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1.  Introduction

An accelerated life test was conducted on a two meter, BB style, arc dipole modified with H-Steel (BB110).  This magnet was specifically purchased to investigate various dipole performance parameters for potential CEBAF energy upgrade [1] [2].  The accelerated life test was designed to mimic the operation of a representative arc dipole over a twenty year period.  It was estimated that the 300 arc dipoles in the 4 GeV CEBAF machine cycle approximately 100 times per year, therefore this test was designed to cycle the BB through at least 2000 cycles and observe its mechanical and thermal performance.  To conduct the test in a timely manner, the dipole was cycled nearly continuously over the course of three months.  Safety was a major concern for this test and conservative procedures and safety devices were implemented to mitigate potential risk factors.  A description of the measurement setup, shown in Figure 1, and cycling procedures are described below.  


Figure 1.  BB Dipole and Test Setup

2.  Measurement Setup

Safety

The accelerated life test was run almost continuously, seven days a week, for the duration of test.  A majority of this test time being times when the Magnet Measurement Facility (MMF) was not staffed.  Because the magnet primarily operated unattended, extensive lengths were undertaken to ensure the safest possible conditions for this test were obtained. A TOSP (BB Magnet Accelerated Life Test with Unattended Operations Revision A, Division Serial Number A-05-006-T) was used for guidance on how to properly conduct operations during the test. 

A physical barrier was erected around the magnet using the existing welding curtains along the west wall of the MMF in conjunction with a three sided chain link fence and gate, built specifically for this test shown in Figure 2.  An administrative lock and tag was used to lock out the gate for restricted access to the magnet.   A 40 inch tall yellow beacon was set in front of the gate to identify the magnet as a hazard, and a variety of warning signs were hung around the outside of the fencing and welding curtains to warn of such hazards as: electrical shock, burn and high magnetic field.  Access ropes blocked the entrances to the MMF while the magnet was in operation.  
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Figure 2.  BB Measurement Setup

Besides the physical barriers, other safety incorporations included, the standard klixon temperature sensors that were attached to the coil in several places and would shut down the 42 kW Danfysik power supply if the klixon reached 82 C.  High temperature Saint-Gobian 37AL non-conductive hydraulic hose, rated at 100 C, was used on the magnet LCW return lines to provide an additional margin of thermal capacity to the lines.  To reduce the temperature of the LCW flowing into the building’s facility return line, two ¼” LCW supply lines were used to mix with the 3/4”magnet LCW return line in a manifold just down stream of the magnets return thermal well.  This mixing eliminated a down stream burn hazard associated with the hot LCW water returning from the magnet to the facility systems.  The mixing manifold is shown in Figure 3.  

A water sensitive rope, borrowed from the Plant Services Group, was the primary mechanism used to detect water leaks.  The rope encircled the magnet and ran adjacent to the joints in the magnet LCW supply and return lines. It was interlocked to solenoid valves on the MMF’s main supply and return manifold.  In commissioning tests, the LCW in the MMF was not conductive enough to short circuit (trip) the water rope, so baking soda was sprinkled around the rope to provide the water with a conductive path to short circuit.  Once the water sensitive rope detected the water, the LCW supply and return solenoid valves cut off the LCW, eliminating the possibility of spilling mass quantities of water in the MMF.

A lexan cover was fabricated and used to cover the electrical leads and to deflect, any water leaks on the magnet’s plumbing manifold and cooling circuits into a plastic tray located underneath the magnet.  A normally open micro switch, held open by an aspirin, was used as a sensor to detect small leaks that might occur over a long period of time.  The aspirin will deteriorate in water and the switch will activate, opening the klixon circuit interlocked to the Danfysik power supply which would shutdown power to the magnet.  This redundant interlock was implemented for a case where a small water leak would not propagate far enough to reach the water sensitive rope.
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Figure 3.  Mixing Manifold, Leak Rope and Baking Soda

A JLab cell phone was used to handle miscellaneous after hours problems, and the MMF group leader was responsible as MMF on call.  The on call number was posted outside of the MMF near the magnet where guards or other concerned parties could have easy access to MMF on call. 

Control Hardware

Supply and return pressure were read by two Omega DPG100L-300G, 0 to 300 psi pressure gauges. Two DP25B-E-A process meters provided the read back and feed power to the DPG100Ls.  The display for the supply pressure read back was set to green and the display for the return pressure was set to red.  

An Omega FTB4607 3/4” pulse output water meter (flow meter) in conjunction with an Omega DPF-701-A 6 digit rate meter (read back/analog output box) was placed on the ¾” LCW supply line used to measure and monitor the LCW flow.

Seven, 3-Wire RTDs were calibrated and used to record temperature information.  Temperatures were measured in the following locations:  supply and return thermal well, core top, core bottom, core end, H-iron, and the last was in the air hung from the welding curtain.   The supply and return manifold on the magnet was outfitted with a thermal well that allowed an RTD to be inserted directly into the flow. 

A FP-1600 network interface module, two 8-channel FP-RTD-122 3-wire RTD temperature modules, and a FP-AI-110 analog input module, used to monitor the pressure and flow meters, were used for Ethernet based data acquisition.  

Control Software

A control computer was used for automated data collection and instrumentation using software written with the National Instruments LabWindows/CVI IDE.  The data acquisition software used a timer to control power supply cycling through the standard function calls and serial connection between the control computer and the Danfysik.  Every minute, the control software updated a data file with the date, time, the seven temperature readings, LCW flow, supply and return pressures and the Danfysik current read back, for the duration of the measurement.  Data files included the data for a twenty-four hour period that started and ended at 0600.  The control computer would also monitor the magnet dwell time at each current extreme, the updating of the history file, and the power supply interlock status.  If a fault condition occurred in any of these parameters, it would send an alpha page to the on call staff alerting the fault.

A secondary monitoring program was setup on a second, independent PC that was geographically separated from the test area in the MMF.  Its function was to monitor the primary control software as a redundant system during the course of operations.  The monitoring computer was located on the 5th floor of the ARC building to minimize conditions in which both PCs could simultaneously fail due to power outage.  The monitoring PC used software written in Borland Builder C++.  If the monitoring program detected a problem such as magnet over temperature, low flow, or a control computer malfunction, an alpha page was issued to the on-call magnet measurement staff.  The monitoring program would also update an HTML web page every minute so that the measurement staff could remotely monitor temperatures, LCW flow, LCW pressure, and cycling profile using a standard web browser.  If the LCW flow dropped below 0.5 gpm, it would send a text page indicating low flow, while the control computer, if operational, would shut down the power to the magnet.  

Instrumentation Calibration 

Flow Calibration

LCW flow through the magnet was measured using an Omega DPF-701-A 6 digit rate meter (flow display) in conjunction with a FTB4607 3/4” pulse output water meter (flow meter).  The analog output of the DPF-701-A was read by National Instruments FP-AI-110 DAC for computer data logging.  The flow meter was placed upstream of the manifold that fed the four magnet water circuits measuring total flow to the magnet.  Prior to calibration, the flow was a constant 2.86 gpm (( 0.05 gpm) with a supply pressure of 98 psi and a return pressure of 26 psi.

The flowmeter absolute calibration was verified by measuring discharge volume in a graduated cup over a 15 second interval.  The calibration is summarized in Table 1.  The slight difference between individual coil exit lines could be due to exit line differences or small changes in the MMF LCW pressure.

After flow meter calibrations were complete the analog calibration was set by adjusting the potentiometer on the back of the DPF-701 to have a 0 V analog output when the flow was turned off and a 10 V analog output when the flow was at 3 GPM.  The potentiometer was set to read 2.86/3.0*10 = 9.533 V

	Circuit
	Measured Flow ( 0.03 GPM
	Flow Read Back

( 0.05

	R1 / S1
	0.951 
	0.950

	R3 / S3
	0.951 
	0.940

	R2 / S2
	0.925 
	0.960

	R4 / S4
	1.057 
	0.970


    Table 1.  Flow Calibration Data 3-11-05

RTD Calibration

Ten, 3-wire RTDs, used with National Instruments field point hardware: FP-1601 Ethernet controller, the FP-RTD-122 RTD temperature sensor, and the FP-AI-110 analog input, were placed in an ice bath.  The 10 RTDs averaged 31.79 F with a standard deviation of 0.273 F or a normalized standard deviation of 0.9%.  The ice bath was warmed to boiling, where the RTDs read back an average of 211.80 F with a standard deviation of 0.372 F, a normalized standard deviation of 0.2%.  Several stops were made along the way and the RTDs demonstrated a maximum standard deviation of less than 1 F (0.6 C), which is within the accuracy required for the accelerated life test.  

3.  Cyclic Operations

Maintenance Periods

The magnet was essentially cycled continuously, 24 hours a day, 7 days a week.  Every seventh day was designated as a maintenance day and the magnet was deenergized and inspected for cracks in the coil and bolt torque on the magnet and junction panel leads.  The magnet was given a general visual inspection and all of the interlocks were tested to confirm that they were operational.  The interlock tests included tripping the leak detection rope, the water spill switch, the water flow interlock on the Danfysik power supply itself, and the Danfysik’s ground fault interlock.  Windows updates and virus updates were manually applied during the maintenance periods, as they had been disabled by the computer center to avoid unnecessary risk of system compromise.

Cycling
The magnet was cycled between current extremes of 0 and 600 amps in 25 minute intervals.  This interval period allowed the magnet to ‘soak’ at a given current extreme for 23 minutes.  It took 2 minutes to ramp the magnet to the desired current using a ramp rate of 5 amps/sec.  

The test was designed so that the magnet LCW return would have a temperature increase of 38 C, at 600 amps, above the LCW inlet temperature, which stayed constant near 35.8 C.  Stabilization of the LCW return temperature at 73 C was achieved by choking the LCW flow through the magnet to around 1.9 gpm with the magnet set to 600 amps.  On several occasions a reduction in LCW flow, due to facility issues, raised the LCW return temperature to as high as 76.9 C for several cycles at the 600 amp extreme.

Unlike the LCW return temperature, magnet core temperatures would not reach stabilization during the soak time.  Maximum temperatures and flow rates obtained during normal soaks as well as maximum temperatures and flow rates obtained during a long period soak, 10 hours at 600 amps, are shown in Table 2.   Figures 4 and 5 show a representative 24 hour cycling period and the 10 hour soak respectively.

	RTD

Location
	600 amps

[23 minutes] (°C)
	0 amps

[23 minutes]

(°C)
	600 amps

[10 hours]

(°C)
	600 amps [Projected Final]

(°C)

	Supply Thermal Well
	35.8
	35.8
	35.8
	35.8

	Return Thermal Well
	73
	35.5
	73.6
	73.6

	Core End
	35.5
	34.9
	41.9
	44

	H-Iron
	35.2
	34.0
	41.1
	43

	Core Bottom
	34.3
	33.5
	40.0
	42

	Core Top
	34.4
	33.8
	40.2
	42

	Air
	22
	22
	22
	22

	------
	------
	------
	------
	------

	LCW Flow
	1.93 gpm
	1.84 gpm
	1.93 gpm
	1.93 gpm


Table 2.  Temperature and Flow Conditions for Various Soak Times

4.  Conclusion

The accelerated life test ran for 2,174 cycles over a 3 month period from April 20, 2005 to July 26, 2005. There were occasional down periods that lasted more than a few hours due to building maintenance, equipment malfunction or other circumstance, otherwise the test ran continuously.  During the last week of the accelerated life test, the coil wedge pack that holds the upper coil set in place separated causing the top coil pack to dislocate from its proper position.  This was likely due to thermal stresses and forces in the wedges, induced during dipole cycling.  Ultimately this condition is not an acceptable operational consequence.  Options will be explored and implemented to mitigate this from happening in the future.  Otherwise, degradation to the BB dipole coils or other mechanical parts of the dipole including the hose fittings and lead connections were not an issue.  
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Figure 4. 24 Hour Cycling Period
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Figure 5.  10 Hour Soak

5.  References

[1]
J. Karn et al., “Magnetic Measurement of a Common Arc Dipole for Energy Upgrade                                          Considerations”, JLab TN 98-032.

[2]  
J. Karn et al., “Modification of the CEBAF Transport Dipoles for Energy Upgrade Considerations”,      PAC Proceedings, 1999 

PAGE  
Page 1 of 7


