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Axial Mechanics of HGQ Model Magnets

Deepak Chichili and Jim Kerby

Different experiments have been performed over the last four months to understand the axial mechanics of the coils (lead end, body and return end) and the collared coil assembly. This report summarizes all these experiments.

1.0   
Tension Tests

Tension tests on four-stack samples were performed to obtain the axial modulus of the straight section of the coils. Four-stack samples of both inner and outer cables were made using the ten-stack fixture. The samples were cured at two different pressures (25 MPa and 83 MPa), to understand the effect of azimuthal curing pressure on the axial modulus of the coils. Note that the cross-sectional area changes with curing pressure and Table 1 lists the dimensions. The four-stack samples were about 6 inches in length, of which the gauge length is about 3 inches. The ends were soldered to get a better grip in the fixture. A 0.5 inch gauge length extensometer was used to measure the displacements. Fig. 1 shows the test results.
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Fig. 1: Tension tests on four-stack samples. Note that the no-pressure test was done on a single cable.

Sample
Width 

(in)
Height 

(in)
Cross-sectional Area (in2)

Outer (No pressure)
0.607
0.0485
0.0294

Outer (25 MPa)
0.617
0.22
0.1357

Outer (83 MPa)
0.618
0.203
0.1255

Inner (No Pressure)
0.619
0.066
0.0409

Inner (25 MPa)
0.6185
0.258
0.1596

Inner (83 MPa)
0.622
0.251
0.1561

Table 1: Sample dimensions.
A total of six  tests were performed. It is clear from the graph that the axial modulus for a given pressure is independent of the cable. However the axial modulus decreases with increasing azimuthal curing pressure for both inner and outer cables. Note that the no- pressure test was done with a single cable and with no kapton insulation. Since the cable has a key-stone angle the modulus for the no-pressure case should be viewed with some caution. The fact that the axial modulus  decreases with azimuthal curing pressure is very important for us as the outer coils are cured at around 83 MPa and inner coils at 25 MPa. Hence its quite likely that the axial rigidity of the inner and outer coils in the first three model magnets were different. This is one more reason to cure both the coils at similar pressures. 
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CASE - 2; (a) Initial LE Bullet Force = 0.0 lbs

The axial stress in the coils due to Lorentz forces during excitation is usually less than 50 MPa. Even with in this range of the stress, the moduli are quite different at different pressures (Fig. 2). The reason for this rather strange behavior is still not clear at this time.

Fig. 2: Axial modulus of inner cables at different pressures.
2.0  
Bullet Load Experiments on HGQ-01

The axial rigidity of the collared-coil assembly was measured through bullet load experiments on HGQ-01. The following are the observations made during various cases. 

CASE – 1:

Both LE and RE bullets were finger tightened. Then LE bullets were torqued at 50 in pound increments. Fig. 3 shows the LE bullet travel Vs LE bullet force. Even though the bullet forces are close, the bullet travel varies by about 10 mils. Looks like we have to use much lower torque increments to achieve similar bullet travel. However, the main goal for this case study was to understand the load transfer from LE to RE and also to estimate the gap between the end-can and the yoke pack. 
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CASE - 2; (b) Initial LE Bullet Force ~ 1000 -1500 lbs


Fig. 3: LE bullet travel Vs LE bullet force.
The following two observations were made:
(a) About 60% of the force is transferred from LE to RE.

(b) We anticipated that, once the end-can touches the yoke pack there will be very little  or no load transfer between the LE and RE. However Fig. 3 does not show clearly where that transition occurs.

CASE – 2:

STEP –1 : Initial LE bullet force = 0.0 lbs
Both LE and RE bullets were finger tightened. Then RE bullets were torqued at 50 in pound increments. Fig. 4  shows the RE bullet force Vs  RE bullet travel. Q1 seems to have higher forces when compared to other quadrants. The load transfer from RE to LE [image: image4.wmf]0
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in Q1 and Q3 was about 55 to 65 %. However surprisingly 100 % of the load was transferred from RE to LE in Q2 and Q4 (see Fig. 5).

Fig. 4: RE Bullet travel Vs. RE bullet force.
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Fig. 5: Load transfer between the RE and LE bullets.

CASE – 2

Step – 2: Initial LE bullet force = 1000 ~ 1500 lbs

Both LE and RE bullets were first finger tightened. Then LE bullets were pre-torqued at 50 in pound increments until the LE bullet forces were around 1000 lbs. Then the RE bullets were torqued at 50 in pound increments. The torque sequence was changed for every increment so that every bullet gets a chance to be the last one. The idea was to monitor why Q1 was so high in Step –1 of Case 2 and also to see if there is a change in the load transfer under pre-torqued LE bullets.

Fig. 6 show the test results. Q1 shows much higher bullet force than rest of the quadrants similar to that in Step – 1, in spite of the different torquing  sequence. Further the percentage of load transfer between the RE and the LE did not change. 
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Fig. 6: RE bullet travel Vs. RE bullet force with initial LE force ~ 1000-1500 lbs.
From each of the two cases described above, we can compute the modulus of elasticity of the collared coil assembly:

For Case :1, 

force = 5500 lbs; area per quadrant = 1.23 + 1.26 = 2.49 in2; displacement = 45.5 mils; length = 76.5 in (  E = 24 .2 GPa

For Case: 2 (a)

Force on Q1 = 5488 lbs; displacement = 40 mils ( E = 29.4 GPa.

Force on Q2 = Q3 = Q4 = 4050 lbs; displacement = 40 mils; ( E = 22 GPa

Taking the mean; 

Eaxial (collared coil assembly) = 25 GPa.

3.0  
End-Modulus Measurements (by I. Novitski)
The end-modulus measurements were made using the curing fixture. The magnet body was clamped using the radial and azimuthal pressures. The end-load was then applied on LE and RE and the displacements were measured using dial-indicators. For more details see the tech-note by I. Novitski. The following table summarizes his results:

Coil
Saddle Material
Axial Modulus, GPa

Outer, LE
ULTEM
24.2

Outer RE
ULTEM
19.2

Inner LE
ULTEM
13.72

Inner RE
ULTEM
6.97

Inner LE
G-10
36.25

Inner RE
G-10
12.8

Table 2: End-modulus measurements.

4.0 
Spring Model

Knowing the moduli of both the LE and RE (Section - 3.0) and that of the collared coil assembly (Section - 2.0) we can estimate the modulus of the straight section using a spring model.  First we have to convert the moduli to stiffness using the relation; K = EA/L. From the bullet load experiments, K (Q1) = 5.95 x 104 lbs/in ( K (outer) = K(inner) = 1.19 x 105 lbs/in. Here an assumption has been made that each quadrant consists of two springs with same stiffness connected in parallel. From end-modulus measurements, K (Outer: LE) = 3.84 x 105 lbs/in; K(Outer: RE) = 5.89 x 105 lbs/in; K(Inner: LE) = 2.23 x 105 lbs/in; K (Inner: RE) = 2.19 x 105 lbs/in. Solving for straight section and converting stiffness back to modulus we get;

Coil
Modulus with ULTEM
Modulus with G-10

Outer (body)
27 GPa
Data not available.

Inner (body)
43 GPa
26 GPa

5.0 Even though we assumed that the overall stiffness of the two springs per quadrant to be similar, we end up with different stiffness for the straight section as the end-stiffness of the inner and outer coils were quite different. The estimated moduli qualitatively agrees with that of the tension tests in Section -1 in that, the axial modulus of the inner coil cured at ~ 25 MPa is higher than that  of the outer cable cured at ~ 83 MPa. 

6.0  
2-D Finite Element Analysis 
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CASE - 2; (a) Initial LE Bullet Force = 0.0 lbs

The magnet return end is divided into three types of areas for modeling(see Fig. 7); (i) straight section with E = 29 GPa based on the fact that the inner coils were cured at lower pressures (ii) azimuthal section  with E = 5 GPa from coil size measurements and (iii) ULTEM with E = 6.7 GPa. The left side of the RE is constrained and the force of 3360 lbs was applied on the right side (to simulate Section - 3 experiments). The resultant displacement contours are shown in Fig. 8. If we now estimate the modulus based on the displacement and the force applied we get 15 GPa. However experiments showed that the E (Inner: RE) = 6.97 GPa. By changing the modulus of area - 2 to 2.0 GPa instead of 5.0 GPa (end-compression measurements showed that the modulus near the large current block is around 2.0 GPa), we get a inner RE modulus to be 12 GPa; which is still greater than the experimental value. 
7.0  
Thermal Contraction Measurements
The straight sections which were taken out of the mechanical model -1 were used to measure the relative thermal contraction between the inner and outer coils. Four outer sections and four inner sections were dunked into liquid nitrogen for about 2 hrs. The mean length measurements were taken before and after putting them into LN2. Even though the absolute values does not give the true thermal contraction values of the coils the relative values are of importance here. Table 3 shows the measurements:

Sample
Before putting into LN2, inches
After putting into LN2, inches
Back to room-temp., inches

Outer - 1
14.693
14.660
14.698

Outer - 2
14.697
14.661
14.696

Outer - 3
14.706
14.674
14.703

Outer - 4
14.695
14.658
14.696

Inner - 1
13.348
13.315
13.348

Inner - 2
13.349
13.317
13.348

Inner - 3
13.348
13.319
13.348

Inner - 4
13.446
13.413
13.449

Table 3: Length measurements before and after putting into LN2.
The mean thermal contraction from 300 K to 77 K for outer sections is 2.35 mils/inch and for inner sections is 2.40 mils/inch which agree to within 2%. Within the measurement errors, the mean CTE for both inner and outer coils is same at least in the straight section. 

7.0  
SUMMARY

Table 4 summarizes all the axial moduli measurements reported in this study. Note that the values of E are given in GPa.
Testing Method
Collared-coil
Body
LE
RE

Bullet Load Experiments on HGQ-01
24.2 (Case - 1)
-
-
-

(per quadrant)
29.4 (Case - 2)




Experiments on Outer Coils (ultem) in curing mold
-
-
24.7
19.22

Experiments on Inner Coils (ultem) in curing mold
-
-
14.2
6.97

Experiments on Inner Coils (G-10) in curing mold
-
-
36.25
12.8

Estimated modulus for Outer Coils from spring model 
-
27
-
-

Estimated modulus for Inner Coils from spring model 
-
43



Estimated modulus for Inner Coils (G10) from spring model 
-
26



FEA on inner RE 


-
12

Axial Modulus of Outer Straight Seciton 
-
29
-
-

(from Tension Tests of 4 stack samples cured at 25 MPa)





Axial Modulus of Inner Straight Section
-
35
-
-

(from Tension Tests of 4 stack samples cured at 25 MPa)





Axial Modulus of Outer Straight Seciton 
-
13
-
-

(from Tension Tests of 4 stack samples cured at 83 MPa)





Axial Modulus of Inner Straight Seciton 
-
12.6
-
-

(from Tension Tests of 4 stack samples cured at 83 MPa)





Table 4: Axial Moduli measured using various testing methods.
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Fig. 7: ANSYS model for the RE.





Fig. 8: Displacement Contours
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