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1.0 Executive Summary

A 3 point bending load train was constructed for testing prototype sections of large magnetic coils including the toroidal field (TF) coils used on NCSX experiment.  Two TF Coil beam specimens were tested at ORNL for approximately 140,000 and 260,000 cycles for beams 1 and 2 respectively.  Both survived and did not experience a critical fracture during the fatigue loading. Both beams were tested at room temperature and at cryogenic liquid nitrogen temperure (-193 C).   The cyclic amplitude was around 8100 and 4700 for TF coil beams 1 and 2 respectively.  The deflection of the beam was measured with 5 linear voltage differential transducers (LVDT) mounted above the load train.      

2.0 Setup
Figure 1 shows the general setup of the loading scenario used for the TF coils.  An MTS tensile testing machine was used as the pulling apparatus.   The test beams are suspended from four rods that connect to an I-beam which was placed atop the MTS machine.  Five LVDTs were placed along the length of the testing beam to measure the deflection at the ends quarter points and the middle of the span.   


[image: image1]
2.1 Environmental insulation Chamber
The insulation box shown in Figure 1 was constructed from insulation foam board (2 layers thick typically) and glued together using RTP cement for all sides but the top.  The top was assembled using pieces of foam board and was attached together using HVAC tape from Shurtape Inc.  Figure 2 below shows the completed insulation system with the intake from the cryogenic tank shown in the foreground.  After assembly, the entire box was taped around the corners to reduce leakage.  Two Cryogenic tanks (Figure 3) were used to supply the LN2 into the chamber.  Using two tanks allowed for up to 8-10 hours of continuous operation.  The temperature was monitored using an independent thermocouple which was not hooked to the data acquisition system.
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Figure 2: Insulation Chamber

[image: image4]
Figure 3:  Test system and the two cryogenic LN2 tanks used to maintain the system.

2.2 Orientation of the two TF Coils
The two TF coils tested at ORNL were tested 90 out of phase from each other.  That is, Coil 1 was tested with three rows and four columns of conductor and the second coil was tested with four rows and three coils.  This is shown in the schematic in Figure 4.  Admittedly, the original plan was to test both conductors using the first orientation but the benefit of testing both ways is that we can examine what if any consequence the insulation layers have.  Both TF coils are overall approximately square with the glass/epoxy filling the gaps between the individual rectangular conductors.  The Coil is encased in an epoxy based outer coating.   
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Figure 4: Orientation of TF Coils 1 and 2


[image: image5]
[image: image6.jpg]



Figure 5:  TF Coil beam #1 in fixture with the insulation box lowered.  Note: TF Coil beam #1 is oriented as 4 horizontal rows by three vertical rows.  

2.3 Data Measurement

The LVDTS were mounted above the beam on a square cross bar.  Holes were drilled into the TF beam for the rods to sit in during testing which helped prevent sliding of the rod during testing.  The rods are shown below in Figure 6, with the top of the insulation chamber removed.  Figure 7 shows one of the LVDT rods protruding through the insulation box onto the beam.  Care was taken to insulate the rods with a bellows arrangement such that little ice formed on the entrance region to the chamber.   
[image: image7.jpg]



Figure 6:  LVDT extended rods and the corresponding grooves machined into the TF coil beam. 
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Figure 7: LVDT rod protruding into the test chamber. 
2.3 Testing Parameters
The following table summarizes the parameters used in our testing


[image: image9.emf]Coil Max Loading FrequencyNumber of CyclesPusher Installed

1 8200 1 hz 140,000 no

2 4700 1 hz 260,000 yes

Testing Parameters


The pusher is shown in the following schematic and installed on TF coil beam# 2. TF coil beam #1 was loaded at the center using only the 1” diameter pin without the sleeve/pusher, although the sleeves were used at each end.
. [image: image10.png]
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Figure 8:  Pusher Installed on TF Coil beam #2

3.0 Results

3.1 Observations and pictures
TF Coil beam #1 

After testing the beams were examined for any structural damage that may have developed during the testing.  It was noted that some additional cracking was present along the corners of the TF coil beam.   This is shown in Figure 9 below with the before testing and after testing pictures.  The cracking did not propagate all the way through the beam and was very localized around the corners.  Indeed, some cracking was present before the beam was tested.  

[image: image12]
Figure 9:  Before and after testing images of TF Coil #1 
Figure 9 shows the TF coil beam #1 immediately after testing (temperature around -10C) with the top removed.  Note, there is no center pusher/sleeve which was not used on coil 1.  The LVDT Sleeve been removed in this picture. 


[image: image13]
Figure 10: Images showing TF Coil #1 immediately after top insulation has been removed. (Temperature approximately -10 C) 
TF Coil beam #2

The second TF coil beam showed similar a similar increase in crack growth (Figure 11).  Also, the cloth wrap of this coil appears have been wetted as it is now clearly visible after the testing was complete.  It is interesting that this phenomenon was not witnessed with the first TF coil beam.   Like the first TF coil beam, the second does not have cracks that propagate through the coil or along the sides.  The cracking is localized to the corners of the coil.  Some chipping of the corners was also noted as small pieces (1-2  mm) of the brown/gold epoxy were found in the bottom of the insulation tank.  Upon closer inspection of the beam, it is likely that these pieces originated from the small pockets of resin-rich material found along the corners of the TF coil. One of these regions is shown below in Figure 12.  
[image: image14.jpg]


      
[image: image15]
Figure 11: TF Coil beam #2 before being loaded into chamber and after testing is completed.


[image: image16]
Figure 12: Chipping of the TF Coil beam #2 after testing

There did appear to be some de-lamination of the beam over-wrap at one end and the cracks in the resin rich areas became more pronounced.  There also appeared to be some interlaminar shear between the conductors and the epoxy/glass insulation, since the conductors, when viewed at each end, were pulled in at the bottom of the beam and seemed to protrude slightly at the top of the beam relative to the insulation.  The total protrusion or retraction is about 0.015 inches.  This can be seen in Figures 13 and 14.  This de-lamination was noted in both coils and was around the same value for each.  It may be that this effect was due to poor impregnation at the ends at the end may have been there when the beam arrived.  No measurements were taken before the testing was commenced on either coil.  However, the ends of TF beam #1 were inadvertently machined and were perfectly planar prior to testing.

[image: image17]
Figure 13: End View of TF Coil #2 after testing


[image: image18]
Figure 14: End View of TF Coil beam #2 after testing showing possible protrusion/retraction of the conductor.

3.2 Testing Data
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TF #1: Load vs Deflection
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Figure 15:  Load vs center deflection for the TF coil beam #1.  
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Figure 16: Beam Stiffness for TF Coil beam #1. 
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Figure 17: Beam Stiffness as a function of cycle load (sample set = 50,000 cycles).

[image: image22.emf]TF #2: Load vs Deflection 
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Figure 18: Load vs center deflection for the TF coil  beam #2

.  
[image: image23.emf]TF #2 test beam, stiffness vs load 3-point bend test, 
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Figure 19: Beam Stiffness for TF Coil beam #2.  
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Figure 20: Beam Stiffness as a function of cycle load (sample set = 50,000 cycles).
3.2 Data Discussion

Although the two coils were tested 90 degrees turned relative to each other, the stiffness  appears to be similar (with the first TF coil slightly stiffer) at the loadings tested. At 4500 lbs, the stiffness for the first TF coil beam was 91,000 to 95,000 lb/in over the duration of the test whereas the second coil had a slightly lower stiffness ranging between 83,000 and 92,000 lb/in over the duration of its test.  This seems to contradict what was expected as the second coil had a 4 row by 3 column configuration which should have provided a stiffer cross section than the 3 row by 4 column configuration of coil 1.  More conductor material in the vertical direction (perpendicular to bending) would produce a stiffer beam, although the stiffness of each individual conductor was higher for test beam #1.  

However, when considering the orientation of the individual conductors within the beam, the higher stiffness of coil #1 becomes clearer.  Each conductor in coil #1 is turned so that its longest direction is vertical (higher moment of inertia in the direction perpendicular to bending.  Therefore the coil can be considered as most like a deck of cards, where it is easier to bend with the cards horizontal (test coil #2) and harder to bend with the cards vertical (test case #1).    
The number of cycles reported is fairly conservative as only cycles at -190 C were recovered.  When the cryogenic tanks ran out of LN2, the testing continued as the temperature slowly rose overnight (when the tanks typically became empty).  The deflections for the higher temperature cycles were not recorded, although the number of cycles were recorded.  The test beam #2 actually experienced loading at temperatures above cryogenic for approximately 200,000 additional cycles.  
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warm test

		

				data from notebook, Wed. April 6, 2005

				Temperature in cryostat						RT

				load increment		Start load		end load		delta load		ram defl start		ram defl end		delta ram deflection		left end start defl		left end end defl		delta defl		center end start defl		center end end defl		delta defl		right end start defl		right end end defl		delta defl		revised delta defl.		net center defl		stiffness

						(lb)		(lb)		(lb)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(lbs/in)

				1		100		5000		4900												0.026						0.130						0.034		0.034		0.100		4.90E+04

				data from notebook, Thursday, April 14, 2005

				Temperature in cryostat						RT

				load increment		Start load		end load		delta load		ram defl start		ram defl end		delta ram deflection		left end start defl		left end end defl		delta defl		center end start defl		center end end defl		delta defl		right end start defl		right end end defl		delta defl		revised delta defl.		net center defl		stiffness

						(lb)		(lb)		(lb)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(lbs/in)

				1		300		8200		7900								0.043		0.080		0.038		0.230		0.430		0.200								0.038		0.163		4.86E+04





cold test

		

								Data from notebook, Thursday, April 7, 2005

								Temperature in cryostat						-189		C		start of testing

								start		end		delta						load increment		Start load		end load		delta load		ram defl start		ram defl end		delta ram deflection		left end start defl		left end end defl		delta defl		center end start defl		center end end defl		delta defl		right end start defl		right end end defl		delta defl		revised delta defl.		net center defl		stiffness

						left end		0.7775		0.815		0.0375		in						(lb)		(lb)		(lb)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(lbs/in)

						center		1.195		1.35		0.155		in

						right end		1.046		1.084		0.038		in				1		551		1649		1098		2.823		2.840		0.017		0.774		0.779		0.005		1.172		1.186		0.014		1.037		1.040		0.004		0.004		0.010		1.13E+05

																		2		520		2175		1655		2.822		2.849		0.027		0.777		0.785		0.008		1.170		1.190		0.020		1.036		1.042		0.006		0.006		0.013		1.27E+05

										net deflection at center:		0.11725						3		504		2697		2193		2.822		2.857		0.035		0.777		0.787		0.010		1.172		1.196		0.024		1.035		1.046		0.011		0.011		0.014		1.62E+05

										start load		301		lbs				4		482		3219		2737		2.822		2.867		0.045		0.778		0.790		0.012		1.170		1.205		0.035		1.034		1.045		0.011		0.014		0.022		1.23E+05

										end load		8275		lbs				5		461		3735		3274		2.822		2.875		0.053		0.776		0.792		0.016		1.172		1.210		0.038		1.033		1.044		0.011		0.016		0.022		1.49E+05

										delta load		7974		lbs				6		441		4255		3814		2.818		2.885		0.067		0.777		0.794		0.017		1.165		1.215		0.050		1.034		1.044		0.010		0.019		0.032		1.18E+05

										load/defl		68008.5287846482		lbs/in				7		425		4775		4350		2.820		2.895		0.075		0.778		0.797		0.019		1.165		1.225		0.060		1.034		1.045		0.011		0.021		0.040		1.09E+05

																		8		400		5315		4915		2.837		2.922		0.085		0.778		0.800		0.022		1.175		1.250		0.075		1.034		1.046		0.012		0.024		0.052		9.43E+04

										Bonded, calculation								9		375		5838		5463		2.830		2.938		0.108		0.778		0.802		0.024		1.180		1.264		0.084		1.034		1.048		0.014		0.026		0.059		9.28E+04

										predicted deflection		0.06842506		in				10		400		6440		6040		2.837		2.963		0.126		0.778		0.804		0.026		1.185		1.285		0.100		1.034		1.050		0.016		0.029		0.073		8.33E+04

										load at deflection		5682		lbs				11		400		7000		6600		2.840		2.981		0.141		0.777		0.806		0.029		1.190		1.300		0.110		1.034		1.051		0.017		0.032		0.080		8.28E+04

										load/defl		83039.7518102286		lbs/in				12		350		7540		7190		2.848		3.010		0.162		0.775		0.808		0.033		1.195		1.325		0.130		1.039		1.057		0.018		0.034		0.096		7.46E+04

																		13		301		8275		7974		2.845		3.030		0.185		0.778		0.815		0.037		1.195		1.350		0.155		1.046		1.084		0.038		0.038		0.118		6.79E+04

										Unbonded, calculation

										predicted deflection		0.173228		in

										load at deflection		4831		lbs

										load/defl		27888.1012307479		lbs/in

																		Data from notes, after cooldown, 4/11/2005, 5:30 PM		250		8200		7950								1.253		1.287		0.034		1.740		1.900		0.160		1.000		1.035		0.035		0.035		0.126		6.33E+04

																		data from notebook, Tuesday, April 26, 2005

																		Temperature in cryostat = -191.3C

																		after 140,000 cycles

																		load increment		Start load		end load		delta load		ram defl start		ram defl end		delta ram deflection		left end start defl		left end end defl		delta defl		center end start defl		center end end defl		delta defl		right end start defl		right end end defl		delta defl		revised delta defl.		net center defl		stiffness

																				(lb)		(lb)		(lb)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(in)		(lbs/in)

																		1		300		2100		1800		1.658		1.693		0.035		0.187		0.195		0.008		0.097		0.118		0.021		0.133		0.143		0.01		0.010		0.012		1.50E+05

																		2		250		5000		4750		1.665		1.775		0.11		0.188		0.210		0.022		0.103		0.175		0.0725		0.134		0.156		0.022		0.022		0.051		9.41E+04

																		3		350		6500		6150		1.670		1.820		0.15		0.190		0.215		0.025		0.105		0.200		0.095		0.136		0.162		0.026		0.026		0.070		8.85E+04

																		4		350		8200		7850		1.680		1.865		0.185		0.190		0.223		0.0325		0.160		0.320		0.16		0.135		0.168		0.0325		0.033		0.128		6.16E+04
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Fig. 10. Load-deflection relationship for tested beams at mid-span
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