Measured Magnetie Forces on
the Tohoku Bubble Chamber Magnet
(from the first run, Spring 1985)

W, Craddock
October 30, 1985

INTRODUCTION

During the first run in the spring of 1985, axial, horizontal, and vertical
magnetic forces were measured In the Tohoku Bubble Chamber Magnet. Measurement
of these forces was important fto verify that all support systems were not
overloaded, In addition, new coll and lron geometries for the new larger chamber
Wwill certainly increase the axial forces. Unfortunately, good agreement was not
found between measured and calculated axial forces,

AXTAL FORCES

Axial forces are by far the most difficult to measure but the easlest to
caleculate. These forces were measured by two methods. The two top axial posts
were Instrumented with two quarter bridges mounted on opposite sides near the
300°K  end but were not wired together. A three lead wire temperature
compensation system was used., The second method uses a system of 3 nonmagnetic
dial indicators mounted on the vacuum shell at 120° spacings at the center of the
coll {r = 29,5"),

Axial

support system:

Measurement of axial force is complicated by the Inconel 718 pretension
rods, These rods were inltially tightened with a terque wrench butb sher
tighten on cooldown. When these rods have tension in them, the axial 3
of  the magnet 1s the spring constant of the Randolite posts plus ©h
rods. At some axial foree, however, the BRandolite posts compress Lo
degree  that the Inconel rods "break free™. At this 1
that only of the Randolite posts.
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point the axlal

Randolite (2% diameter) was measured to have the following Young's modulus
in the axlal direction,

4,48 % 100 psi  room Lemperature (W. Craddock)

b

4.89 x 10° pat  77%% (M, Mruzek

Mike Mruzek also measured the deflection curve of a completed post assembly at
LN, temperature, See his report dated July 16, 1980. Both a vertical post and
oné tipped by 1/4" were tested. Posts at the top of the magnet are axpected to
remain nearly vertical upon cooldown, but those at the bottom may tip as much as
~0.22". His two deflection curves are linear from 50,000 1bs to 300,000 lbs per
post. Breaking the curves Into two piecewise contlnuous linear portions, we get
the following post assembly spring constants:



0

1.50 x 107 1bs/inch vertical post; 50,000 to 300,000 1ibs

6

1.67 % 10”7 1bs/inch /4% tipped post; 50,000 to 300,000 1lbs

1.06 x 106 1bs/inch both vertical & tipped; 0 to 50,000 1bs

The spring constant of the Randolite supports s eight times the above
values since there are 8 posts. The spring constant of the 16 Inconel 718 rods
is

K = AE/L = 16(m/4)(0.31252)(29 % 10%)/12.625
= 2.82 x 105 1ps/inen

For parallel springs,

Ktoﬁal = KRandolite * Kinconel

It 1s lmportant to know at what value of magnetic force the Inconel rods
loose all thelr preload. The Inconel rods were initially tightened to a tension
of 687 1bs per rod. The rods are further tightened by a difference in thermal
contraction. )

(AL/L) Randolite = 0.00127

{(AL/L) Inconel = (,0025

-3

For both mechanical and thermal preload; ¥ .. w D )
¢ ask ‘ Randolite ? Frconel

the foroce

where F is

in each rod or post.

<

load of (16 x 687)/8 = ~1370 1lbs in  each

o oo oo o, .
Area of 1 Randolite post = 3.98 in®
. : T
Area of 1 Inconel rod = 00,0767 in®
For preload the elongation of the Inconel rod is,

Ale = FL/BE = 687 x 12.5/(0.0767 % 29 ?06} = 0,0039%

If one assumes that 3/4 of each post and tension rod reaches 770K@ the
difference in thermal expansion is

Al = 12,.5% x 3/4 (0,0025 = 0.00127) = 0.0115¥
Then for cooldown,

AL . E ] . S 317 ¥ - abs & ) F ahance i
Randolite © ALInoon@l 0.015 where AL is the absolute value of change in

length,



@ Plﬂconel x 125 & Froconel ¥ 1225 o 0,0115
3,98 % 4.8 x 10° 0,0767 x 29x10°

From cooldown, Tlnooncl = 1660 1lbs

Then on cooldown the Inconel rod stretches 0.00093%

&

Total elongation of the Inconel rod 0.0039" + 0,0093 = 0.013%

Total preload on the Randolite post = 2(687 + 160) = 4700 1bs

If we take an average spring constant of 1.59 x O6 Ibs/inch for each
Randolite post at loads greater than 50,000 1lbs per post, we will get the
Tollowing overall magnet support spring constant:

1.3 x 106 1bs per inch 0 to 147,000 1bs total load
8.48 x 10° 1bs per ineh 147,000 to 400,000 1lbs total load
2.7 x 10° per inch >400,000 1bs total load
147,000 1bs the Inconel rods loose all preload. From 147,000 1bs to

H0G,000 1bs we are In the mamﬁ? of  Randolite post loading where the
constant per post is only 1.06 x 10V 1bs/inch.

Strain Gage Measurements of Axlal Load:

The appendix give
only quarber br

s strain gage
dges were used, the

per M. Mruzek, Since
Lty factor ls 1.

Force In 1 post = ¢BA = ¢ x H,5 % 100 « 3,98
= 17,9 ue
where pe is the microstrain obtalined directly from the Strainsert readout.
However, as shown In the previous section, relaxing tension In the Inconel
rods will carry part of the axial load up to TH7,000 1bs total load. If the post
compresses 1 pe, the Inconel rods will relax 1 pe. Thus we get the following
relationships )

Total Force = ue (8 x 17.9 + 16 x 29 % 0.0767): O to 147,000 1ibs

= 179 we up to 147,000 1bs total load (or 820 ueg)

#

TH7,000 1bs + 143 (ue =~ 820) for FZ > 147,000

Stralin gage readings were taken on two diferent days. M. Mruzek has taken
s set of readings and averaged them all together in Fig. 1. I have plotted the
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averaged strain from the 3 posts with working instrumentation for both set of
measurements Iin Fig, 2. By averaging the strain readings from the two strain
gages on each post, bending in canceled. During the course of reading strain,
temperature can be assumed to be a constant and magnet resistivity changes are
small for the type of gage selected.

Note the following from Fig. 2.
1. Coil B has an apparent greater load than coll A,
2. The second run has conslistently greater strains than the first run.

3. On the second run both posts in Coll A tracked each other nearly
perfectly.

h, It Is my opinion that the results recorded by P. Kelley in the second
run are more reliable. The data was taken on one day over a much
shorter perlod of time and a reading of ~0 pe was obtalned after
discharging the magnet from 700 Amps, No such zero current readings are
avallable from the first run.

In Fig. 3 I have averaged the three curves from the second run together and
converted them to an equivalent magnetic load. Comparison to the calculated
magnetic ield Is very good up to 350 Amps. Perhaps early saturatlon ab the top
of the yoke, where the Instrumented posts are located, might explain the
deviation at higher current values,

[

Dial Indicator Measurements of Axial Load:

At first glance thi
method of meas
much leass accoura

5 would apnear to be a at
axial forces, Howsver, the measure
by the following complexities

ralghtforward and reliable

ment i made difflcult and

1. Inconel 718 pretension members which can break free changing the spring
constant of the system.

2. Roll of the oryostat from axial and radial electromagnetic loads
resulting in additional apparent deflectlions.

3. Inltial distortion of the vacuum shell at the support post locatlon from
vacuum loading and welding.

Y, A measured non-linear spring constant for a completed Randolite post
assenmbly in the load range of interest,

As stated previously the Randolite posts are assumed to have two different
spring constants depending wupon the load value, Use the values previously
calculated to obtain force curves from the dial indiecator readings. In Fig. 4
M. Mruzek has plotted the three dlal Indicator readings versus current, and in

2,

Fig. 5, he has averaged them together.
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Movement of the dial indicator due to cryostat roll was obtained from my 2D

eryostat analysis,

At 700 Amps, Ay =

With F_ = 462,000

Deflection due to radial loads will be neglected as this is

with the
inches/1b.

changes

2,77 % 10”8

The original 2D axisymmetric

Include loading at

+ 0.0022%

ibs, Ay = ~0,0128"%

current. level.,

vacuum

shell ANSYS model
the axial posts and gap elements along the base plate.

due to radial loads

a

was

small
Thus, we get from the cryostat deflection,

modified

value

Lo
The

gap elements allow the vacuum shell to pull away from the iron during evacuation.
They also provide a stop as the vacuum shell 1s pushed back down against the irom

with increasing axial loading.

Vacuum Shell.
the location of
linearly with

the

10”7 inches/1b.

Adding up the deflections of the support system, cryostat
11 deflections we get the following deflection rates,

she
A /AR =
Z/ALZ
/ I =
AZ,AQZ
A /A
A A

1/8.48 u

AZ/AF% /127 %

The overall spriang
the

baetween
is given be

conversion
axial force

yz = A, % 2,99 x 1

TH7,000 + <A7

£y

400,000 (a,

The averaged dial
force using the
calculations in Fig. 6.

above

posts  after

@06 .

. 7

8,

2.77 % 107

x

inches /1b

See the new Appendiz 1 to my memo on
Results show a maximum deflection of
Randolite
load up to 55,000 1lbs total axial load.
shell is perfectly flat against the iron.

avacuation,

107+ 2.97 w 10 = 1,46
3 e =8 .
107 + 2,77 x 107% = 1,06

constant is

dial indicator
low.

06 1ha/in

. 0 to 55,000
“ 0,0184) % 8,57 x 10°
) s o 6
“ 0,029) x 6.85 % 10

= 0.0659) x 9.43 x 106

indicator readings from
formulas

This bow

roll

X TOWT

the
0.012" away from the iron at

Tohoku

decreases

and

At thils point the vacuun
This gives a deflection rate of 2.18 x

vacuum

for F_ = 0 to 55,000 1p
x 1000 F = 55,000 to 147,000 1b

® Fy > 400,000

ibs (2 = 0 to 0.0184m)

@
?

@
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and plotted

55,000 to 147,000 1bs
{(z = 0,0184" to 0,0297)

THT7,000 to 400,000 1bs
(z = 0,029" to 0,0659%")

}'.".“

Fig. 5 are converted
Versus

1bs

the recliprocal of the deflection rate.

Lo

47,000 to 400,000 1

7

Thus,

deflection readings and total magnetic

Y, > H00,000 1bs (z > 0,0659")

total

current along with TRIM

&
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CONCLUSION

Caleculated TRIM values fall between those predicted by strain gage readings
and those predicted by dial Indicator readings. Dial indicator readings should
be considered unreliable at the low force (<~200,000 lbs). Simply not enough data
is avallable on complete post assembly deflection rates below the ~25,000 1b per
post level. Data does not exist on deflection of post assemblies that have been
through several load cycles, Does the deflection become linear alt all values
once a post assembly has been fully loaded one time?

A bilgger uncertainty, however, is the initial gap between iron and vacuunm
shell, A 0.012Y gap was assumed from vacuum conslderations, but it is easy to
lmagine another 0.020" or 0.030". This would wnot only change the total
deflection, it would also be very difficult to subtract out of the data since the
vacuum shell would not be totally flat until approximately the calculated load
was reached.

I the new chamber is Installed, substantially larger forces are expected.
Dial indicator readings could then be considered reliable for incremented values
of force above the 250,000 to 400,000 1b range. Somewhere In this ballpark, post
behavior can bhe expected to be fully linear and the vacuum shell should have
bottomed out agalnst the iron. Dial indicators should definitely be reinstalled
when the new coll/lron geometry is Lested.

HORIZONTAL FORCE

3

Horizontal decentering forces are carried by two pairs of Randolite posts,
The two posts are preloaded against one another such that a horizontal foroe adds
compression to two of the posts and relaxes compression in the other two post:
Forces (stalns) are measured with n gages mountad at the room temperature
Lrain int Ly but gave unreliable .
o

end. The preload bolts were st ! L@y X
when tested. These were not used. che top palr of Randollite posts
coll were Inalrumented.

!

Again we probably have the same non-linear deflection characteristics at
small load values as was found wlth the axial posts. For these members we have
o test data, however. The sirain gages were attached at the room temperature
end where the post diameter was 2,.25%, We, therefore, get the same conversion
between measured stralin and actual Torce per post as was found for the axial
nosts.

Fo= 17,9 pe

where ue I8 the mlcrostrain reading from the Strainsert. Two strain gages were
mounted on both of the top horizontal supports of both coils for a total of eight
straln gages.

Only 5 gages were read and one of these was not working. For coll A one
strain gage on each opposing post was working. For coll B two strain gages on
the same post were read. The microstrain readings are plotted in Fig. 7. Note



“that for coil A compression in one post 1s almost ldentical to the relaxation of
compression or tension in its opposing member, exactly as expected. Coil B data
Is confusing. The two straln gages on the same post apparently indicate a large
bending stress. It will be assumed that the maximum straln reading is #0600 us.
This would then give a maximum horizontal decentering force of

Max F J 7 6 = 47 8

& norz tx 17.9 x 600 43,000 lbs

Bach post was designed to carry 37,000 1bs, or the system can carry a
maximum force of 2 x 37,500 = 75,000 lbs. Our uncertainty in measuring the
horizontal force glves a smaller value than this.

The horizontal post assembly was preloaded by tightening 1-1/2" diameter
screws to 1025 ft~lbs., This corresponds to an approximate preload of 40,000 1bs.
If we take into account that the horizontal post is slightly shorter and 2/3 of
Randolite is smaller (2" diamefer) than the axial posts, we can assume a spring
conatant of 1.3 x 106 1bs/inen per post based on the measured 1.5 x 100 1bs/inch
spring rate in the axial post. Preload compresses each post 0.,031%,

Part of this preload is lost on cooldown with 1-1/4% aluminum, 1" stainless
steel, and TV equivalent of Randolite, 0.017Y per post Is lost upon cooling.
Thus 0,031% « 0,017" = 0,014" of compression per post should remain after
cooldown, This equals ~21,000 1bs of compressive preload per post, A force of
2 % 2 % 21,000 1bs = 84,000 1bs total decentering load would be required for all
preload loss (two of the post come "free'). Note that in loading the preloaded
post assemblles only half the applled force compresses one of the posts untll Its
preloading  opposite member breaks free. With the measured 4%,000 lbs or
caleulated maxlmum 75,000 lbs, preload ls never expected to be fully lost.

VERTICAL FORCH

el

decente Y at
Torces vere measured w

The vertics ing force the most ACou” v oomeas
& A

electromagnetic force In the entire syasten,
custom built internally strain gaged TO75-T6 bolts at the top of the tension

arms. See the appendlix for the callbration sheets on these four bolts. Figure 8
iz a plot of strain readings versus magnel current for 3 of the 5 arms. The A
coll wupstream arm cable had a nick In 1t and gave elther wero or very Llow
readings. Each strain gage bolt has its own calibration but only an  average
value of 5990 ue at 7%,000 Ibs or 12.5 1bs/ue will be used. Figure 9 is
M. Mruzek's averaged readings for the run on April 5, 1985,

It is very clear from the two graphs that the downsiream arms on both coils
have a greater load than the upstream arms. This may be due Lo iron asymmetries
or just Ysettling”™ of both colls together. In any event the maximum force in any
of the arms 1s 635 % 12.5 1bs/ue = 7900 lbs. This is only ~10% of the of the
allowed 75,000 lbs per arm.
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APPENDIX



MAGNET INSTRUMENTATION FOR ENGINEERING TEST RUN
M. Mruzek

The 30" magnet system has been extensively instrumented to provide technical
information on its operation during the engineering run. The pertinent data is
summarized in Figure 1.

All strain gages have a resistance of 350 §# + .37 and a gage factor of 2.07
+ 1%. They are Micro-Measurement type WK-06-~125AD-350.

The principal method of measuring the axial load is by using 3 axial deflec~-
tion probes. The probes are on B coil and use a G-10 "follower" rod to track
the movement of the coil in the axial direction. Three nonmagnetic Starrett
gauges indicate the amount of deflection. The probes will provide a clear io-
dication of an approaching force reversal.

The radial decentering force, expected to be downward, was the most difficult
force to estimate. Thevefore all four stainless steel supports have been instru-
mented with strain gage bolts made of 7075-T6 aluminum. The bolts were instrumented
for us by Strainsert with a full bridge. The pertinent information about the gages
is attached. Note that a1l bolits have been successfully tested.

The electronic instrumentation for the coll system is summarized elsewhere in

this documentation.
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STRAINSERT

Full Bridge
Trim & Compensation Resistance
Connector Pin Identification

&
Cable Color Code

Conpector
Aor 1
N Red
E+
O . oL

S+<:> Green B or 2|

E. CN Black D/@P 4

- 2 ‘ = e

- Whit C or 3l

gmqi\ ite e &%

Legend:
Strain Gages: G, 62, 63, and G4
Excitation E+, and E-

Signal s S+, and S§-

Bridge Trim & Lowpensation Resistors when requived, as follows:

Inttial Bridge Temperature
Balance ¢ Rla or Compensation: R4a or
Rib féb
Stgnal Modulus
Trim ¢ R2 Trim : R3
Excitation Signal
Res. Trim s RE Res. Trim : Re6

{Appiicable notations and codes conform to Western
Regional Strain Gage Committee’s recommendations. )

Note: Increasing tension strain in gages Gl and G3, and
compression in gages G2 and G4, induces increasing
signal of positive polarity.

Form S$-113A




PROOF LOADING DATA

Fermi Lab ‘ ' Q-6167
Batavia, IL Strainsert Job No.

Date: 6/3/82

Customer P.0. No. 99349 Sign: CGH
Transducer Gaging Proof Loading
S/N Description Type |Ohms | © Load Signal
F LBS. uE
~1 Threaded Stud, as supplied o 350 | 76 75,000 6278
Aluminum Alloy 7075-T6

(SA-F) 2%-4NC x 7-3/4

(3500/150%F) C To KoSo
-2 Same : C 350 /6 75,000 5828
-3 Same C 350 /6 75,000 6026
-4 Same C 350 76 75,000 5836
Notes:

I - Loading on [M¥Strainsert Dead Weight Calibration Device

n _
Last Calibration Date: 7/6/81

2 - Readings on X Model HWI-D [JModel TN8C (JModel TN20C

(]
Last Calibration Date: 6/1/82 Gage Factor Setting: 2.0

3 - To convert mv/v to pe, use l-mv/v = 2000ue

08A




CALIBRATION DATA

Fermi Lab Q-6167
Batavia, IL Strainsert Job No.
Date: 6/3/87
Customer P.0. No. 99349 Sign: CGH

Transducer: Threaded Stud, as supplied by Fermi
Aluminum 7075-T76
(SA-F) Q%MQNC x 7-3/4

(3500/150°F) C To K So
Gaoces: FA-13-100ZF=350 Type: C (Bendix PTO2H-8-4P)
Service Temp.: 150°F Max. Ins. Res.: QOver 10,000 megohms
Calib. Temp.: 76°F S/N: Q61671
Straight Deviation, ue
Load Line Rep.
Signal '
LBS VE Run 1 Run 2 Run 3 uE
0 ‘ 0 0 0 0 0
15,000 1,263 - 15 ~13 =14 2
30,000 2,506 - 2 0 -1 2
45 000 3,759 + 9 + 9 + 9 0
60,000 5,012 +14 +16 +15 e
75,000 6,265 +13 +15 +14 2
60,000 5,012 +19 +21 +20 2
45,000 3,759 +21 +43 +d2 e
30,000 2,506 +11 +10 +11 1
15.000 1,253 5 6 5 1
0 0 0 0 0 0
Hysteresis 12 a4 13
Calibration Analysis:
Non-Linearity: 16 parts in 6,265 = 0.26%
Repetition
Loading ? parts in " = 0.03%
Unloading: 2 parts in " = 0.03%
Zero Load: 0 parts in - = -
Max. Load: y4 parts in " = 0.03%
End Point 15 parts in " = 0.,24%
Hysteresis : 14 parts in " = 0,22%

1. A1l pe readings are with gage factor setting of 2.0.
2. To convert to mV/V, divide pe values by 2000.




