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Strain Gauge Results 











Instrumentation Details 





Magnet HGQ01 is instrumented with an assortment of strain gauges to measure azimuthal coil stresses and coil end forces. These strain gauges are calibrated at room temperature and at liquid Helium temperature, read out during various phases of the magnet construction process, and while during cryogenic testing.





A total of eight beam-type strain gauges are used to measure azimuthal stresses in the straight section of the coils, four mounted at the inner coils, four mounted at the outer coils. Each active strain gauge has a compensating gauge associated with it, whose purpose is to provide an independent measure of the apparent strains induced in the active gauges due to thermal contraction and magneto-resistance effects.





Four capacitance-type strain gauges were also installed in the straight section of the inner coils to measure azimuthal stress. Each of these gauges were installed in such a way that they were in the same collared coil cavity as one of the inner coil beam gauges. Whilst normally a compensating gauge is not needed when using capacitance gauges, a fifth capacitance gauge was mounted in a stress-free manner onto the magnet shell to allow for the correction of any systematic errors that might exist due to differences between the measurement systems used in production and cryogenic testing.





A total of eight bullet-type gauges are used to measure the end forces associated with each inner/outer coil pair. Four bullet gauges are mounted at the return-end of the magnet, while four are mounted at the lead end. Each bullet gauge consists of two strain gauges whose readings are averaged to eliminate strains resulting from bending of the transducer structure. The resultant strain is then used to compute the force on the bullet. Two compensating gauges are placed at each end of the magnet, whose readings are averaged in order to provide apparent strain data to be used in eliminating apparent strains from the active gauges.





Table I gives the list of coil strain gauges, names, and locations for magnet HGQ01, while Table II lists the same information for the bullet gauges, and Table III lists this information for capacitance strain gauges.








Measurement Schedule 





Strain gauge readings are performed several times during the magnet construction and testing cycles. Azimuthal coil stresses, measured with beam-type and capacitance  strain  gauges,  are  measured during the collaring and yoking/skinning





Table I - HGQ01 Beam Gauges








Production Gauge Name�
VMTF Gauge Name�
Gauge Type�
Gauge Location�
Remarks�
�
BGIA009�
BmAcQ2IR�
Beam, inner, active�
Quad 2, RE�
Shorted�
�
BGIA010�
BmAcQ4IR�
Beam, inner, active�
Quad 4, RE�
Shorted�
�
BGIA016�
BmAcQ2IL�
Beam, inner, active�
Quad 2, LE�
�
�
BGIA020�
BmAcQ4IL�
Beam, inner, active�
Quad 4, LE�
�
�
BGOA014�
BmAcQ2OR�
Beam, outer, active�
Quad 2, RE�
�
�
BGOA015�
BmAcQ4OR�
Beam, outer, active�
Quad 4, RE�
�
�
BGOA018�
BmAcQ2OL�
Beam, outer, active�
Quad 2, LE�
�
�
BGOA019�
BmAcQ4OL�
Beam, outer, active�
Quad 4, LE�
�
�
BGIC001�
BmCoQ2IR�
Beam, inner, comp.�
Quad 2, RE�
Comp for BGIA009�
�
BGIC003�
BmCoQ4IR�
Beam, inner, comp.�
Quad 4, RE�
Comp for BGIA010�
�
BGIC006�
BmCoQ2IL�
Beam, inner, comp.�
Quad 2, LE�
Comp for BGIA016�
�
BGIC009�
BmCoQ4IL�
Beam, inner, comp.�
Quad 4, LE�
Comp for BGIA020�
�
BGOC012�
BmCoQ2OR�
Beam, outer, comp.�
Quad 2, RE�
Comp for BGOA014�
�
BGOC014�
BmCoQ4OR�
Beam, outer, comp.�
Quad 4, RE�
Comp for BGOA015�
�
BGOC020�
BmCoQ2OL�
Beam, outer, comp.�
Quad 2, LE�
Comp for BGOA018�
�
BGOC021�
BmCoQ4OL�
Beam, outer, comp.�
Quad 4, LE�
Comp for BGOA019�
�












Table II - HGQ01 Bullet Gauges





Production Gauge Name�
VMTF Gauge Name�
Gauge Type�
Gauge Location�
Remarks�
�
BL01A/B�
BuQ1R�
Bullet, active�
Quad 1, RE�
 �
�
BL02A/B�
BuQ2R�
Bullet, active�
Quad 2, RE�
 �
�
BL03A/B�
BuQ3R�
Bullet, active�
Quad 3, RE�
�
�
BL04A/B�
BuQ4R�
Bullet, active�
Quad 4, RE�
�
�
BL05A/B�
BuQ1L�
Bullet, active�
Quad 1, LE�
�
�
BL06A/B�
BuQ2L�
Bullet, active�
Quad 2, LE�
�
�
BL07A/B�
BuQ3L�
Bullet, active�
Quad 3, LE�
�
�
BL08A/B�
BuQ4L�
Bullet, active�
Quad 4, LE�
�
�
BT22�
BuCoR_1�
Bullet, compensator�
RE�
Comp. for RE bullets�
�
BT23�
BuCoR_2�
Bullet, compensator�
RE�
“�
�
BT24�
BuCoL_1�
Bullet, compensator�
LE�
Comp. for LE bullets�
�
BT25�
BuCoL_2�
Bullet, compensator�
LE�
“�
�















Table IIII - HGQ01 Capacitance Gauges





Production Gauge Name�
VMTF Gauge Name�
Gauge Type�
Gauge Location�
Remarks�
�
HQCGI21�
CaQ1IR�
Capacitance, active�
Quad 1, RE�
Opposes BGIA009�
�
HQCGI22�
CaQ1IL�
Capacitance, active�
Quad 1, LE�
Opposes BGIA016�
�
HQCGI23�
CaQ3IR�
Capacitance, active�
Quad 3, RE�
Opposes BGIA010�
�
HQCGI24�
CaQ3IL�
Capacitance, active�
Quad 3, LE�
Opposes BGIA020�
�
HQCGI25�
CaCoIR�
Capacitance, comp�
LE, Shell�
�
�






assembly procedures. After the end plates are installed onto the magnet cold mass, the bullet gauges are then installed and the end loading screws torqued to achieve the desired end loads, while the bullet gauges are monitored.





Once cold mass fabrication has been completed, it is moved to the magnet test facility, and prepared for cryogenic testing. Before, during, and after cryogenic testing all strain gauges are monitored. In particular, strain gauge data is acquired while ramping the magnet to the first quench at 4.5K and 1.9K, with subsequent post-training runs made at each temperature in order to detect any significant changes in coil stress levels and distribution. Additionally, several runs were performed where the strain gauge data was monitored at a higher acquisition rate, to better measure the coils stresses as a function of excitation current, and determine if there was any evidence of “fast motion”. (Normally, a single scan of all strain gauges is performed at various currents during a measurement cycle, which consists of an “stair-step” ramp to some maximum current, with strain gauge readings being taken at various constant current levels during the up- and down-ramp portions of the cycle.) 





Finally, the strain gauges are read out once the cold mass has been warmed back up to room temperature, so that comparisons with pre-cold test data can be made.








Results





The azimuthal coil stress in the straight sections of magnet HGQ01 is summarized in Figure 1. This plot shows the azimuthal coil stresses for various operational conditions, as measured by the beam-type strain gauges for the inner and outer coils. From this plot the loss of pre-stress between room temperature and cryogenic temperatures, due to thermal contraction of the magnet components, and the further loss of coil stress during excitation resulting from Lorentz forces on the magnet coils, is evident. These data also appear in Tables IVa and IVb, along with the capacitance-type strain gauge data for these conditions. Note that due to un-resolved systematic errors in the capacitance gauge measurement systems, the absolute values of the stresses measured by the capacitance gauges do not agree with those measured by the beam gauges - however their relative behaviour agrees remarkably well, as can be seen in Table IVb.








�





Figure 1.) Coil stresses measured by inner and outer coil beam-type strain gauges, during various stages of fabrication/testing.








A typical strain gauge run to quench at 1.9K is shown in Figures 2-4, which show, respectively, the beam-gauge, return end bullet-gauge, and lead end bullet-gauge measurements as a function of I2 .  This first quench at 1.9K occurred at a magnet current of 10364A, therefore the strain gauge data ends at 9000A. Notable features include the linear dependence of azimuthal coil stress with I2, which is to be expected, and the lack of end-loading of the return end bullets until currents of 8000A have been exceeded. This lack of end loading is suspected as a primary contributing mechanism to the preponderance of return end quenches observed in this magnet.





A second run to quench at 1.9K is shown in Figures 5-7, displaying the same essential features of Figures 2-4.  Note, however, that as higher currents were reached during this strain gauge data taking run (10,000A), the return end bullet gauges showed not only an increasing load (as expected) but also a greater dependence on I2  - at the same time that the lead end bullets showed a decreasing sensitivity with I2 . Clearly the loads at the two ends of the magnet are coupled in some fashion. Also, the structure in the lead end bullet data at I2 ~ 4 x 107 appears to be reproducible, implying that there is some physical frictional effect characterizing  the motion of the lead end of the magnet cold mass.








Table IVa - Azimuthal Coil Stresses





(stresses in psi) �





Table IVb - Changes in Azimuthal Coil Stresses





(stresses in psi)


�


�





Figure 2.) Azimuthal coil stresses measured by beam-type strain gauges during first strain gauge data taking run to quench. 


�


Figure 3.) End force as measured by return end bullet gauges during first strain gauge data taking run to quench. Note that the return end of the coils does not appear to be constrained until I ~ 8000A


�


Figure 4.)End force as measured by the lead end bullet gauges during first strain gauge run to quench. Note that the lead end of the coils does appear to be constrained even at the lowest currents.








In addition to the standard SG runs performed at 4.5K and 1.9K (and depicted in Figs. 2-7), special “fast scans” were also performed, where data was taken “on-the-fly” at 3 second intervals.  In Figures 8-10 are plotted the results of the first fast scan which was a run to 10kA.  In Figures 11-13 are plotted a second fast scan - this time a run to quench at 1.9K (~ 11450A).





In these “fast scans” the linear dependence of azimuthal coil stress on the square of the magnet current is clearly evident (as shown in Fig. 8), as is negligible hysteresis. A greater level of hysteresis is evident in the bullet gauge data (specifically Figs. 9 & 10) indicative of friction affecting the mechanics in the end regions of the cold mass.  As in previous runs, however, the unloaded condition of the return end below a magnet current of about 6300-7000 A is quite noticeable.





The azimuthal stress data taken during the “fast scan” to quench (~ 11450 A) again exhibit extremely good linearity, with consistent behavior among inner and outer coil gauges. The data for the bullet gauges is also consistent with earlier data, showing the un-loaded condition for the return end, this time indicating contact with the end plate at about 6800-7400 A. There was considerable noise in the current source for the bullet gauges, again necessitating the use of data-smoothing. This noise would normally cancel out of the strain calculation since the compensating gauges utilized the same current source - however one of the compensating gauges for the lead end appeared to be “out-of-phase” with the active gauges, resulting in incomplete cancellation of the current source drift.


�


Figure 5.) Azimuthal coil stresses measured by beam-type strain gauges during second strain gauge data taking run to quench. 


�


Figure 6.) End force as measured by return end bullet gauges during second strain gauge data taking run to quench. Again, the return end of the coils does not appear to be constrained until I ~ 8000A





�


Figure 7.)End force as measured by the lead end bullet gauges during second strain gauge run to quench. Note that the lead end of the coils does appear to be constrained even at the lowest currents.





�


Figure 8.) Azimuthal coil stresses measured by beam-type strain gauges during fast strain gauge data scan to 10kA. 


�


Figure 9.) End force as measured by return end bullet gauges during fast strain gauge data scan to 10kA.








�


Figure 10.) End force as measured by the lead end bullet gauges during fast strain gauge run to 10kA. Due to noise from current supply drift, a 12-point running-average algorithm has been applied to the data.


�


Figure 11.) Azimuthal coil stresses measured by beam-type strain gauges during fast strain gauge data scan to quench @ 1.9K (~ 11450A).








�


Figure 12.) End force as measured by return end bullet gauges during fast strain gauge data scan to quench @ 1.9K (~ 11450A). Due to noise from current supply drift, a 12-point running-average algorithm has been applied to the data.


�


Figure 13.) End force as measured by the lead end bullet gauges during fast strain gauge run to quench @ 1.9K (~ 11450A). Due to noise from current supply drift, a 12-point running-average algorithm has been applied to the data.











Data for one of the capacitance gauges (representative of their overall behaviour) is shown in Figure 14, for the “fast scan” strain  gauge run to quench at 1.9K. Again, we see excellent linearity in the data, with an uncertainty of about  (100 psi. The pre-stress loss seen here for capacitance gauge #24 of about 5700 psi compares extremely well with that observed by the corresponding beam gauge (BGIA020) of 5709 psi. The absolute values of coil stress are of course, incorrect, due to imperfect compensation of the systematic differences between measurement systems used in production and cryogenic testing. These differences don’t affect the dynamic behavior or sensitivity of the capacitance gauges, since they appear as a “DC offset” to the measured capacitance.





In Figure 15 we show the data from the “compensating” capacitance gauge (CG#25) for the same “fast scan”. Note the absence of any measurable dependence on magnet current (field) on the measured gauge capacitance, with an average noise level of about 0.2 pF, corresponding to about  (50 psi. Since this noise level is distinctly less than that observed in the active gauges, one might interpret the higher noise level in the latter as indicative of actual azimuthal coil stress changes, perhaps brought on via frictional effects at the coil/insulation/collar interfaces.














�


Figure 14.) Azimuthal coil stress measured by a capacitance gauge during a fast strain scan to quench (11450 A). The absolute value is incorrect due to systematic offsets in the measured capacitance.








�


Figure 15.) Response of the compensating capacitance gauge during a fast strain scan to quench (11450 A). Note the essentially constant value of the capacitance of the gauge during the magnet ramp cycle.


Discussion





While a complete analysis of the strain gauge measurements (including comparison with calculated/expected cold mass behaviour) will be performed upon the completion of the second thermal cycle, there are still some obvious conclusions that can be drawn from the data for this preliminary report.





There is insufficient end pre-loading, especially at the return end, to preclude the possibility of longitudinal coil motion during energization. This is supported by general quench location observations.





The azimuthal coil loading appears to be sufficient to allow operation at desired gradient, except perhaps for the inner coil in quadrant 2, which shows a stress of about 1000 psi at 11500 A, and would be unloaded at a current of about 12650 A.





The inner coils display a greater stress loss as a function of I2 than the outer coils  - by about a factor of 2. This is evident in capacitance gauge and beam gauge data.





The measured end load (~2 x 10-5 lbs/A2, for both return and lead ends) as a function of I2 differs from the predicted value (~8 x10-5 lbs/A2) by about a factor of 4. This may be indicative of mechanical interference between the collar/yoke/skin not accounted for in the design, transferring some of the longitudinal loads to the yoke/skin, leading to a lower end force applied to the bullet gauges.








