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INTRODUCTION

This paper is composed in two sections. The first section attempts to be a
camprehensive description of the suggested use of strain gages in HERA Dipole
Magnets, as demonstrated by the authors fram July 27, 1987 to August 7, 1987 at
DESY and BBC. Material to be discussed shall include the gages themselves, the
strain gage circuit, transducer geametry and canstruction details, calibration
nethodsarﬂtoolirx;,arﬂhstnmﬁatim. (Although the system as presented is
carpletearﬂnaybemplementedmtacttotheHERAmagmtprogmm no claim to
optimization of the system is made, as this would require an iterative R&D
program) . 'mesecorﬂsectlonlsad%cnptmnoftheworkdonewhlleatDESYam
BBC, along with rw.ﬂ.ts of coil stress measurements during collaring at 300°K and

magnet testing at 4 °k.
SECTION (I) - Application of Strain Gages in HERA Dipole Magnets

1. STRAIN GAGES

The strain gages used on HERA dipole transducers made at ENL are WK-13-062TT-
350 strain gages marufactured by Micro-Measurements Division of Measurements
Growp, Inc., Raleigh, N.C., U.S.A. They are dual element metal foil resistance
strain gages with grids at right angles to each other. The explanation of the
gage code, as explained in Micro Measurements short form catalog 95A and Tech.
Note TN-505, "Strain Gage Selection", (copies of both to be left at DESY), can be
fa.m:lmTable 1. 'Ituspartlmlargagelsratedbyﬂmemmfacturerfm4 K to
563 K and to ¢t 1.5% strain.

2. STRAIN GAGE CIRCUIT

Two identical gages of the same type and lot (for consistent behavior) are
mounted to each transducer using MM type AE-15 two part epoxy, as described in MM
Instruction Bulletin B~137-11, "Strain Gage Applications With M Bond AETO/15,
etc"(copytobeleftatDESY) The position of the gages is such that a gage
element reads campressive strain near both the inner and outer radii of a given
coil. The cother gage elements then, by geametry of the gages, read poisson
tension strain at these locations. The four gage elements are wired into a full
bridge circuit as shown below, using Tensolite 32 AWG Teflon coated silver plated
copperwne,whlmareaminequallagthswherepossmletoredweleadmre
effects, ard twisted to reduce electrical noise.

(WY =%

el

INNEF, AW GoGE

Cw LA kb
s
f
f




-2~

The output equation of this circuit is as follows:

E, = o 2 E

° " [RitRy  RptRy
Note that at zero load, since R, = R, = R, = R, = 3500, E,/E = 0. Also, since a
change in temperature would cause the transducer to comtract isentropically, each
gage element would read an equal campressive strain (i.e., equal change in
resistance), thereby keeping the bridge circuit balanced at zero. In principle
then, the full bridge circuit is perfectely campensated for temperature (and
magnetic field if effects are independent of orientation in the field). Under
campressive load, the output ecquation becaomes:

Bo _ (RtAR) __ _ _ (R—vAR)
E = | (2R+tAR-VAR) (2RHAR-VAR)

_[ (AR/R) (1+2)

2+(AR/R) (1~v)
By definition, AR/R = sge‘, where

¢ = uniaxial strain
sg=gagefactor, a calibration constant provided by
the gage mamifacturer

Ey Sge(l-l*u)
E 2+54 (1v)
Sg, v, and E are known constants so that the equation reduces to:

Therefore, ] , where

E, = £(¢)

3. TRANSDUCER GECMEIRY

Strain gage transducers for both inner and outer coils are machined from Type
7075-T6 Alumirmm, a high strength material intended to match the material of the
collars. Transducers are located radially to be centered about the mean radius of
the respective coil to minimize berding effects. Outer coil transducers are
designed to fit in a pocket removed from the outer coil post face, parallel to the
original surface. In the case of the imner coil transducers, the collar
lamination post is completely removed and a parallel sided transducer is installed
between tapered housings so that the assembly matches the geametry of the inner
post. Details of the transducers can be seen in Fig. 1, Appendix A and ENL Dwg.
#22-366.01-2. (Copy to be left at DESY).

1Dol].y, "Experimental Stress Analysis", p. 170.



4. STRAIN GAGE INSTRUMENTATION

The instrumentation brought along to be used at DESY is a MM V/E-20 Amplifier
with an SB2 Switch and Balance Unit. The V/E-20 is a constant current power
supply, withanout;utthatcanbe"tu.n‘ned"bthing.parameters ofghe
application to read cut directly in strain. (The "tuning" procedure is best
‘understood by reading the operator's manual and shall not be discussed here.) The
SE2 unit allows for several channels of data to be monitored at once. (This
applicztimformdipolemagnethasmmwﬂmnsducersarﬂfmmm
coil transducers = six channels of data).

Should DESY decide not to use micromeasurement group equipment as described
above, an equivalent system may be attained by using a constant current or
constant voltage power supply along with one or more digital volimeters
[calibrations will be ¢ = £(v) instead of ¢ = f(ue)].

5. STRAIN GAGE CALIERATTIONS

Each strain gage transducer undergoes three distinct calibrations prior to
installation in a magnet. These are: calibrations on transducers in a
campression cage at bottg 300°K ard 4 K (liquid helium at atmospheric pressure);
and calibrations at 300 K after installation in a collar pack using coil sections
as load members. During each calibration a known load is applied in distinct
increments, and output strain is read at each increment. A calibration is always
performed and recorded twice for each gage to ensure repeatability (usually within
.25% on transducer calibartions, 1.0% on collar pack calibrations). Stress/strain
formilas for each calibration of each gage are then calculated using a linear
curve fit (in this case using the linear regression function of a Texas Instrument
TI-S5IIT hard held calculator). The formulas are of the form:

2
omili't'-r = (E)i't'T |H€| + (N/mm )i,t,T

where i = gage mumber
t = temperature
T = Type (trans. or collar)

For each calibration, the correlation coefficient is also recorded, which is
the statistical measure of closeness of the data to a straight line (Perfect =
t1.0, Scatter = 0.0}.
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The 300K collar calibrations are required, of course, to monitor coil
stressesatassenbly. Notethatmﬂlecaseofthsecalz.bmtmns, data has been
taken with increasing and decreasing loads, to investigate hysterisis effects. It
is generally accepted that with normal methods of collaring coils, as much as 50%
of the load applied to the coils mthepmsmlostaftertlmmagnetls
-collared. If hysteris effects are large, they should be accounted for in
calibrations, if only mformally, to better represent the data. Calibrations at
BNL showed significant hysterisis in HERA Dipole Coils; it was noted that immer
and outer coil are actually epoxied together and that no Teflon or other friction
reducmgmatenalappearstobeusedmtheassa:bly Since it may be argued that
hysterisis effects will decrease in time as coils creep, the formilas of hysteris
(decreasing load stress/strain curves) arenotcmbmedwn.thothersbutare
presented for consideration.

Ithasbeendeszredoflatetomtorcmlstress&safterthemallosses
have been incurred, at 4°k. Todothlspreserrtlya4l<collarcalz.bratmnls
contrived from the other three calibrations in the following manner:

Oesil = [ ~*K, Trans xE°°°K]x lue + [ Ly X + &
coil — o o collar _ - — _
4K E300K, Trans m® 4K m® 300K m® 540x

collar Trans Trans collar

6. CALIBRATION RESULTS

Table II is a grard summary of strain gages installed in the HERA prototype
strain gage collar pack brought to DESY, which were calibrated as described
herein.

The 300K transducer calibration on both inner coil and outer coil
transducers, by virtue of the small variation in slope from gage to gage, prove
thetxansducezstobegoodqualltyloadcellsatrocmtmperature Although the
slope of the stress strain curves vary samewhat from calculated values (~ 15% for
inner coil transducer, ~ 30% for outer coil transducers), this may be attributable
tonmmlformstrasfields inherent, (but constant from transducer to
transducer) in the design.

The increase in slope of the stress strain curves of transducer calibrations
(+ 17% for imner coil transducers, + 8.6% for outer coil transducers is consistent
with the notions that a) modulus of elasticity of alumimm increases from 300K to
4K and, b) gage factor of the gage increases from 300K to 4K.

'Ihe apparent stress offset from 300K to 4K is significant in magnitude (7
N/m avg)soﬂ:atlscamntbeclalmedthatﬂiegagemrautlstnuycwpemated
for temperature over this range. However, since calibrations are done at 4K,
thisismtaproblemfortakirqdataatﬂ(.
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The increase in apparent modulus from transducer calibration to collar pack
calibmtimshmsﬂaattmmisﬂ:elargﬁtdmrgeammemstmrﬁmvariation.
Therefore it is crucial to perform accurate calibraticns in collar packs if any
data is to have meaning.

A final note; in taking data at 4K, it would be far more accurate, ard less
work, if strain gage calibrations in collar packs could be performed at 4K. Such
a fixture is currently being worked cn to be used by ENL for SSC magnets. It is

that this method be used by DESY for HERA magnets if coil stress data at
4°K is desired from magnets on a routine basis.

7. COLLAR ASSEMBLY DATA ANALYSIS

During collaring it is suggested that the load applied by the assembly press
be done in steps. At each step coil stress data may be adbtained through the
strain gages, using the 300K collar calibrations. These measured forces may be
verified at each step by camparing the total measured force of inner and outer
coil to the applied force, as given by the press. This "Force Balance" is
performed as follows:

Measured Ioad
Applied Load

. Imer Coil StressxInner Coil Area (in Press)+Quter CoilxOuter Coil Area {in
Bydraulic PressurexCylinder AreaxNo. of Cylinders )

This force balance generally equals 100% : 20% for all load levels.

8. COIL STRESS DATA DURING MAGNET TESTING

while at 4°K, either in magnet field or not, coil stress data may be taken
using the 4K collar calibrations. This is done, using the V/E-20, by turning the
channel selector to the proper channel only menentarily, then off again, to
minimize self heating errors in the gages. This data to date has been less
depaﬂabletmnroante:pemumemﬂstr&ssdata,mtevminczseswhem
quantitative results are suspect, qualitative results have proven quite useful
(i.e., although the magnitude of stress loss fram zero amps to full field may seem
peculiar, the current at which the gage unloads is clear, and is useful
information) .

SECTION (II) - 1M HERA DIFOLE MAGNET OOTL, STRESS MEASUREMENTS

1. CALIBRATION VERIFICATIONS

Itmsdesiredtorepeatallthestningaqemlibratimsdmatmmile
at DESY, to demonstrate procedure and also to instill faith that the data was
accurate to the DESY pecple. The 4°K calibrations require a sophisticated loading
device inside a liquid helium dewaré since this was not available, only the
calibrations in collar packs at 300°K were to be repeated. To this end, the HERA
strain gage calibration fixture built at BNL (F/N 25=723.01-5) was shipped in
advance to DESY.
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The press frame used at DESY for the calibrations was crude and
undercapacity. For these reasons, the calibrations at DESY varied samewhat
randcomly from the orlgmal calibrations and were significantly more nonlinear.

The average change in slope of the stress-strain curves of all six transducer
calibrations was + 0.8% ¢ 15.8% when campared to the or:.glnal calibrations.
Therefore, the original BNL calibrations were used to interpret all data; however,

agreenentmsgoodanlghtoda:mistrateﬂaemethodsarﬂexpectedraults. Refer
to Appendix D for actual data sheets.

2. QOLIAR ASSEMBLY DATA

'IhelmeterlongHERAdlpolemagmtwascollaredatBBCmMammem,W.
Germany using the four central cylinders of their 9M collaring/curing press.
Pressure was applied to the magnet in steps of 50 bar, which translate into
rouxghly 560 Kn per meter. At each step, coil stresses were determined fram the
strain gage cutput, arrimeasm‘edloadwasoanparedtoapphedloadhanngaforce
balancespreadsheet(AppexﬂJ.xE) Also, average coil stress versus load was
plotted (Fig. 2). Refer to Appendix F for all raw data concerning strain gages.

Izmrcousmeasured844N/m (1221:951)undermax1m.nnpressloadarﬂ463
N/m (6.7 kpsi) as collared, forasprmgback loss of 381N/nm (5.5 kpsi).
mtegcollsnmsuedlosilN/m (154kp51)undermax.1mmprassloadand402

(5.8 kpsi) as collared, for a springback loss of662N/m (9.6 kpsi).
'nme values are achieved using thick (28.5 mm radially) alumiram collars with
mdsmtmmtenorofthecollarinsertedaxxally, rather than the SSC design of
15nmstamle£ssteelcollarsmthkeysmtheextenorofthecollarmserted
radially (see Fig. 1l).

3. MAGNET TEST DATA

Uponcooldownfran:iOOKto4K the inner coils measured a slight increase in
strasoftllN/mm (600 psi) mllettmeaxtercollsmeasuredasllghtdecreasem
stxessof34N/mn (500 psi). S. Wolffexpla:.nedthathehadexpectedan
increase in stress upon cooldown; however, it seems that at least the alumirum
collars prevent the cooldown losses experienced with SSC stainless steel collars.

The magnet was energized twice to quench while taking strain gage data. Data
wasmcordedeOOanpsteps,wiﬂxmnentbeﬁgheldcastantmiletakimdata.
Quenches occurred at 6800 A and 6750 A. Innerc:o:.lsmeasuxeddecreas&sig
prastmsfrunOAt::GSOOA(lastdatapoutbeforeqtmt:h) of 46.0 N/mm" (6.6
kps:.)ani440N/m (6.4 kpsi) respectively, for the two quenches. This
to Wolff's calculated prestress loss on inner coils from 0 A to 6500 A of 46
N/mn’! In addition, the measured values ofpmstr&ssmmeuwcou just prior
to quench (at 6500 A) were 0.3 N/mm® and 0.9 N/mm°, respectively. Outer coils
neasuredscmewhatrmﬂmslxghtmmreasaarﬂdecreasasmpmtr&swith
increasing current, very similar to results an SSC outer coils.



i

Probably the outer coils do not show consistent losses of prestress with
increasing magnetic field because of the increasing radial load impacted on the
outer coils by the inner coils with field tending to restrict motion of the cuter
coils. Plots of inner and cuter coil average stresses vs. current may be seen on
Fig. 3, and plots of individual strain gage channels of inner ard outer coils
stresses vs. current may be seen on Figs. 4 and 5, respectively.

cc: P. Hinz (DESY)
S. Wolff (DESY)
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Table 1
Strain Gage Coding Description
"WK~13-062TT-350"
Gage Backing (insulation) - full encapsulation in glass-fiber reinforced
epoxy-phenolic resin; high endurance lead wires.

Foil Alloy - a nickel-chromium alloy (similar to KARMA) used for high
performance self-temperature-compensated gages.

Self-’ranperaulre-CaépensatJ.m Number - the approximate thermal expans:.on
coefficient in PRM/ F to which the gage is matched (Al = 13 PHd/F)

Active Gage Length (in thousands of an inch).

Grip and Tab Gecmetry - general purpose 90° "tee" rosette (grids at
right angles to each other). Sections are electrically independent.

Resistance - of each grid (cms).
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APPENDIX A

HERA Inner Coil Transducer

— L3258 mm

(29.083-6.350) x 6.350 + 7 (6.350)%/4

{

section )
176.024 Tm° (.2728 in®)

H

Ejq7s—ps = 10.4 x 10° psi = 7.17 x 10* N/m®

Uniaxial Strain

]

UA P
E ~ "
(176.024) (7.17x10*)

it

(7.923x10”%) P

(7.923x10” %) P

Microstrain = HEL

A{rner coil = 10-16 X 31.75 = 322.58 mm® (0.500 in?)

under load
* s ) = m——-—P._
** inner = (322.58)
coil
P ue, = (7.923x107°) (322.58) .01¢
= 25.559 010
& oo = 0.039 pe (N/mn°)
Theory

5.7u¢ (psi)
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HERA Outer Coil Transducer

5&3E

(29.21-5.838) x 5.838 + x (5.838)°/4

!

section .
163.214 mm® (.2530 in®)

E,q7s—pe = 10.4 x 10° psi = 7.17 x 10* N/m’

P
(163.214) (7.17x10%)

Uniaxial Strain

%a

= ¢, = (8.545x107").P

Microstrain = ug, = (8.545x107%) .P

Aquter ooil = 10-3 TR X 31.75 mm = 327.05 mm° (0.507 in%)

under load
- a - _—P-—
** “outer — (327.05)
coil
P e, = (8.545x1077) (327.05) .00
= 27.947 0
R = 0.036 pe (N/mm’)
Theory

= 5.2 ue (psi)
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HERA Magnet Transducer
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MAGNET TRANIDUCER CALIBIATION —
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APPENDIX C
HERA Magnet Nctes

I) Ref. Data:
1) Outer Coil Width = 58.66 - 48.36 = 10.3 mu (.405 in) (over insulation).
2) Inner Coil Width = 47.86 - 37.7 = 10.16 mm (.400 in) (over insulation).
3) Transducer Length = 31.75 mm (1.25 in).
4) Collar Pack Length = 150 mm (5.905 in).

II) Calibration Load/Coil Stress Conversions

1) Transducer Calibrations - (0-7,500 1b).

A. Imner Coil Transducer

Coil Area Under Ioad = 10.16 x 31.75.

322,58 mm® (0.500 in®).

3 1000 N (224.8 1bg) = 3.10 N/mm® (450. psi).
(10008+9.8 m/s® = 102 k).

& 1000 kg = 30.39 N/mn® (4412 psi).

B. Outer Coil Transducer

Coil Area Under load = 10.3 x 31.75.

= 327.05 mn® (.507 in?).

$ 1000 N (224.8 lbs) = 3.06 N/mm® (443 psi).

$ 1000 kg = 30.0 N/mm® (4343 psi).



2. Collar Pack Calibrations

A. Inner Coil Calibrations

Coil Area Under Load

= 2 x 10.16 x 150 = 3048 mn° (4.72 in®).
3 1000 N = 0.328 N/m® (47.6 psi).

$ 1000 kg = 3.22 N/mn® (466 psi).

B. Outer Coil Calibrations

Coil Area Under load
= 2 x 10.3 x 150 = 3090 mn° (4.79 in°).
3 1000 N = 0.324 N/mm® (46.9 psi).
3 1000 kg = 3.17 N/mn® (460 psi).
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