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I. INTRODUCTION

The objective of this task is to validate the finite element model of the NCSX C1 coil built in ANSYS with the experimental data taken doing the cryogenic magnetic testing of the first type C modular coil.  The C1 Coil test was performed at PPPL doing late June 2006.  

The purpose of this analysis is to examine the structural characteristics of the NCSX modular coil (C1) and windings.  The modular coils provide the primary magnetic field within NCSX and consist of flexible cable conductor wound on a cast and machined winding form and vacuum impregnated with epoxy.  Eighteen coils and associated winding forms are connected at assembly into a toroidal shell structure.  The ANSYS model for the complete NCSX analysis includes the complete shell structure of all three coils and contact regions allow the winding to slide and detach form the shell structure. The winding pack is thus restrained only by the clamps.  This analysis only considers the C1 coil  with the only loading derived from the modular coils on the C1 shell casting.   

II. MODELING

The geometry of the shell and modular coil structures renders any global stress analysis performed by hand as a virtual impossibility.  Thus, the approach taken in this report was to perform a series of finite element models and compare and contrast the answers while varying certain parameters namely the differential thermal strain between the winding pack and the casting.   The finite element model built in ANSYS is shown in Figure 1 below.  It includes the C1 casting, two winding packs, clamps, clamp pads and the support legs that held the casting above the floor.  In the model and in the experiment the B side of the coil is pointed upward away from the floor. 
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Figure 1:  Finite element model for the C1 coil 

II.A. Material Properties and Assumptions
Assumptions are as follows:

1. Material properties evaluated at 77 K.

2. Winding packs are modeled with isotropic material properties. 

3. Non-linear sliding between tee and winding pack is frictionless.

The properties used assumed that the shell is made of stainless steel and the coil windings consist of a homogeneous copper/epoxy mixture.  The properties are listed in Table 1 and are derived from a paper by Leonard Myatt, "Material Property Data Base to be used for NCSX Analysis, June 2004.   

Table 1—Material Properties
	Component
	Material
	Modulus (GPa)
	Poisson’s ratio

	Tee/Shell Casting
	Cast Stainless Steel
	159
	0.31

	Modular Coils
	Copper Epoxy mixture
	59
	0.3


II.B. Loading
II.B.1. Magnetic Modeling
The magnetic model of the windings was solved in ANSYS for 36.5 Kamps corresponding to the 2T high Beta scenario.  the corresponding nodal forces on the coils is then transferred to the structural model in order to determine strain and deflection.  Figures 2-5 show the radial and lateral loading for both winding packs (C1 by itself, no other magnetic fields are included).  An independent magnetic analysis performed by Art Brooks of PPPL shown in the upper right of each of the figures demonstrates that ANSYS and independent model are in very good agreement with the force loading predicated.   

[image: image2.emf] 

Side A Radial

Different starting 

locations were used to 

create comparison 

images


Figure 2: Radial loading comparison for side A winding pack.
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Figure 3: Radial loading comparison for side B winding pack.
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Figure 4: lateral loading comparison for side A winding pack.
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Figure 5: lateral loading comparison for side B winding pack.

II.B.2. Thermal Considers between the winding pack and casting
The conductor experiences about 0.04 % shrinkage more than the shell when being cooled down to 85 K.   However, there appears to be no thermal strain introduced due to the curing process while the coil is being potted..   This differential cooling strain was utilized in ANSYS through the coefficient of thermal expansion and a known temperature change. Example: strain = -400με , arbitrary temp difference = 40 C.  Therefore, Winging cte = -400με /40 C  = 10E-6 /C, Tee cte = 0 /C.  Thus, by applying a global temperature change to the model, an imposed strain was exerted between the winding and the tee.  The preload on the clamp pads was imposed in a similar manner.  
II.C. Restraints and Mesh

The finite element model is restrained in a similar manner to the experimental coil as shown in Figure 6.  One leg was held fixed to the floor and the other legs were free to slide.  Initially, the sliding legs were held to the floor and allowed only to slide along the floor and not lift up off the floor.  After reviewing the first sets of deflection slides, it was determined that  the magnetic field tended to lift one of the legs off the flood.  This leg was then this released in the model since the experiment did not have any device that would restrain this type of  movement.  The ANSYS Mesh (shown in Figure 6) consists of both tetrahedral shell elements and hexahedral coil elements.  Bonded contact surfaces are used to join all parts together.  The contact surfaces between the windings and the shell structure are set to a frictionless option so that the coil may be “slippery” and slide along the length of the coil, as well as open up gaps from the shell.  Although some features have been suppressed in the shell, namely bolts holes on the flanges, there are many intricate details that are incorporated in the shell structure.  These include the tee relief grove, port holes, and various other chamfers, rounds and cuts which provide for a very robust model and mesh.  The winding pack mesh consists of a 2 X 6 element formulation with an average element length of 2.3 cm.  
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Figure 6: Restraints and mesh of the C1 Coil.
III. DESIGN AND PLACEMENT OF THE DEFLECT-O-METER

The deflect-o-meter general schematic is shown below in Figure 7.  It consists of two concentric stainless steel tubes, several support brackets and a dial indicator.  The Outer tube is fasted to one side of the coil and the inner tube is spring loaded to push against the other side of the coil via a bracket while sliding in the outer tube.  A final tube is needed to allow sliding through the cryostat chamber.  the actual location of the deflect-o-meter varies slightly from the figure below as the lower connection point, where the inner tube is pushing, is farther to the right than shown.  
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Figure 7:  Schematic of the installation of the deflect-o-meter. 
The dial indicator is installed according to Figure 8 using clamp collars, springs, rubber bellows and zip ties.  The indicator is mounted on the outer tube and reads positive from left to right in the figure.  Therefore, if the coil expands (the mount points move further apart on the coil) the inner tube will move closer to the gage and the reading will be negative.  Likewise, if the coil contracts, the reading will be positive.  
A camera/camcorder was positioned above the dial indicator and recorded at 30 fps (frames per second). The shot pulse had a one second rise time, a 0.2 second flattop and a 1 second decay time.  Thus, a total of 66 frames captured the shot but the video had to be analyzed frame by frame to derive the data.  
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Figure 8:  Schematic of the installation of the dial indicator installation on the deflect-o-meter. 
The actual location of the outer tube connection location is shown in Figure 9 with the outer ss tube installed and with the bar removed.  The location of the inner tubes placement is shown in Figure 10.
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Figure 9: Deflect-o-meter installed on casting C1 showing location of the outer tube connection point relative to large hole in casting  
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Figure 10: Location of the inner tube measuring point which is four holes down from the wing shim groove.

After reviewing these images the location of the deflect-o-meter in ANSYS was moved accordingly.  Figure 11 shows the deflect-o-meter as a dashed line located between the two nodes chosen for measurement.  Deflection between the 2 points is measured by aligning a coordinate system in ANSYS between he two points and reading the change in x- direction/position of the two points relative to each other.  
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Figure 10: ANSYS model for the location of the deflect-o-meter.
IV. COMPARISON BETWEEN ANSYS AND EXPERIEMNTAL RESULTS

IV.A. Experiment
The deflect-o-meter's video file was analyzed frame by frame for each shot and the results of the peak deflection values for each shot is shown in Table 2.  The data  includes a series of shots at cryogenic temperature (approx 83 K) with a peak current of 36.5 Kamps and two shots at 15 Kmaps at room temperature. The last two columns in the table are the range of deflection values since the deflect-o-meter rarely returned to its original starting value after a shot.  When comparing the warm and cold shots for the 15 Kamp shots, there does not appear to be an appreciable difference in measurement.  They are in the same range which is significant when the strain gage readings (not discussed in this report) are considered. Finally, the repeatability of the deflect-o-meter is estimated to be around 0.008 mm (.0003 in) based on dry run testing performed at ORNL.
Table 2: Deflect-o-meter data for shots 

	C1 Coil test at PPPL June 2006
	Deflection Range

	shot
	Current (Kamps)
	Type
	initial           (in)
	max            (in)
	end           (in)
	Strain difference after shot  (in)
	deflection (in)
	deflection (mm)
	deflection including offset after shot      (mm)

	121405
	15
	flattop
	0.0002
	-0.0003
	0.0005
	-0.0003
	0.0005
	0.013
	0.020

	121408
	25
	flattop
	0.001
	-0.0029
	0.0017
	-0.0007
	0.0039
	0.099
	0.117

	121412
	36
	trip
	0.002
	-0.0029
	0.0026
	-0.0006
	0.0049
	0.124
	0.140

	121416
	36
	trip
	0.0026
	-0.0048
	0.0031
	-0.0005
	0.0074
	0.188
	0.201

	121419
	36
	flattop
	-0.0105
	-0.0185
	-0.0095
	-0.001
	0.008
	0.203
	0.229

	121426
	36
	flattop
	-0.0089
	-0.0179
	-0.0084
	-0.0005
	0.009
	0.229
	0.241

	121439
	36
	flattop
	-0.0097
	-0.0189
	-0.0093
	-0.0004
	0.0092
	0.234
	0.244

	121453
	36
	flattop
	-0.0085
	-0.0169
	-0.0075
	-0.001
	0.0084
	0.213
	0.239

	121461
	36
	flattop
	-0.0071
	-0.0159
	-0.0064
	-0.0007
	0.0088
	0.224
	0.241

	121468
	26
	flattop
	-0.0065
	-0.0119
	-0.0065
	0
	0.0054
	0.137
	0.137

	121471
	15
	flattop
	-0.0063
	-0.0069
	-0.0063
	0
	0.0006
	0.015
	0.015

	121537
	15 (warm)
	flattop
	-0.0001
	-0.0009
	0.0002
	-0.0003
	0.0008
	0.020
	0.028

	121540
	15 (warm)
	flattop
	0.0009
	0.0004
	0.0017
	-0.0008
	0.0005
	0.013
	0.033


Figures 11-13 show the deflection as a function of time for three of the 36.5 Kamp shots.  The behavior generally has the trend of a 2nd order polynomial for the rise and decay times, which is expected because of the squared relationship between current and force. Some of the frames were blurred and thus several data points may have been interpreted poorly.  Interestingly, the deflect-o-meter does not begin to read until approximately 0.3 seconds have elapsed into the rise time of the currant. 
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Figure 11: Shot 121439 from the deflect-o-meter as a function of time.
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Figure 12: Shot 121439 from the deflect-o-meter as a function of time.
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Figure 13: Shot 121439 from the deflect-o-meter as a function of time.

IV.B. ANSYS DATA

After initial examination of the behavior of the casting, it was determined that one of the legs of the casting tended to come off the floor via the magnetic forces. This is illustrated in Figure 14 which shows two restraint scenarios where the legs are held to the floor either in all directions or  with roller supports. In both cases, the left front leg (north-west when viewed from above) is treated as always touching the floor.  However, the possibility that one leg actually moves up essentially supporting the coil on a tripod must be considered  The magnetic field tends to push that leg off the floor (see the red area on the figure on the right). By supporting it as always in contact with the floor, the coil is forced to move and bend to accommodate that displacement which is clearly an unwanted effect.
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Figure 14: Restraints of the ANSYS analysis and the effects of magnetic loading one the leg supports
Henceforth, the ANSYS restraint allows the north-west leg to move upward.  Figure 15 and 16 show the deflection profile for the assumed case for the 400 micro-strain and zero micros-strain cases respectively. The coil leg moves up 4-5 mm away from the floor for the 400 micro-strain case and 4.5-5.5 mm for the zero strain case.
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Figure 15: ANSYS deflection plot illustrating relative movement of coil for 400 micro-strain between coil and winding form.
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Figure 16: ANSYS deflection plot illustrating relative movement of coil for no thermal strain between coil and winding form.
The ANSYS movement between the points where the deflect-o-meter is installed, is shown in Table 3.  The model predicts that the differential strain between the winding pack and the casting may not be as high as predicted.  Changing the differential strain value bounds the experimental value with a differential strain of between 75 and 150 predicted by ANSYS.  Graphically, the comparison between the ANSYS deflection (as a function of differential strain) and the average experimental results for the 36.5 Kamp shots are shown in     Figure 17.  
Table 3:  ANSYS and experimental deflection comparison

	ANSYS RESULTS (36.5 kamps)
	Deflect-o-meter Results (36.5 Kamps)

	Differential Strain / Exp. Test #
	0      μE
	75   μE
	150 μE
	300 μE
	400 μE
	 Test # 121439
	Test # 121453
	Test # 121461

	Deflection (mm)
	0.214
	0.229
	0.243
	0.270
	0.285
	0.239
	0.226
	0.232
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Figure 17: ANSYS data vs differential strain

V. CONCLUSION

The deflect-o-meter displacement reading and ANSYS are in agreement for the peak load applied during the C1 testing at PPPL.  The corresponding differential strain that would exactly produce the deflection reported from the  C1 test is 150 uE.  The deflection measuring system, although simple in concept, produces a repeatable signal that verifies the defection of the ANSYS model. 

Finally, there are possible errors in the measurement using the defect-o-meter which include:

· Friction (stick-slip behavior) between the two tubes as they slide over each other.

· Binding of the outer tube as it exits the cryostat.

· Ice buildup near the measuring location. 

· Electromagnetic interference of the dial indicator.  (some of its parts are magnetic)

These errors are estimated to be of lower order due to the repeatability of the measurements and the profile of the deflection vs time curves, which showed a parabolic relationship for the rise and decay times.  

VI. APPENDIX  MATERIAL PROPERTIES IN ANSYS
 EVALUATE MATERIAL PROPERTIES FOR MATERIALS      1 TO     21 IN INCREMENTS OF      1

WINDING

 MATERIAL NUMBER =      1 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.58621E+11

  NUXY =  0.30000    

  ALPX =  0.10000E-04

  DENS =   7850.0    

WINDING

 MATERIAL NUMBER =      2 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.58621E+11

  NUXY =  0.30000    

  ALPX =  0.10000E-04

  DENS =   7850.0    

CASTING

 MATERIAL NUMBER =      3 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.15862E+12

  NUXY =  0.31000    

  ALPX =   0.0000    

  DENS =   7850.0    

CLAMPS

 MATERIAL NUMBER =      4 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.15900E+12

  NUXY =  0.31000    

  ALPX =   0.0000    

  DENS =   7850.0    

Top Clamp Pad

 MATERIAL NUMBER =      5 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.55675E+08

  NUXY =  0.31000    

  ALPX =  0.82647E-03

  DENS =   7850.0    

Side Clamp Pad

 MATERIAL NUMBER =      6 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.21833E+09

  NUXY =  0.31000    

  ALPX =  0.14050E-03


Legs

 MATERIAL NUMBER =      7 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.15900E+12

  NUXY =  0.31000    

  ALPX =   0.0000    

  DENS =   7850.0    

Fixed Leg

 MATERIAL NUMBER =      8 EVALUATED AT TEMPERATURE OF   0.0000    

  EX   =  0.15900E+12

  NUXY =  0.31000    

  ALPX =   0.0000   

  DENS =   7850.0    

Free leg (allowed to lift and slide)





Fixed leg





Free to slide on floor
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