6.098

		6.118

		6.138

		6.158



Time (s)

Current (A)

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2983

2964.8

2942.6

2917.1

2894.7

2863.3

2836.9

2810.8

2770.2

2737.6

2705.5

2673.8

2621.3

2580.4

2540.3

2500.9

2462.2

2397.2

2347.3

2298.5

2250.8

2204.3

2158.8

2114.3

2041.1

1984.9

1930.4

1877.5

1826.1

1776.2

1727.8

1680.8

1635.1

1590.8

1547.7

1505.9

1465.2

1425.8

1387.4

1350.1

1291.5

1246.2

1202.5

1160.4

1119.9

1080.8

1043.1

1006.7

971.69

937.91

905.33

873.91

843.61

814.39

786.2

759.01

732.79

707.48

683.07

659.52

636.8

614.87

593.71

573.3

553.59

534.58

516.23

498.51

481.42

464.92

448.99

433.62

418.77

404.45

397.38

387.11

377.1

367.35

357.86

348.62

339.63

330.86

322.33

314.02

305.92

298.04

290.36

282.88

275.6

268.51

261.6

254.87

248.32

241.93

235.71

229.66

223.76

218.01

212.41

206.96

201.65

196.47

191.43

186.52

181.74

177.08

172.54

168.12

163.81

159.61

155.52

151.54

147.66

143.88

140.19

136.61

133.11

129.7

126.38

123.15

120

116.93

113.94

111.03

108.19

105.42

102.73

100.1

97.545

95.052

92.623

90.257

87.951

85.705

83.516

81.383

79.304

77.279

75.306

73.384

71.51

69.685

67.906

66.173

64.484

62.839

61.235

59.673

58.15

56.667

55.221

53.812

52.44

51.102

49.799

48.529

47.291

46.085

44.91

43.765

42.649

41.561

40.502

39.469

38.463

37.482

36.527

35.596

34.688

33.804

32.943

32.103

31.285

30.488

29.711

28.953

28.216

27.497

26.796

26.113

25.448

24.799

24.168

23.552

22.952

22.367

21.797

21.242

20.701

20.173

19.66

19.159

18.671

18.195

17.732

17.28

16.84

16.411

15.993

15.586

15.189

14.802

14.425

14.057

13.699

13.351

13.011

12.679

12.356

12.042

11.735

11.436

11.145

10.861

10.585

10.315

10.052

9.7964

9.5469

9.3038

9.0669

8.8361

8.6111

8.3918

8.1781

7.9699

7.767

7.5692

7.3765

7.1887

7.0056

6.8273

6.6534

6.484

6.319

6.1581

6.0013

5.8485

5.6996

5.5545

5.4131

5.2753

5.141

5.0101

4.8825

4.7582

4.6371

4.519

4.404

4.2919

4.1826

4.0761

3.9724

3.8712

3.7727

3.6766

3.583

3.4918

3.4029

3.3163

3.2319

3.1496

3.0694

2.9913

2.9151

2.8409

2.7686

2.6981

2.6294

2.5625

2.4973

2.4337

2.3717

2.3114

2.2525

2.1952

2.1393

2.0848

2.0318

1.9801

1.9296

1.8805

1.8327

1.786

1.7405

1.6962

1.6531

1.611

1.57



T

		0

		0.002

		0.004

		0.006

		0.008

		0.01

		0.012

		0.014

		0.016

		0.018

		0.02

		0.022

		0.024

		0.026

		0.028

		0.03

		0.032

		0.034

		0.036

		0.038

		0.04

		0.042

		0.044

		0.046

		0.048

		0.05

		0.052

		0.054

		0.056

		0.058

		0.06

		0.062

		0.064

		0.066

		0.068

		0.07

		0.072

		0.074

		0.076

		0.078

		0.08

		0.082

		0.084

		0.086

		0.088

		0.09

		0.092

		0.094

		0.096

		0.098

		0.1

		0.102

		0.104

		0.106

		0.108

		0.11

		0.112

		0.114

		0.116

		0.118

		0.12

		0.122

		0.124

		0.126

		0.128

		0.13

		0.132

		0.134

		0.136

		0.138

		0.14

		0.142

		0.144

		0.146

		0.148

		0.15

		0.152

		0.154

		0.156

		0.158

		0.16

		0.162

		0.164

		0.166

		0.168

		0.17

		0.172

		0.174

		0.176

		0.178

		0.18

		0.182

		0.184

		0.186

		0.188

		0.19

		0.192

		0.194

		0.196

		0.198

		0.218

		0.238

		0.258

		0.278

		0.298

		0.318

		0.338

		0.358

		0.378

		0.398

		0.418

		0.438

		0.458

		0.478

		0.498

		0.518

		0.538

		0.558

		0.578

		0.598

		0.618

		0.638

		0.658

		0.678

		0.698

		0.718

		0.738

		0.758

		0.778

		0.798

		0.818

		0.838

		0.858

		0.878

		0.898

		0.918

		0.938

		0.958

		0.978

		0.998

		1.018

		1.038

		1.058

		1.078

		1.098

		1.118

		1.138

		1.158

		1.178

		1.198

		1.218

		1.238

		1.258

		1.278

		1.298

		1.318

		1.338

		1.358

		1.378

		1.398

		1.418

		1.438

		1.458

		1.478

		1.498

		1.518

		1.538

		1.558

		1.578

		1.598

		1.618

		1.638

		1.658

		1.678

		1.698

		1.718

		1.738

		1.758

		1.778

		1.798

		1.818

		1.838

		1.858

		1.878

		1.898

		1.918

		1.938

		1.958

		1.978

		1.998

		2.018

		2.038

		2.058

		2.078

		2.098

		2.118

		2.138

		2.158

		2.178

		2.198

		2.218

		2.238

		2.258

		2.278

		2.298

		2.318

		2.338

		2.358

		2.378

		2.398

		2.418

		2.438

		2.458

		2.478

		2.498

		2.518

		2.538

		2.558

		2.578

		2.598

		2.618

		2.638

		2.658

		2.678

		2.698

		2.718

		2.738

		2.758

		2.778

		2.798

		2.818

		2.838

		2.858

		2.878

		2.898

		2.918

		2.938

		2.958

		2.978

		2.998

		3.018

		3.038

		3.058

		3.078

		3.098

		3.118

		3.138

		3.158

		3.178

		3.198

		3.218

		3.238

		3.258

		3.278

		3.298

		3.318

		3.338

		3.358

		3.378

		3.398

		3.418

		3.438

		3.458

		3.478

		3.498

		3.518

		3.538

		3.558

		3.578

		3.598

		3.618

		3.638

		3.658

		3.678

		3.698

		3.718

		3.738

		3.758

		3.778

		3.798

		3.818

		3.838

		3.858

		3.878

		3.898

		3.918

		3.938

		3.958

		3.978

		3.998

		4.018

		4.038

		4.058

		4.078

		4.098

		4.118

		4.138

		4.158

		4.178

		4.198

		4.218

		4.238

		4.258

		4.278

		4.298

		4.318

		4.338

		4.358

		4.378

		4.398

		4.418

		4.438

		4.458

		4.478

		4.498

		4.518

		4.538

		4.558

		4.578

		4.598

		4.618

		4.638

		4.658

		4.678

		4.698

		4.718

		4.738

		4.758

		4.778

		4.798

		4.818

		4.838

		4.858

		4.878

		4.898

		4.918

		4.938

		4.958

		4.978

		4.998

		5.018

		5.038

		5.058

		5.078

		5.098

		5.118

		5.138

		5.158

		5.178

		5.198

		5.218

		5.238

		5.258

		5.278

		5.298

		5.318

		5.338

		5.358

		5.378

		5.398

		5.418

		5.438

		5.458

		5.478

		5.498

		5.518

		5.538

		5.558

		5.578

		5.598

		5.618

		5.638

		5.658

		5.678

		5.698

		5.718

		5.738

		5.758

		5.778

		5.798

		5.818

		5.838

		5.858

		5.878

		5.898

		5.918

		5.938

		5.958

		5.978

		5.998

		6.018

		6.038

		6.058

		6.078

		6.098

		6.118

		6.138

		6.158



Time (s)

Temperature in Initial Quench Zone (K)

9.65

9.891

10.133

10.431

10.767

11.138

11.541

11.976

12.443

12.94

13.465

14.018

14.595

15.192

15.804

16.424

17.046

17.662

18.266

18.856

19.426

19.976

20.505

20.742

20.883

20.991

21.09

21.185

21.279

21.373

21.467

21.562

21.656

21.751

21.846

21.941

22.036

22.132

22.227

22.323

22.419

22.515

22.611

22.707

22.803

22.899

22.996

23.092

23.189

23.285

23.382

23.479

23.575

23.672

23.769

23.866

23.963

24.06

24.158

24.255

24.352

24.449

24.547

24.644

24.742

24.839

24.936

25.034

25.132

25.229

25.327

25.425

25.522

25.62

25.718

25.816

25.914

26.012

26.109

26.207

26.305

26.403

26.502

26.6

26.698

26.796

26.894

26.992

27.091

27.189

27.287

27.385

27.484

27.582

27.681

27.779

27.878

27.976

28.075

28.173

29.158

30.145

31.136

32.13

33.129

34.134

35.144

36.16

37.184

38.215

39.256

40.285

41.307

42.326

43.341

44.353

45.364

46.366

47.362

48.351

49.336

50.304

51.215

52.102

52.976

53.841

54.684

55.507

56.311

57.096

57.863

58.61

59.339

60.034

60.682

61.298

61.885

62.445

62.979

63.489

63.973

64.435

64.873

65.289

65.683

66.056

66.41

66.744

67.06

67.35

67.617

67.862

68.087

68.294

68.483

68.656

68.814

68.957

69.088

69.206

69.313

69.41

69.497

69.574

69.644

69.705

69.76

69.807

69.849

69.885

69.916

69.942

69.964

69.982

69.997

70.007

70.014

70.018

70.02

70.021

70.019

70.016

70.012

70.008

70.002

69.997

69.989

69.98

69.971

69.96

69.95

69.939

69.928

69.916

69.904

69.892

69.879

69.867

69.854

69.841

69.828

69.815

69.802

69.789

69.776

69.763

69.75

69.737

69.724

69.711

69.699

69.686

69.674

69.661

69.649

69.637

69.625

69.613

69.601

69.589

69.578

69.567

69.556

69.545

69.534

69.523

69.513

69.503

69.493

69.483

69.473

69.464

69.454

69.445

69.436

69.427

69.419

69.41

69.402

69.394

69.386

69.378

69.37

69.363

69.355

69.348

69.341

69.334

69.327

69.321

69.314

69.308

69.302

69.296

69.29

69.284

69.279

69.273

69.268

69.263

69.257

69.252

69.248

69.243

69.238

69.234

69.229

69.225

69.221

69.216

69.212

69.209

69.205

69.201

69.197

69.194

69.19

69.187

69.184

69.18

69.177

69.174

69.171

69.168

69.165

69.163

69.16

69.157

69.155

69.152

69.15

69.148

69.145

69.143

69.141

69.139

69.137

69.135

69.133

69.131

69.129

69.127

69.125

69.123

69.122

69.12

69.118

69.117

69.115

69.114

69.112

69.111

69.11

69.108

69.107

69.106

69.105

69.103

69.102

69.101

69.1

69.099

69.098

69.097

69.096

69.095

69.094

69.093

69.092

69.091

69.09

69.089

69.089

69.088

69.087

69.086

69.086

69.085

69.084

69.084

69.083

69.082

69.082

69.081

69.081

69.08

69.079

69.079

69.078

69.078

69.077

69.077

69.076

69.076

69.075

69.075

69.075

69.074

69.074

69.073

69.073

69.073

69.072

69.072

69.072

69.071

69.071

69.071

69.07

69.07

69.07

69.069

69.069

69.069

69.069

69.068

69.068

69.068

69.068

69.067

69.067

69.067

69.067

69.067

69.066

69.066

69.066

69.066

69.066

69.066

69.065

69.065

69.065

69.065

69.065

69.065

69.064

69.064



Vres

		0

		0.002

		0.004

		0.006

		0.008

		0.01

		0.012

		0.014

		0.016

		0.018

		0.02

		0.022

		0.024

		0.026

		0.028

		0.03

		0.032

		0.034

		0.036

		0.038

		0.04

		0.042

		0.044

		0.046

		0.048

		0.05

		0.052

		0.054

		0.056

		0.058

		0.06

		0.062

		0.064

		0.066

		0.068

		0.07

		0.072

		0.074

		0.076

		0.078

		0.08

		0.082

		0.084

		0.086

		0.088

		0.09

		0.092

		0.094

		0.096

		0.098

		0.1

		0.102

		0.104

		0.106

		0.108

		0.11

		0.112

		0.114

		0.116

		0.118

		0.12

		0.122

		0.124

		0.126

		0.128

		0.13

		0.132

		0.134

		0.136

		0.138

		0.14

		0.142

		0.144

		0.146

		0.148

		0.15

		0.152

		0.154

		0.156

		0.158

		0.16

		0.162

		0.164

		0.166

		0.168

		0.17

		0.172

		0.174

		0.176

		0.178

		0.18

		0.182

		0.184

		0.186

		0.188

		0.19

		0.192

		0.194

		0.196

		0.198

		0.218

		0.238

		0.258

		0.278

		0.298

		0.318

		0.338

		0.358

		0.378

		0.398

		0.418

		0.438

		0.458

		0.478

		0.498

		0.518

		0.538

		0.558

		0.578

		0.598

		0.618

		0.638

		0.658

		0.678

		0.698

		0.718

		0.738

		0.758

		0.778

		0.798

		0.818

		0.838

		0.858

		0.878

		0.898

		0.918

		0.938

		0.958

		0.978

		0.998

		1.018

		1.038

		1.058

		1.078

		1.098

		1.118

		1.138

		1.158

		1.178

		1.198

		1.218

		1.238

		1.258

		1.278

		1.298

		1.318

		1.338

		1.358

		1.378

		1.398

		1.418

		1.438

		1.458

		1.478

		1.498

		1.518

		1.538

		1.558

		1.578

		1.598

		1.618

		1.638

		1.658

		1.678

		1.698

		1.718

		1.738

		1.758

		1.778

		1.798

		1.818

		1.838

		1.858

		1.878

		1.898

		1.918

		1.938

		1.958

		1.978

		1.998

		2.018

		2.038

		2.058

		2.078

		2.098

		2.118

		2.138

		2.158

		2.178

		2.198

		2.218

		2.238

		2.258

		2.278

		2.298

		2.318

		2.338

		2.358

		2.378

		2.398

		2.418

		2.438

		2.458

		2.478

		2.498

		2.518

		2.538

		2.558

		2.578

		2.598

		2.618

		2.638

		2.658

		2.678

		2.698

		2.718

		2.738

		2.758

		2.778

		2.798

		2.818

		2.838

		2.858

		2.878

		2.898

		2.918

		2.938

		2.958

		2.978

		2.998

		3.018

		3.038

		3.058

		3.078

		3.098

		3.118

		3.138

		3.158

		3.178

		3.198

		3.218

		3.238

		3.258

		3.278

		3.298

		3.318

		3.338

		3.358

		3.378

		3.398

		3.418

		3.438

		3.458

		3.478

		3.498

		3.518

		3.538

		3.558

		3.578

		3.598

		3.618

		3.638

		3.658

		3.678

		3.698

		3.718

		3.738

		3.758

		3.778

		3.798

		3.818

		3.838

		3.858

		3.878

		3.898

		3.918

		3.938

		3.958

		3.978

		3.998

		4.018

		4.038

		4.058

		4.078

		4.098

		4.118

		4.138

		4.158

		4.178

		4.198

		4.218

		4.238

		4.258

		4.278

		4.298

		4.318

		4.338

		4.358

		4.378

		4.398

		4.418

		4.438

		4.458

		4.478

		4.498

		4.518

		4.538

		4.558

		4.578

		4.598

		4.618

		4.638

		4.658

		4.678

		4.698

		4.718

		4.738

		4.758

		4.778

		4.798

		4.818

		4.838

		4.858

		4.878

		4.898

		4.918

		4.938

		4.958

		4.978

		4.998

		5.018

		5.038

		5.058

		5.078

		5.098

		5.118

		5.138

		5.158

		5.178

		5.198

		5.218

		5.238

		5.258

		5.278

		5.298

		5.318

		5.338

		5.358

		5.378

		5.398

		5.418

		5.438

		5.458

		5.478

		5.498

		5.518

		5.538

		5.558

		5.578

		5.598

		5.618

		5.638

		5.658

		5.678

		5.698

		5.718

		5.738

		5.758

		5.778

		5.798

		5.818

		5.838

		5.858

		5.878

		5.898

		5.918

		5.938

		5.958

		5.978

		5.998

		6.018

		6.038

		6.058

		6.078

		6.098

		6.118

		6.138

		6.158



Time (s)

Voltage (V)

0

0.021251

0.03035

0.033117

0.036444

0.039575

0.042545

0.045408

0.048202

0.050957

0.053687

0.056405

0.059117

0.061827

0.064537

0.067243

0.069941

0.072623

0.075283

0.077915

0.080512

0.083071

0.085577

0.088007

0.09021

0.092233

0.094123

0.095915

0.097632

0.099289

0.1009

0.10246

0.10399

0.10548

0.10694

0.10838

0.10979

0.11118

0.11256

0.11391

0.11525

0.11657

0.11788

0.11918

0.12047

0.12174

0.12301

0.12427

0.12552

0.12676

0.128

0.12923

0.13045

0.13167

0.13292

0.13416

0.13541

0.13665

0.13789

0.13912

0.14035

0.14158

0.14281

0.14403

0.14526

0.14648

0.1477

0.14893

0.15015

0.15137

0.15259

0.15381

0.15504

0.15626

0.15749

0.15872

0.15995

0.16118

0.16241

0.16365

0.16489

0.16613

0.16737

0.16862

0.16988

0.17113

0.17239

0.17365

0.17492

0.17619

0.17747

0.17875

0.18004

0.18133

0.18263

0.18393

0.18523

0.18655

0.18786

0.18919

0.2029

0.21728

0.23242

0.24844

0.26545

0.28353

0.30279

0.32332

0.34521

239.272

270.738

267.46

319.805

315.21

311.375

396.821

389.668

383.973

378.386

501.38

489.792

480.833

472.074

463.515

618.053

599.784

585.819

572.23

559.014

546.16

533.653

702.856

676.62

656.597

637.23

618.505

600.396

582.881

565.935

549.537

533.667

518.304

503.43

489.027

475.077

461.564

448.472

573.275

547.421

527.501

508.347

489.933

472.227

455.2

438.822

423.067

407.908

393.321

379.282

365.769

352.761

340.237

328.177

316.564

305.379

294.605

284.226

274.227

264.593

255.31

246.363

237.741

229.43

221.418

213.695

206.25

199.071

192.149

185.474

179.037

172.829

125.672

123.442

120.198

117.042

113.972

110.984

108.077

105.248

102.495

99.816

97.209

94.671

92.201

89.798

87.458

85.181

82.964

80.806

78.705

76.66

74.67

72.732

70.845

69.008

67.219

65.478

63.782

62.132

60.524

58.959

57.435

55.951

54.505

53.098

51.727

50.393

49.093

47.827

46.594

45.394

44.224

43.086

41.976

40.896

39.844

38.819

37.821

36.848

35.901

34.979

34.08

33.205

32.352

31.522

30.713

29.924

29.157

28.409

27.68

26.971

26.279

25.606

24.949

24.31

23.687

23.081

22.49

21.914

21.353

20.806

20.274

19.755

19.249

18.757

18.277

17.81

17.354

16.91

16.478

16.057

15.646

15.247

14.857

14.477

14.107

13.747

13.396

13.054

12.72

12.395

12.079

11.77

11.47

11.177

10.892

10.614

10.343

10.079

9.822

9.571

9.327

9.089

8.857

8.631

8.411

8.196

7.987

7.783

7.585

7.391

7.203

7.019

6.84

6.666

6.496

6.33

6.169

6.011

5.858

5.709

5.563

5.422

5.283

5.149

5.017

4.89

4.765

4.644

4.525

4.41

4.297

4.188

4.081

3.977

3.876

3.777

3.681

3.587

3.496

3.407

3.32

3.235

3.153

3.073

2.994

2.918

2.844

2.771

2.701

2.632

2.565

2.5

2.436

2.374

2.313

2.254

2.197

2.141

2.087

2.033

1.982

1.931

1.882

1.834

1.787

1.742

1.697

1.654

1.612

1.571

1.531

1.492

1.454

1.417

1.381

1.346

1.312

1.278

1.246

1.214

1.183

1.153

1.124

1.095

1.067

1.04

1.013

0.988

0.962

0.938

0.914

0.891

0.868

0.846

0.824

0.803

0.783

0.763

0.744

0.725

0.706

0.688

0.671

0.654

0.637

0.621

0.605

0.59

0.575

0.56

0.546

0.532

0.518

0.505

0.492

0.48

0.467




