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1.0	INTRODUCTION:



This NSTX Report summarizes the R&D efforts which have been performed in support of the CenterStack design. Various design issues were investigated including insulation schemes and reliable coil electrical joints.  These tests were performed at both PPPL and “Cryogenic Materials Inc.” (CMI), an outside consulting firm. A copy of CMI’s final report is in Appendix.  This report will  review those activities which were performed at PPPL. A review of the findings from both reports will be discussed in the conclusion of this report. The R&D tests which are described in this report include:



a.	Insulation Shear Tests



b.	Insulation Electrical Tests



c.	OH Joint Development Tests



d.	TF Joint Load Tests



e.	TF Joint Insert Pull Out Tests



f.	OH Conductor Keystone Tests



g.  	Winding Tension vs. Insulation Compression Tests





2.0	INSULATION SHEAR TESTS



The purpose of these tests was to evaluate the shear characteristics of the insulation schemes being proposed for the NSTX Center Stack coil bundle. Insulation shear tests were performed at both PPPL and “Cryogenic Materials Inc.” (CMI), an outside insulation consultant company. Only PPPL’s test data will be presented in this report.  CTD’s results will be discussed in the conclusion of this report.



Maximum Calculated Insulation Shear Stress

���TF Coil�2000 psi��OH Coil�1000 psi�����



2.1	Insulation Schemes  



a.	TF Coil Turn Insulation



Two (2) insulation schemes were investigated for use as the turn insulation in the Center Stack TF coil.  These insulation products were “GE’s Fusa-Fab and “Composite Technology Development Inc.” CTD-112P insulation, both pre-impregnated (B-stage) tapes. Description of these insulation’s follow.









CTD-112P Pre-impregnated Tape



Resin Type:	TGDM epoxy, aromatic amine cure agent

	Composite Technology Development (CTD), Boulder, Co

Glass tape:  	S-2 ( satin weave) std. silane finish

Temperature Class:   180° C

Nominal Thk.: 	0.0075 in. (0.19 mm.) tape			

Nominal Width:  	1.0 in. tape	

Supplier:	Insulating Materials (IMI), Schenectady, NY

		

IMI Fusa-Fab (76590P) Semi-Cured Polyester Treated Glass Tape



Resin Type:	Polyester

Glass Tape:	E-glass cloth

Temperature Class:  180° C

Nominal Thk.: 	0.006 in. (0.152 mm.) tape			

Nominal Width:  	1.0 in. tape	

Supplier:	Insulating Materials (IMI), Schenectady, NY



b.	OH and PF Coil Turn Insulation



Only one (1) insulation product was tested for use as the turn insulation in the Center Stack OH and PF coils   This product was CTD-112P/ with Kapton.



CTD-112P Pre-impregnated Glass/Co-wound with Kapton



Resin Type:	TGDM epoxy, aromatic amine cure agent

	Composite Technology Development (CTD), Boulder, Co

Glass tape:  	S-2 ( satin weave) std. silane finish

Temperature Class:  180° C

Nominal Thk.: 	0.0075 in. (0.19 mm.) tape

Nominal Width:  	1.0 in. tape	

Barrier:	Kapton		

Nominal Thk.:	0.002 (0.05 mm)

Nominal Width:  	1.0 in. tape	

Supplier:	Insulating Materials (IMI), Schenectady, NY



c.	Equipment Listing:



•	MTS 10 KIP Servo Hydraulic Testing Machine (property No. P07213



•	Machine Load Cell  (Mod. No. 661.21A-01/ SN 1273



•	Revere Load Cell -for horizontal loading (Mod.No. CP1-25-A/ SN 965462-00)



•	Love Temp. Controller (Mod.No.151-786-718/ SN 81286-4)



•	Biddle Thermocouple Test Set -Mark II (SN 82369)



•	Fluke 8060A Multimeter (SN 3020080)





•	HP  X-Y Recorder (Mod. 7046A/ SN 1914A06544)



•	MTS Controller (Mod. No.436/ SN 865)





2.2	Specimen Preparation:



	Two (2) types of test specimens were manufactured for use in the insulation tests.  These are shown in Figures 2-1 and 2-2.



a.	Specimen Substrate:  Specimens were cut from 1/8 inch thick ETP 110 copper bar. 

 

b.	Substrate Preparation:  Substrate surfaces were cleaned, degreased and the insulation contact faces sandblasted.   



c.	Primer:  A thin layer of primer was applied by brush to the sandblasted surfaces which would be in direct contact with the insulation.  A product of “Ciba-Geigy (UK) Limited Plastics Division, “DZ-80-1” was used as the conductor primer. The samples were then allowed to air dry prior to proceeding.



d.	Insulation:  The insulation being tested was applied in layers onto the prepared substrate surfaces. (Refer to specific test sections for description of insulation schemes)





2.3	Double Lap Shear Tests



a.	Specimen Preparation:



	Figure Number 2-1 shows the details of the double lap specimens.  Three (3) layers of pre-impregnated insulation were applied between the prepared (section 2.2) copper plates to form the test specimens.  These specimens were oven cured to manufacturers prescribed cure cycle (time vs. temperature).  The specimens were compressed 10% of their nominal insulation thickness prior to the cure cycle to enhance their shear strength.  The samples were monitored for temperature during the cure cycle.



************************************************************************

	Insulation Cure Cycles



CTD-112P and CTD-112P with Kapton	Fusa-Fab



Ramp up to 177°C in (1) hour	Ramp up to 150°C for (1) hour

Hold at 177°C for 2 hours	Hold at 150°C for (1) hour

Ramp up to 200°C in (1) hour

Hold at 200°C for 6 hours

	

*	Air cool all specimens to room temperature while in mold



************************************************************************

�



Figure No. 2-1

Double Lap Shear Specimen





b.  The double lap shear specimens were tested on a MTS 10 KIP Servo Hydraulic Testing Machine.  A machine load cell  was utilized to monitored the tensile load applied to the specimen and the results were recorded on a HP  X-Y recorder.  The shear test results are shown in tables 2-1 thru 2-3.

 

Table No.2-1

DOUBLE LAP SHEAR TEST RESULTS (TF Coil Insulation)



Insulation Tested: 	CTD-112P without Kapton (3) layers

Test Description:  	Samples were compressed 10% of nominal insulation thickness during cure cycle. (177°C for 2 hours and 200°C for 6 hours)

Test Date: 	2/12/97



Specimen    

  ID No.�Cure Information� Specimen Test  Temp. (°C) �Shear Load (Lbs)�Shear Load (psi)�Type of Failure���������4�6 hrs.@ 200°C�21.7 *�1385�2770�Inter-laminar��5�2 hrs.@ 177°C�21.7 *�1800�3600�Inter-laminar��6�6 hrs.@ 200°C�21.7 *�1812�3624�Inter-laminar��7�6 hrs.@ 200°C�21.7 *�1385�3770�Inter-laminar��8�6 hrs.@ 200°C�21.7 *�1690�3380�Inter-laminar��9�6 hrs.@ 200°C�100�1630�3260�Inter-laminar��10�6 hrs.@ 200°C�100�640�1280�Inter-laminar��11�6 hrs.@ 200°C�100�2110�4220�Inter-laminar��12�6 hrs.@ 200°C�100�520�1040�Inter-laminar��*  Room Temperature 21.7°C (71°F)	




Table No.2-2

DOUBLE LAP SHEAR TEST RESULTS (TF Coil Insulation)

						    

Insulation Tested: 	CTD-112P without Kapton (3) layers

Test Description:  	Samples were compressed 10% of nominal insulation thickness during cure cycle  (177°C for 2 hours and 200°C for 6 hours).

Test Date: 	2/22/97

Specimen    

  ID No.�Cure Information� Specimen Temp. (°C) �Shear Load (Lbs)�Shear Load (psi)�Type of Failure���������1�6 hrs.@ 200°C�23.9 *�1310�2620�Copper/DZ-80��2�6 hrs.@ 200°C�23.9 *�1340�2680�Inter-laminar��3�6 hrs.@ 200°C�23.9 *�1050�2100�Cu & Inter-laminar��4�6 hrs.@ 200°C�23.9 *�1810�3620�Copper/DZ-80��5�6 hrs.@ 200°C�23.9 *�1310�2620�Inter-laminar��6�6 hrs.@ 200°C�23.9 *�1330�2660�Cu & Inter-laminar��7�6 hrs.@ 200°C�23.9 *�1540�3080�Cu & Inter-laminar��8�6 hrs.@ 200°C�100�910�1820�Cu & Inter-laminar��9�6 hrs.@ 200°C�100�1335�2670�Inter-laminar��10�6 hrs.@ 200°C�60�1630�3260�Cu & Inter-laminar��11�6 hrs.@ 200°C�23.9 *�1680�3360�Inter-laminar��12�6 hrs.@ 200°C�60�1370�2740�Inter-laminar��13�6 hrs.@ 200°C�23.9 *�1240�2480�Cu & Inter-laminar��14�6 hrs.@ 200°C�23.9 *�1210�2420�Copper/DZ-80��15�6 hrs.@ 200°C�23.9 *�1340�2680�Inter-laminar��16�6 hrs.@ 200°C�23.9 *�1220�2440�Cu & Inter-laminar��*  Room Temperature 23.9°C (75°F)	



Table No.2-3

DOUBLE LAP SHEAR TEST RESULTS (TF Coil Insulation)



Insulation Tested: 	Fusa Fab without Kapton (3) layers

Test Description:  	Samples were compressed 10% of nominal insulation thickness during cure cycle.

Test Date: 	1/30/97

Specimen    

  ID No.�Cure Information�Specimen Temp. (°C) �Shear Load (Lbs)�Shear Load (psi)�Type of Failure���������2�2 hrs.@ 150°C�22 *�1000�2000�Inter-laminar��3�2 hrs.@ 150°C�22 *�912�1824�Inter-laminar��4�2 hrs.@ 150°C�22 *�650�1300�Inter-laminar��5�2 hrs.@ 150°C�22 *�780�1560�Inter-laminar��6�2 hrs.@ 150°C�22 *�260�520�Inter-laminar��7�2 hrs.@ 150°C�22 *�520�1040�Inter-laminar��10�2 hrs.@ 150°C�100�100�200�Inter-laminar��12�2 hrs.@ 150°C�100�105�210�Inter-laminar��14�2 hrs.@ 150°C�100�105�210�Inter-laminar��
 *  Room Temperature 22°C (72°F)	



2.4	Shear/Compression Tests



a.	Specimen Preparation:  



	Figure Number 2-2 shows the details of the shear/compression specimens.  Three (3) layers of pre-impregnated insulation were applied between the copper plates to form the test specimens.  These specimens were cured in an oven to their prescribed cure cycle (See section 2.3a for insulation cure cycles).  The specimens were compressed 10% of their nominal insulation thickness prior to the cure cycle.  This was done to enhance the shear strength of the samples.  The samples were monitored during the cure cycle for temperature..



�



Figure No. 2-2

Shear/Compression Test Specimen





b.  The Bi-axial shear specimens were tested on a MTS 10 KIP Servo Hydraulic Testing Machine.  Two (2) specimens were held in a fixture which allowed both shear and side compressive loads to be applied.  Load cells were utilized to monitor the loads applied to the specimens. The shear loads were recorded on a HP  X-Y recorder. Heat was applied using a heat lamp and a Biddle thermocouple test set for monitoring temperature.  The Bi-Axial Shear test results are shown in tables 2-4 and 2-5.

































Table No. 2-4

BI-AXIAL SHEAR TEST RESULTS (TF Coil Insulation)



Insulation Tested: 	CTD-112P without Kapton (3) layers

Test Description:  	Samples were compressed 10% of nominal insulation thickness prior to cure cycle (177°C for 2 hours and 200°C for 6 hours)



Specimen    

  ID No.�Shear Load

(Lbs.)� Shear Load (psi) *�Compressive Load (psi)�Specimen Temp (°C)��������11�3125�6250�600�60��12�3125�6250�600�60��13�3000�6000�600�60��14�3000�6000�600�60��19�3350�6750�600�60��20�3350�6750�600�60��21�2625�5250�600�60��22�2625�5250�600�60��3�3100�6200�2000�60��4�3100�6200�2000�60��9�3525�7050�1000�60��10�3525�7050�1000�60��* Destructive load



Table No. 2-5

BI-AXIAL SHEAR TEST RESULTS 

(OH/PF Coil Insulation)



Insulation Tested: 	CTD-112P with Kapton 

	(1) layer CTD-112/ w Kapton

	(1) layer CTD-112

	(1) layer CTD-112/ w Kapton

Test Description:  	Samples were compressed 10% of nominal  B-stage insulation thickness prior to cure cycle  (177°C for 2 hours and 200°C for 6 hours)



Specimen    

  ID No.�Shear Load

(Lbs)� Shear Load (psi)* �Compressive Load (psi)�Specimen Temp (°C)��������K3�2100�4200�600�100��K4�2100�4200�600�100��K5�2250�4500�600�100��K6�1250�4500�600�100��K7�1550�3100�600�100��K8�1550�3100�600�100��K11�1625�3250�600�100��K12�1625�3250�600�100��K13�1750�3500�600�100��K14�1750�3500�600�100��      * Destructive load





c.  The Bi-axial Shear Fatigue Tests were conducted on a MTS 10 KIP Servo Hydraulic Testing Machine.  Two (2) specimens were held in a fixture which allowed both shear and side compressive loads to be applied.  The side compressive load remained constant while the shear load was cycled to represent operational life. Load cells were utilized to monitor the loads applied to the specimens. Heat was applied using a heat lamp and a Biddle thermocouple test set for monitoring temperature.  The Bi-Axial Shear test results are shown in tables 2-6 and 2-7.





Table No. 2-6

SHEAR/COMPRESSION FATIGUE TEST RESULTS 

(TF Coil Insulation)



Insulation Tested: 	CTD-112P without Kapton (3) layers

Test Description:  	Samples were compressed 10% of nominal insulation thickness prior to cure cycle  (177°C for 2 hours and 200°C for 6 hours)



Specimen    

  ID No.� Shear Load (psi)�Compressive Load (psi)�Specimen Temp (°C)�Cycles

Completed��������11�2400�600�60�1,000,000��12�2400�600�60�1,000,000��13�2400�600�60�1,000,000��14�2400�600�60�1,000,000��19�2400�600�60�1,000,000��20�2400�600�60�1,000,000��



Table No. 2-7

SHEAR/COMPRESSION FATIGUE TEST RESULTS 

(OH/PF Coil Insulation)



Insulation Tested: 	CTD-112P with Kapton 

	(1) layer CTD-112/ w Kapton

	(1) layer CTD-112

	(1) layer CTD-112/ w Kapton



Test Description:  	Samples were compressed 10% of nominal insulation thickness prior to cure cycle  (177°C for 2 hours and 200°C for 6 hours)



Specimen    

  ID No.� Shear Load (psi)�Compressive Load (psi)�Specimen Temp (°C)�Cycles

Completed��������K3�1000�600�100�300,000��K4�1000�600�100�300,000��K5�1000�600�100�300,000��K6�1000�600�100�300,000��K7�1000�600�100�300,000��K8�1000�600�100�300,000��






3
.0	INSULATION ELECTRICAL TEST RESULTS



	AC and DC electrical tests were performed on the CTD-112P insulation to verify its dielectric integrity.  Copper bars were insulated with three (3) half-lapped layers of CTD-112P pre-impregnated insulation.  These test specimens were cured with a 10-12% compression of the nominal thickness of the insulation using the manufacturers recommended cure cycle. (2 hours at 177°C and 6 hours at 200°C)




3
.1	DC Hi-pot Tests



	These tests were performed using a “Von” 100 KV DC Test Set (model No.E-1/  Serial No. 760501).




	Table No. 3
-8	

DC HI-POT TEST RESULTS





Specimen 

ID�Breakdown 

Voltage

(KV)�Leakage Current Prior to Breakdown

(µamps)�

Remarks�������Bar A - TP A�14�0�3/3/97��Bar A - TP B�22�0�3/3/97��Bar A - TP C�13�0�3/3/97��Bar A - TP D�27�0�3/3/97��Bar A - TP E�17�0.1�3/3/97��Bar A - TP F�16�0.1�3/3/97��Bar A - TP G�19�0.1�3/3/97��Bar A - TP H�19�0.1�3/3/97��Bar A - TP I�23�0.1�3/3/97��Bar A - TP J�26�0.1�3/3/97��Bar B to Bar C #1�13�Breakdown���Bar B to Bar C #2�13�Breakdown���Bar B- TP#1�8�Breakdown�Single pt. location��Bar B- TP#2�13�Breakdown�Single pt. location��Bar B- TP#3�4�Breakdown�Single pt. location��Bar B- TP#4�10�Breakdown�Single pt. location�������



Results:  	Average breakdown voltage .........	16 KV

	Dielectric Strength .....................	420 volts/mil





	

	












3
.2	AC Hi-pot Test Results



	These tests were performed using a “Peschel” 60 kV AC Hipot test set (model no. CT-60-10Y/ serial no. 6030A/ P07504)



Test Bar B was tested at an AC voltage of 3 KV and held for a period of 90 minutes without breakdown.  (equivalent to 216,000 cycles)






3
.3	DC Meggar Tests



	DC Megger tests were performed on an uncured insulation specimen to verify the test level to be performed on the TF coil quadrants after assembly and prior to heat cure.  Three half-lapped layers of CTD-112P pre-impregnated insulation were applied to a copper test bar.  This test specimen remained uncured during testing.  These tests were performed using a “Biddle” 5 kV DC Megger test set (cat.no. 210400/ serial no. 75-2736)



	
Table No. 3
-9

DC MEGGER TEST RESULTS



Voltage  (volts)�Resistance (MΩ)�����500�5,000��1000�10,000��2500�50,000��5000�100,000�����

		



4.0	OH COIL JOINT DEVELOPMENT TEST RESULTS



	A variety of OH coil joint designs were fabricated and tensile tested determine the most reliable design.  The general requirements for the OH coil joint were:

	

a.	Joint must allow current to continue from one coil layer to the next.



b.	Each conductor (2 per layer) needed to be cooled separately.  



c.	Low temperature joining methods needed to be utilized to minimize any annealing of the copper conductor in the joint area due to the calculated coil stresses of (20,000 ksi)



4.1	Specimen Preparations



	Test specimens were manufactured using both ETP and CDA 104 copper bar.  Each conductor was cleaned and degreased with no additional surface preparation.  The following section describes the various joint designs and the results from the static and fatigue tests.







4.2	Soft-Soldering/TIG Brazing Operation



a.	The majority of the test joints were made using 96% Tin/ 4% Silver soft-solder, which has a melt temperature of 430°F.  The copper specimens were pre-tinned using the 96/4 solder with the assistance of “Stay Clean”, a liquid flux. (product of “J.W. Harris”)



b.	TIG brazing was utilized to provide additional strength in conjunction with the 96/4 solder. Helium was used as the shield gas and Sil-Fos (BCuP-5) the braze material.



c.	During the soldering and brazing operations, extreme care was taken to minimize the time that the heat was applied to the copper conductor.  The brazing operations took approximately 7-10 seconds.  Thermocouples were utilized to monitor the temperature gradient in the joint area.





4.3	Description of OH Coil Joint Types





a.	TYPE I JOINT



This joint had a four (4) inch overlap of conductors with square cut ends.  The conductors were joined using 96% Tin/ 4% Silver soft solder and liquid flux.



Specimen #1



�



Figure 4-3

Type I OH Joint Specimen





b.	TYPE II JOINT



This joint had a four (4) inch overlap of conductors with square cut ends.  The conductors were joined using 96% Tin/ 4% Silver soft solder and liquid flux.   Two (2) steel clamps were installed to help secure the conductor ends.



Specimen #2



� EMBED Word.Picture.6  ���



Figure 4-4

Type II OH Joint Specimen













c.	TYPE III JOINT



This joint had a four (4) inch overlap of conductors with chamfer cut ends.  The conductors were joined using 96% Tin/ 4% Silver soft solder and liquid flux.



Specimen #3



�



Figure 4-5

Type III OH Joint Specimen





d.	TYPE IV JOINT



This joint had a four (4) inch overlap of conductors with chamfer cut ends.  The conductors were joined using 96% Tin/ 4% Silver soft solder and liquid flux. Two (2) steel clamps were installed to help secure the conductor ends.



Specimen #4



�



Figure 4-6

Type IV OH Joint Specimen





e.	TYPE V JOINT



This type joint was tested with varying overlaps and chamfer end cuts. Varying length 0.032 in. thick copper plates were soldered on both sides of the joint area. The conductors including the side plates were joined using 96% Tin/ 4% Silver soft solder and liquid flux.



Specimen #5	Four (4 ) inch overlap

Specimen #6	Two (2) inch overlap

Specimen #9	Five (5) inch overlap





�



Figure 4-7

Type V OH Joint Specimen












f.	TYPE VI JOINT



This joint had a four (4) inch overlap of conductors with chamfer cut ends. Three (3) inch long 0.032 inch thick copper plates were soldered on both sides of the joint area. The conductors including the side plates were joined using 96% Tin/ 4% Silver soft solder.  Two (2) steel clamps were installed to help secure the conductor ends.



Specimen #7
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Figure 4-8

Type VI OH Joint Specimen



g.	TYPE VII JOINT



This joint had a four (4) inch overlap of conductors with chamfer cut ends.  The conductors were joined using 96% Tin/ 4% Silver soft solder.  A Sil-Fos TIG braze tack was made at each end of the conductor.



Specimens #8, 10, 11 and 12

Specimen # 13	Small TIG brazes at each end

Specimen # 14 	Small TIG brazes and longer chamfer at each end

Specimen # 16	Conductor had coolant hole through braze area

Specimen # 17	No silver solder.  TIG braze only.

Specimen # 18	Full TIG braze and longer chamfer at each end
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Figure 4-9

Type VII OH Joint Specimen



h.	TYPE VIII JOINT



This joint had a four (4) inch overlap of conductors with chamfer cut ends.  It was made using Sil-Fos TIG braze tacks at each end of the conductor with two (2) additional tacks on one (1) side and one (1) tack on the other mid-span.  No soft-solder was used. 



Note:  This joint was made to test the mechanical integrity of the TIG braze tacks.  No current carrying capabilities were considered in these tests.



Specimens # 19 and 20
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Figure 4-10

Type VIII OH Joint Specimen







Table No. 4-10

STATIC TEST RESULTS- OH JOINT



Specimen    

  ID No.�Joint Type�Destructive Load (Lbs)�Conductor Area (in.2)�Ultimate Strength (psi)�Location 

of 

Failure���������1�I�3940�------�------�Joint��2�II�5440�------�------�Joint��3�III�4100�------�------�Joint��4�IV�4780�------�------�Joint��5�V�3660�------�------�Joint��6�V�7000�------�------�Joint��7�VI�7300�0.1875�40,000�Conductor��8�VII�6680�0.1875�35,627�Conductor��9�V�6900�------�------�Joint��10�VII�6000�0.1875�32,000�Conductor��11�VII�6000�0.1875�32,000�Conductor��12�VII�6120�0.1875�32,640�Conductor��13�VII�7260�0.1875�38,720�Conductor��14�VII�5750�------�------�Joint��15 *�-----�7560�0.1875�39,250�Conductor��16�VII�7660�0.225�34,000�Conductor��17�VII�3340�------�------�TIG Braze��18�VII�6250�0.1875�33,467�Conductor��19�VIII�5880�------�31,956�Conductor��20�VIII�5500�------�------�TIG Braze��

*    Bar #15 was an uncut copper bar with no joint.  It was heated in oven @ 200°C (392°F) for 8 hours with no joint.



Note:  No side restraints were used during testing of specimens. 





4.4	Summary of Static Test Results



	Joint type number VII was the design selected for the OH coil in-line joint.  The design provided the maximum strength and durability of any of the joints tested.  Every static test performed on the type VII joint resulted in the conductor breaking and the joint remaining intact.  
























4.5	Fatigue Tests of OH Joint



	Fatigue tests were performed on the Type VII OH Joint design using the “MTS 100 KIP Servo Hydraulic Testing Machine”.  The joints were cycled under load until failure to represent normal operating conditions.  Other equipment utilized in these tests were:



a.	Machine Load Cell  (model 661.23A-02/ serial no. 261)



b.	MTS Controller  (model no. 442/ serial no.661)



c.	MTS Digital Function Generator  (model no. 410/ serial no. 27030903)





Table No. 4-11

FATIGUE TEST RESULTS-OH TYPE VII JOINT



Note:  Joints were restrained with side clamps (loosely held) to minimize moment in joint.





Specimen    ID 

No.�Conductor Area 

(in2)*�Conductor Loading (psi.)�Cyclic Loading (Lbs.)�Completed Cycles

~�Location of Failure���������E�0.184�20,000�350-3680�302,100�In conductor away from joint��F�0.1845�20,000�350-3680�417,980�In conductor away from joint��G�0.1844�20,000�350-3688�555,730�In conductor away from joint���������

*  Measured prior to start of cyclic test







































5.0	TF COIL JOINT LOAD TESTS



	A series of tests were performed to investigate the integrity of the proposed TF coil joints under load conditions.  A full size copper joint was fabricated for this purpose.



5.1	Joint Resistance Tests



	This test was performed to determine the current distribution through a typical TF joint with a single point feed and return.  A power supply was utilized to flow  100 amperes of current through the test bar while resistance measurements were taken along the electrical joint. 

Figure No. 5-11

Joint Resistance Test Specimen
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Table No. 5-12

�




5.2	Bare vs. Silver Plated Joint Test Results



	Tests were performed to determine the effectiveness of an electrical joint which is bare vs. silver-plated.  A full size TF joint  model was used as the test stand with current flowing through the joint area.  Resistance measurements were taken along the joint line and recorded.



Figure No. 5-12

Bare vs. Silver Plated Joint Test Specimen

�



Table No. 5-13

Bare vs. Silver Plated Joint Test Results



�



5.3	Vertical Loading Test Results



	Tests were performed to determine what effect a vertical load would have on the TF coil joint. A full size model of a TF joint was used as the test stand.  100 amperes of current was flowed through the model while varying loads were applied at the end of the bolted tee connector.   Resistance measurements were taken along the joint line and recorded.



Figure No. 5-13

Vertical Load Test Specimen



�





Table No. 5-14

Vertical Load Test Results
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Table No. 5-15

			   Vertical Load Test Results				
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Table No. 5-16

Vertical Load Test Results
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5.4	Horizontal Loading Test Results



	Tests were performed to determine what effect a horizontal load would have on the TF coil joint. A full size model of a TF joint was used as the test stand.  100 amperes of current was flowed through the model while varying loads were applied at the end of the bolted tee connector.   Resistance measurements were taken along the joint line and recorded.

Figure No. 5-14

Horizontal Load Test Specimen
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Table No. 5-17

Horizontal Load Test Results
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Tables No. 5-18

Horizontal Load Results
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Table 5-19

Load vs. Gap Results
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6.0	TF JOINT INSERT PULL OUT TESTS



	A test was performed to determine the pull out force of the threaded inserts being used for the TF coil electrical joints.



	Materials Used:



	Inserts :  	“Keenserts” part number KNL-518  (303 stainless steel)

			5/16-18 Internal Thread

			7/16-14 External Thread



Copper:	CDA 104 (36-42 ksi)..equivalent yield strength to TF Center Stack copper  conductor





Table 6
-20



TF Joint
 Insert
 Pull
 Out
 T
est
 Results



�
�
                 Sample No. 1 ...........6460 lbs.�
�
                 Sample No. 2 ...........6720 lbs.��




7.0	OH CONDUCTOR KEYSTONE TESTS



	Trial windings were performed to determine the amount of keystoning which result during fabrication of the OH coil.  The radial build tolerances on the OH coil are extremely critical. Any deformation of the copper conductor would result in a minimization of clearances between the OH and PF coils, thus making assembly of the Center Stack more difficult.



7.1	Test Setup



	The trial windings were completed in the RESA building using a “Ransome” turn table and a manually controlled friction brake tension unit.  The winding loads were monitored using a digital dynamometer.  A mandrel of equivalent diameter as the OH coil was mounted to the turn table. (See figure 7-17 )

.

7.2	Conductors



	Two different conductors were used in these tests. Each had a different cross-section and hardness.  Trial number 1 used an extruded square copper conductor with a coolant hole and a hardness of 64 on the Rockwell F-scale.  The second winding was completed using a copper conductor which was machined to the correct OH conductor dimensions and a hardness of 85 on the Rockwell F-scale.  This conductor was solid and did not have a coolant hole.






















7.3	Winding Trial Results



Figure 7-15

	Results From Trial Winding No. 1
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	Figure 7-16

	Results From Trial Winding No. 2
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7.4	Trial Winding Preliminary Conclusions



	It was observed in the 2nd trial winding (OH conductor cross-section) that the conductor not only changed cross-section from a rectangle to a trapezoid shape, but also grew in height due to a slight dishing of the conductor.  From these results, it was decided to perform one additional trial winding.  Using a conductor with the resulting keystone dimensions, it was wound onto a mandrel with the wide base of the trapezoid away from the mandrel.  It was hoped that the conductor would return to its original cross-section.



























































Figure No. 7-17

Trial Winding Station





7.5	Trial Winding No.3- Machined Conductor



	A conductor was machined using CDA-104 with the dimensions obtained from the final keystoning cross-section.  This conductor was then wound with the conductor in the opposite position, narrow side of the conductor facing the mandrel.  The results from this trial winding showed that the conductor did return to a rectangular cross-section with the original OH conductor dimensions.  Figures 7-18 and 7-19 show both the original OH conductor cross-section and the procured OH conductor cross-section with built-in keystone tolerances.


	








































Figure No. 7-18

Original OH Copper Conductor





























































Figure No. 7-19

OH Copper Conductor With Keystone Cross-Section




7.6	Winding Tension vs. Insulation Compression



	Additional winding trials were performed using copper conductors insulated with two (2) half-lapped layers of B-stage insulation..  The purpose of these trials were to determine the winding tension which would be required to ensure a 10-12% compression of the B-stage insulation.  The results are described in figure 7-20.
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Figure 7-20

Winding Tension vs. Insulation Compression Results















































8.0	CONCLUSIONS



	The following conclusions have been made as a result of the activities described in this report, and will be included in the final design of the NSTX Center Stack.



a.	The Insulation shear tests which were conducted at both PPPL and CMI conclude that the tested CTD-112 pre-impregnated insulation meets all of the minimum design criteria for the Inner TF coil bundle and is acceptable for use in the Center Stack fabrication (Section 2.0).   A total of six (6) insulation specimens have been successfully been tested through 1,000,000 cycles with a 2400 psi shear load and 600 psi compressive load.  CMI test results are in attached “CMI Final Report” (Appendix)



b.	The Insulation shear tests which were conducted at both PPPL and CMI conclude that pre-impregnated insulation CTD-112P with Kapton meets all of the minimum design criteria for the OH and PF coils and is acceptable for use in the Center Stack fabrication (Section 2.0). A total of six (6) insulation specimens have been successfully tested through 300,000 cycles with a 1000 psi shear load and 600 psi compressive load.  CMI test results are in attached “CMI Final Report” (Appendix)



c.	The AC and DC electrical test results demonstrated that the CTD-112 insulation is a good dielectric insulator (420 volts/mil) and surpasses the dielectric requirements of the coils in the Center Stack. (Section 3.0)



d.	The tensile and fatigue test results conclude that the Type VII OH coil joint design meets the minimum design requirements for the OH coil layer to layer joint.  Three specimens were cycled through a minimum of 300,000 cycles under a maximum load of 20 ksi.  This joint design combines two (2) methods for fabricating the joint. The conductor to conductor overlap which carries the current is a tin-silver soft solder join.  The ends of the conductors are locked in place with a TIG braze tack at each end.  This combination provides a reliable OH joint. ( Section 4.0)



e.	The results obtained from the load tests performed on the model TF coil joint were used in support of the final TF joint design.  Results clearly demonstrated the importance of silver plated joints. Load tests (horizontal and vertical) showed the effect that external forces have on the TF joint design.  The final data of load vs. joint resistance can be found in Section 5.0.



f.	Trial winding tests were performed to investigate the effect that keystoning has on the radial build of the OH coil.  The results from these tests proved the need for a specially designed conductor cross-section to compensate for the excessive keystoning. Figure 7-19 in Section 7 shows the final conductor cross-section which is included in the OH design.



e.	Winding trials were used to determine the minimum winding tension required to ensure a 10%-12% compression of the pre-impregnated turn to turn insulation.  This minimum compression is required to ensure a successful cure of the insulation system.   The winding tension varies from 1600 psi to 2400 psi. As you increase the diameter with additional layer.  (See Figure 7-20 of Section 7)
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