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rods while the vertical rods were adjusted as well, with the force values being an order of
magnitude higher in the vertical. The force in the horizontal rods only rose to meet the forces in
the vertical when the horizontal rods were adjusted. The absolute values did not tell the full story
of how the stand would behave when more than one rod was adjusted simultaneously. The
absolute data shows that Rod 1 would be at its maximum force value at the neutral position and
that, for the most part, the maximum force in each rod would occur when that respective rod was

adjusted. Thus, a new table was created.

Table 2: Lower WURM Factorial Design Absolute Values
Rod Positions g Rod 1 Force (N od 2 Force (Ig Rod 3 Force (N)g Rod 4 Force (I\g Rod 5 Force (l\g Rod 6 Force (

Neutral -2887.7 -0.2 0.2 3.9
Rod 1 Extend -2809.0 -101.6 52.6 57.5
Rod 1 Retract -5978.4 -2734.0 -3063.5 -99.6 177.6 53.0
Rod 2 Extend 265720 31854 -191.9 2725 -223.0
Rod 2 Retract - 228776 -2996.6 -131.1 230.2 -57.9
Rod 3 Extend -5936.1 -2856.0 -2992.2 -150.8 255.7 -102.9
Rod 3 Retract -5898.1 -2677. [ R0 -156.0 250.3 -100.2
Rod 4 Extend 59946 -2804.1 -3073.60 15114 -1000.5 463.7
Rod 4 Retract -5977.3 -2829.6 -3068.7 [0 1134.9 -1151.7
Rod 5 Extend -5916.2 -2847.1 -3118.6 -1154.6 [0 -864.9
Rod 5 Retract -5924.1 -2824.5 -3112.6 799.4  -1613.2 121.7
Rod 6 Extend -5958.6 -2830.5 -3091.0 514.9 -531.1 s
Rod 6 Retract -5949.5 -2799.9 -3084.9 -522.9 431.0, -1345.7

Table 3: Lower WURM Factorial Design Delta Values
Rod Positions | Delta Rod 1 (NI Delta Rod 2 (NMl Delta Rod 3 (N) I Delta Rod 4 (NIl Delta Rod 5 (N Delta Rod 6 (NE

Neutral 0 0 0 0 0 0
Rod 1 Extend 78.7 [ 52.4413 53.5733
Rod 1 Retract -99.4243 177.3933 49,0243
Rod 2 Extend 272.3233 [

Rod 2 Retract -108.9 -130.9133

-150.5833

230.0433 -61.8407

Rod 3 Extend 255.5033 | EI00IE2

Rod 3 Retract 329.8 250.0733 -104.1277

Rod 4 Extend . . 1511.5867 [ EI00016867 459.7523

Rod 4 Retract : 181 -1906.5133 1134.7133 [ ESSIGa
Rod 5 Extend 7 -1%06  -230.9  -11544133 18574133 -868.8477
Rod 5 Retract . . 799.5967 [ TG ISE867 117.7923
Rod 6 Extend . 515.0467 [IESSH26A 1418.5623

Rod 6 Retract . : -197.2 [ 430.7733 |
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Table 3 shows the data from Table 2 modified to display the force values as delta values from the
forces at the nominal position. The orange highlights indicate the highest delta value in tension
for any respective rod, and the red highlights are the highest delta values in compression. These
highlighted values were used to make combinations of extreme positioning for the lower WURM
stand. It was predicted that there would be a total of 13 unique combinations of extreme
positioning based on the ability to fully retract or extend each rod, and each rod would have an
extreme decrease or increase based on what the absolute value was at the nominal position.
Some rods did not have an increase in compression and others were missing tension. Other
combinations yielded the same combination for a different rod. As such, the redundant
combinations were omitted from the total value of 13. Some combinations of rods showed
tension in some values whie having compression in others, and the rods with missing tension

values were kept neutral.

3.2.3 WORST-CASE POSITIONS

Tables 4 through 6 show the absolute values of force in each rod based on the combinations of
rod positioning extrema from Section 3.2.2. The maximum values for horizontal tension and
compression are highlighted in brown and red respectively, and the maximum force for the
vertical rod is highlighted in red also. It was previously hypothesized that the combination of
positions would yield a trend in the turnbuckle rod indicated in each table. However, the

absolute force values indicated differently. For example, the trend in Table 4 shows an almost
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linear decrease in compressive force in Rod 1 compared to the nominal values, which is a trend
similar to that shown in Table 3. However, the noticeably large increase in both tension and
compressive forces indicate that the kinematic stand went outside of the range where this linear

trend could be observed.

Table 4: Worst Horizontal Case for Tension Table 5:Worst Horizontal Case for Compression
Rod 1 Rod 4 (T)/Rod 5 (C)

Rod 1 Extend -5626.3 Rod 1 Neutral -6188.2
Rod 2 Retract -3414.1 Rod 2 Neutral -3071
Rod 3 Retract -2746.9 Rod 3 Neutral -3105.6
Rod 4 Retract -3419.5 Rod 4 Extend 3544.5
Rod 5 Extend _ Rod 5 Retract _
Rod 6 Retract -2711.4, Rod 6 Extend 2674.6,

Table 6: Worst Vertical Case

Rod 5 (T)

Rod Position g Forces in Rods (N)

Rod 1 Retract

Rod 2 Extend -2780.4
Rod 3 Extend -2780.4
Rod 4 Retract -3418.5
Rod 5 Extend 3061
Rod 6 Retract -2839.4)

An example of the extreme positions indicated previously are shown in Figures 20-23. The
problem turnbuckles are circled in red in all three figures. The WURM stand is shown in
adjustment positions that would most likely be nonsensical for standard operation. There is a
noticeable increase in force for Rod 1, and the substantial scale of increase in force for the
horizontal rods leads one to conclude that this range of motion test is necessary. Consultation

with Fermilab staff indicate that, due to buckling, compression is a more critical load case to test.
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As the center barrel of each turnbuckle and the L-brackets holding the ball rod ends are
machined parts, testing would need to be completed for the unrated components. The highlighted

values from Tables 4-6 were used as load conditions for further analysis.

Figure 21: Worst horizontal positioning for tension Figure 22: Worst horizontal positioning for compression

Figure 23: Worst vertical positioning

3.2.4 TURNBUCKLE ANALYSIS

The turnbuckle adjustment rods are the most critical part of the WURM stand design, and as
such, stress analysis needed to be performed to ensure that the rods could withstand the loading
of all instrumentation at the overall adjustment stage. Stress and deformation convergence

studies were performed in ANSY'S to ensure safe operation. The design was altered based on



