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calculations of coil motions when a "cos/)" 
is It is assumed that a distribution of 
azimuthal Lorentz force field distributions 
and currents. Azimuthal stress distributions and minimum to minimize 
coil motion are calculated, as well as coil motions if is less 
than minimum. location of maximum coil motion for different prestress 
conditions is Calculations are also discussed for different elastic moduli 
of spacers used near the For a linear stress-strain 

in range, and for force distributions which more 
or less on azimuthal location , coil motions are the 
square of the coil radius, and minimum is radius. 
Coil motion is on the inverse of the elastic modulus, and minimum 
prestress is Radial pressure exerted the coil is of 
the radius. Since coil forces are to coil radius, 
friction effects, therefore, would to become at fields for 
smaller Since motion decreases with the square of decreas radius, 
heat energy friction is much smaller for smaller 
from the point of view of the considerations, smaller should 
encounter fewer difficulties than ones. For the stainless steel-collared 
SSC , maximum coil motions vary from 0.002" at the 

to 0.0003" to 0.0004", at , with minimum or more 
prestress. More than minimum has no direct effect on coil motion but 
will increase friction forces. Minimum (at 

are 3000 psi. spacers smaller 
modulus), coil motions increase tenths of a thousandth of an 

inch which is a small fraction of the construction accuracy. 

Loss of 
calculated, also 

1 

due to cooldown of coil-collar assemblies has been 
into account increases of elastic moduli with decreas 



measurements 
coils the average 

cooldown becomes 
losses of 

constant modulus. 
calculated for 

to psi are 
found, constraint iron losses are 
twice as as with Nitronic 40. If the elastic modulus of the cons 
structure is much than that of the coil which is indeed the case for 

materials results can be calculated means of a 

a is for cons conditions when 
the stress-strain relation for coils is non-linear, which will be the 
case for low stress. Calculations will be at a later date. 

Relevant and discussions with R. were 

coils with a cosO current measured from 

is necessary to coil This reduces field 

and the that the coil becomes 

). Prestress will also tend to preserve the mechanical of the 

coil abrasion of 

ISABELLE Technical Note 

Elastic Frictional 

with Estimates of 

effects were considered in detail 

formulas estimates of 

for the static case, 

of interest. 

The Lorentz force 

the radial field 

of shims, of bonds, etc. 

"Estimates of Releases due 

Motions in and a 

, many of the mentioned 

Here we intend to derive 

, or lack of it and resul 

friction, bonds etc. Coil motion be 

on a conductor element is determined 

the local current dens 

the size the element. azimuthal field is for radial 

forces, as is the azimuthal 

affect 

Tech Note 

conductor motion 

when combined with azimuthal force 

outward pressure. These radial forces also 

friction see the mentioned 



the 

the same direction at as in the 

of 

Therefore 

at 

as 

The azimuthal follow a sin8 distribution. 

a 

that the current in the conductors is constant, the azimuthal force 

a cose -

consideration, for actual 

the 

, of course, we cannot 

individual coil For the inner of a two-

for 

coil the conductor 

become zero near 

at a much smaller 8, and therefore force dis 

deviates shall force 

stress-strain relation for a coil rises s coil is 

"elastic for stresses, and 

stresses where E then is constant at a value of 

at and 

see Section 3 order to take the presence 

somewhat modified modulus 

to consider each 

calculations and 

a model for a 



8), we at 
at 8 1 , etc. elements are S r is the average radius for each coil. 

If the azimuthal Lorentz force per coil turn ( is , g(B) is 

g(B :::: 

8) would then result in 

A would contain more turns for fixed current. Therefore the 

of r. 

is indeed to the coil radius r. 

82 

I g(B)d8, as used below, is then 

81 

k - hE is the constant per unit axial 

h is the radial width of the coil. The 

of the coil for a unit 

constant per azimuthal 

element of 

from 

5 is thus average elastic modulus E is calculated 

n 

where is the maximum coil ' if spacer and shims are to be in-

eluded or, otherwise, the where conductors end, if the spacer elastic 

modulus is much than that of the The are the ranges of B where 

the material has elastic modulus .) 

-y0 ) is the which element o is or extended from 

its unstressed ) to the next element. The forces 

necessary to these are l -Yo) and ) -y 1 ). The 

difference between these forces is 8)5: 

4 



As can be seen from the sketch, g(B) > 0 as drawn, acts so that element r(B 1 -B 0 ) 

is under tension than 02 - 1 • the s at 

the to differentials 

+ rdl?, etc. 

k 2 

we will be interested in strains due to compressive stresses. Thus 

< to the above Also be < As 

we shall count both compressive stress and y as pos tive 

and thus use eq. without further concern with 

conditions for eq 2 are: 

-o 

- 0 

if coil motion is not constrained at and 

if coil is stressed 

becomes 

ceeded. 

Assume that the coil 

tribution 

in 

r 

5 

Then 

0 

to 

conditions (3) will 

with, is not 

of eq 2 with 

reversals. 

3 

If the prestress 

after it is ex-

to some 

conditions results 

5 



assume 

small 

s 

Then, when the coil is , it will reach force distribution 

Before , the 

have assumed that the stress-strain relation for 

range. The 

cose 

because the 

also that is 

assume that 

here, 

less 

to 

for a 

azimuthal force is smaller 

of elastic modulus E. 

power the coil still 

thus 

to eq. 5, we now would obtain 

d& • I 8 

is linear 

is 

field, 

a 

had been zero. If ~ , we must subtract eq. 7 from eq. 9, 

the net pres tressed 

states. eqs. 6, and 

r 

at is 



2) 

y(O) -
2 

r 

If minimum 

motion at fJ -

2 

B) - r 

Cl 2: --

(}) ... 0 

J g(B) d8d8 

o e 

a or more (to be is to 

(J) - (J) 

e 

J f 8) d8d8 - () J J 8) d8d8 

o e 0 (} 

I J g(8) d8d8 

0 (J 

3) If less than minimum prestress is 

(8) < 8) 

2 e 
y(B) -

r 

J J g(B) d8d8 - J J 8) dBdll 

0 fJ 0 () 

r f f (8) d8d8 

o e 

For of these formulas it may also be convenient to write 

7 

( 11) 

(12) 

(13) 



which is valid up to 

If exceeds 

condition eq. 

k 
8 - I(O 

g 
r 

~Lu•=~~ value in eqs. 12, shall use the 

The solution of eq. is then, for the total 

I 
k 

+ 

The alone have resulted the 

must be subtracted in order to obtain the net motion, 

in eq. 12. · Therefore, the minimum value has no further effect 

the result obtained the minimum. This is not because 

the assumed of eq. some prestress 

be desirable but we shall see that there is not very much need for it. course, 

we must use the conditions for the coil when it is at 

effects due and also due to stress in time 

been taken account. 

we have assumed for these derivations, intentions are also 

to effects of the actual non-linear stress-strain relation. This 

interest for near minimum, where 

stresses result near see Section 4 for some derivations 

ect may appear at a later date. on this 

without 

with 

the maximum coil deflection 

will move to smaller 

must occur at location 

no 

deflection occur at are still 

with minimum 

that spacers. 

to are made a material with elastic 

modulus much than that of the coil.) To the location e = where 

occurs differentiate eq. 13 and set - 0 Result· 

I I 15 

where v - B) (0) - that B) is to g(B), and 



g 

can solved the 1 and below. 

as a of is then 

I I l (16) 

We present: results for the SSC Field distributions at the 

coils had been calculated G. H. and forces on the conductors 

R. J. We have eqs. 13. Based on the available force 

distributions, and 2 

r g O)dS • rI (8), and rI(O) 

for the calculations and 

For these calculations a value of E 

modulus of the coils. 

radius. 

is -

the 

3 

2 x 

and -

and as functions 

has been used for the elastic 

thus increases with coil 

3 one sees that for the inner 

to 

outer coil moves from 

inner, and from 00165 to 

to 

minimum For the 

moves from 0 00210 to .00044" for the 

for the outer coil. I is obvious that 

at somewhat less than minimum should be 

detrimental, but should not be that coil motion can in a 

stick- " frictional mode which can sufficient heat to 

coil as has been in detail in the Technical Note No. 280 referred to 

a 

above 

can 

From the for the azimuthal stress distribution one 

calculate the radial pressure at radius r 

if is the stress due to and coil force 

pressure at the outer coil is somewhat less 

if is the outer radius of the coil. At minimum prestress, 

radial pressure and outer coil radius for the inner 

The radial 

, the ratio 

is 

and, , for outer coil 1040 For inner and outer coils 

9 



;; 



,-., .. ' 





combined one finds 2300 psi, reduced the value for the inner co further 

the outer radius of the outer coil. With a 

a frictional force per square of ps is 

obtained. To this must add the radial of the Lorentz force 

is 2580 at radius r for the inner coil and 200 for the outer coil its 

average radius. pressures, - 3840 for inner coil at 8 - 0, and 

radius 1210 for outer coil at radius and at 

coils combined. For f - . , the azimuthal friction force per 

surface at 

psi at radius 

is then 820 For the inner coil alone one obtains 

The azimuthal Lorentz force at 8 - 0 is 2020 

see which varies near 8 this with the 

friction force shows that at full coil power the friction force would restrain 

at , for minimum a 

force acts and the azimuthal Lorentz force is also small. 

coil motion here is not clear without detailed At low power, the 

radial pressure that friction should 

above more at 

power. On other hand if stick- motion should occur then more heat 

be 

, for the SSC coils coil motions are small 

Since azimuthal pressure for a coil - r for radial 

pressure is of r. But coil motions are - Therefore 

much more heat can be in a coil due to friction than in a smaller 

one could then start at lower fields.) Maximum inner coil motion 

to a fraction of one-thousandth of an inch as as at least 

Field should also be small for this 

reason. would be to increase with coil radius for a 

movement. But since coil movements decrease harmonics due to Lorentz 

force-caused coil motion should decrease with coil radius r. 

The minimum u to coil motion at is 

eqs. 12 we a - 3250 psi for the inner 

2940 psi for the outer. Ye are also interested in the total stress distribution 

a This is obtained from 

- E 



obtain 

I + 

to 

for the inner coil 

the 

ustified 

ps 

- 2940 ps 

the stress increase at is much smaller than 

I 

to rI is the total 

interest, 

Lorentz force distribution 

the SSC coil we had a ratio of 

ratios are than ~ because the 

that of 

modulus of 

coils, so that the 

when the latter is 

has a very 

used stainless stee collars However, 

decrease at 

force. 

dis 

distributions are 

spacer 

is well 

some reason deviations from the results can be 

, instead elastic for , one 
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the 

since 

the 

since 

spacer 

shim at 

where, 

12 

inner coil and the outer coil into account 

result in 6 of the of eq. 2 to solved 

conditions for the inner coil 4 for the outer one 

program but does not appear to be 

are small. we shall restrict ourselves to cons 

spacers with elastic modulus , or to eq. 2: 

0: 

, I (fl 

8 

(1) refers to the coil, 2 to the 

conditions: 

0 

' -

could be 

some more detail on the proper 

function 

- - I (()) + 

(J d8 

- I 8 + + 

else for instance 

for the 

(19) 

(22) 



(8) - () + (23) 

Since (0) - 0 and 1(0) - 0, - 0. s , since 

1f --- - -
2 

conditions at 8 - results in 

' ( (24) 

since I'( - 0 (therefore also - 0 as seen from eq. 

I( (25) 

(8) - (fJ) + (26) 

(IJ)-6.J.- (27) 

sary "shim" size) to minimum is obtained 

- 0 in the condition that - 0 or 

I( (28) 

Note that of The minimum follows 

8) 

r 
(29) 

h 

that the azimuthal force is 

Thus 

r 
I l (30) h 

13 



Thus, a factor 

reduces the found for 

the relative 

, when is not >> 
when the coil is 

the initial deflection 

is found 

from the total 

deflection due and obtain , we set 

g 

then 

14 

0 in eqs. 25 and 26. The relative coil motion for a at 

I (1 

Table R 

INNER COIL OUTER 

R R 10~ 4 inch 

0.84 1.4 0.52 3.2 

2 .91 0 8 .68 2.1 

.5 6 

5 0.96 0.3 0.84 1.1 

0.98 0.2 0.92 .5 

.99 .1 

l 0 1 

the values for are very small. For are 

to the motion for v l found for the outer coil for R - 1 

If were to be their elastic modulus 

is 



would be 2 to 3 times as as that of the coil, therefore - 2 

or 3; the calculated effect appears to be The minimum prestress (eq. 

30) could be reduced somewhat for a spacer. 

Due to differences in thermal expansion with , the coil 

prestress will when a magnet is cooled down, on the materials 

involved. In addition, it has been observed that the elastic modulus (in the 

linear stress-strain of the coil material increases cons at low 

coil turns and the 

of the coil 

due to the 

tic shim at 8 

as a function of 

and 

T. 

-epoxy insulation between 

the thermal expans 

... 1 di 
1 

d.A 
, if .A is 

the 

s 

is to be the elastic modulus of the coil 

shall refer to the material of the 

structure, such as the collars. 

stress-strain relations 

a stress 

of the materials shall be and 

constrain the coils, one obtains for small 

in with radius, 

dT -
T 

definition, ( ) 

T Also 

above. Therefore we obtain, 

+ + 

for the moment, that >> 

15 

are defined as the s of the 

T. a 

(or contractions) per inch 

Since the collars are to 

dT, still 

8T 
dT 

and, s 

and ( , as 

(33) 



dT 

Thus one cannot use thermal expansions for thermal stress 

At T "" 

5 

, a, , and are determined from 

of 

values a measured 

dT, 

for materials ies than 

different materials we shall use the values of the 

constant. 

for direct 

of a 

Elas relevant materials increase 

others less so often heat treatment a 

material. For our purpose a linear will be sufficient, espec 

assemblies end values are available at 

E 

be 

result a 

tainless steel still s 

and 

36 



- A+ 

expression has been 

- -3250 

c - -5.45 x 10- 4 , 

-4100 psi, a 
s 

, but - 2 x 10 , 

+ B( - E') + C( - E') 

below. See eq. 49.) A - -4100, 

for SSC inner coil), B - -3.05 x 10- 4 , 

For instance, if - -3250 psi, 

loss of 850 psi cooldown results. 

- 4400, an increase of the loss to 1150 

with doubled elastic modulus at low For - 1.5 x 

- 2 x -4680. 

to consider coils that are sed means of collars 

37) 

psi: 

made, for instance, of stainless steel or aluminum. The fo sketch shows a 

coil section. 

17 



are 

ideration. Thus 

average azimuthal stress in inner coil of azimuthal 

radial radius 

average stress outer coil of , width , radius 

average values here is because there is evidence 

toned" cables, these stress distributions are very non-uniform, 

and so far 

, for 

average stress spacer of collar, of average 

average stress between end of outer coil and 

spacer 

average stress collar outer coil, , with width 

as an average that takes into account that two different 

sections carry different loads. one-half of of 

every other collar lamination can carry no stress because of the 

the laminations are and 

fact, 

width 

use for values that are 

of this collar section 

calculated average stress can then be 

the section where all collars carry 

Cons this 

of the actual 

to obtain the 

actual stress 

and where other collar carries the load. 

we must set for the cold stresses tension collar 

sections, compression in coils 

+ 

0 - + 

a condition for of radial pressures, of course, must -

does ~ result in the same set of It follows that is no 

stress the spacer Each half side of the coil could 

a half collar. But then these assemblies tend to 

8 



in a vertical direction. Therefore the spacer 

collar must the moment to 

thus deflect inward at the 

s The prestressed 

outward at the 

we write 

+ + + + 

+ 

where Acl• AC2' Ak2• Ak3 are the per inch of the due to 

stress and 

linear stress-strain relations we have 

where are the relevant 

39 we have reduced the 

radii. 

9 

constant 

result 

A 
B 

follow then 

+ 

and 

elastic moduli. In 

the proper ratio of the 

the three sets 38, 39, of a total of 

from eqs. 33) where 

39 



A,.. 

+ 

for and , we have made use of the fact that 

Assume now that the pres tresses at 

and 

and obtain, 

are as, for instance, 

raise the 

the derivation 

first Section of this 

then differentiate eqs. 

to eq. 33, 



use of eqs. 

we obtain 

Q 

v -

T 

for 

+ + 

x 

+ 

and of the above-stated fact that 

eqs are 

use ::::: 

K and elastic moduli at low 

uncertain that the exact low used is 

L 

2 
0.6413 

+ 

and 

are 

Ye define further 



- 7.375 x io- 7 

- 1. 5 7 3 8 ·x l 0 - 5 

"( - 0.011637 

For the coil 

mentioned above, 

- 9.575 x io- 7 

- 2.0432 x io- 5 

After eqs. 46 have been 

epec 

in the link 

Assume now that 

to the s 

- Llb 

where 

!:;.a -

Lib -

- 1.164 x 10- 2 

- 293 

- 30 

48 results in a 

where 

22 

- 85. 9 l:i.a .2 

are found from 

2.59 x 10-4 

- 5.52 x 10- 3 

35, 

ratios of values of the f3 's, as 

, we can obtain the stresses in the collar, 

) 

and bottom halves of the collars. 

Then both eqs. 46 for and revert 

in eq. 34, the result of which we 

+ + 

cooldown of 

+ 7.15 - 263 !lb .449 + 0.551 ) 



293 

dT 

30 

is the thermal expans , at least, is for most 

materials that one may want to use for the coils. 

For Nitronic-40 or aluminum collars, and for the iron as a 

constraint, between solutions for eqs. 46 and calculations 

means of eq. 49 is obtained within 100 psi, the latter to 

aluminum collars of 15 mm radial width, aluminum the lowest elastic modulus 

of the 3 materials considered. 

The Table the solutions. Additional, 

results can eas be obtained means of eq. 49. 

1 l 3.25 4.06 2.94 
Nitronic-40 2 l 3.25 4.33 2.94 
collars 

15 
1. 5 1. 5 3.25 4.44 2.94 
2.5 1.5 3.25 4. 70 2.94 

1 1 3.25 2.81 2.94 
Aluminum 2 1 3.25 2.68 2.94 
collars 

15 
1.5 1.5 3.25 2.62 2.94 

l 1 3.25 4.93 2.94 
2 l 3.25 5.52 2.94 

Iron 
Yoke 

1.5 1. 5 3.25 6.05 2.94 

coil data used to calculate this Table were 

. 3 

- 0.396" 

- 0.591" 

23 

... 0.977" 

- 1. 364" 

... 1. 289" 

- 1.112" 

3.74 10.2 
3.99 10.9 

4.10 11.2 
4.34 11.8 

2.52 6.98 
2.41 6.66 

2.36 6".53 

4.62 
5.20 

5.73 

) 

- 0.81 
- 1.08 

- 1.19 
- 1.45 

+ 0.44 
+ 0 57 

+ 0.63 

- 1.68 
- 2.27 

- 2.80 



From the Table one sees that the for Nitronic-40 collars the prestress loss 

10 ) increases if either or increases. Prestress losses are 

moderate, increas from 0.81 i for i for 

- 2.5 x 10
6 

1.5 x 10
6

. For aluminum, prestress 

to 1. 45 

-<1 i) are found, 

due to its exp ans For direct constraint the iron pres tress 

losses are about twice as as for Nitronic-40 collars. 

The maximum calculated stress in the Nitronic-40 collar for 

- 1.5 x 

6.5 i was found. 

is 11. 2 i while for aluminum with the same radial width 

If we wish to calculate "warm" interferences 2 between collars and 
' 

coils to minimum "cold" we can use eq. 44, 

the calculated values for and on the case considered, the 

to a few thousandths of an inch. 

Values for the elastic modulus at room 

been measured at BNL to be z psi or even less. For 

for the coils have 

stacks of 

conductors values (1.5 to 2 x ) were found. This 

is due to the fact that the conductor cable is and 

thus much more near the inner coil radii, the insulation 

material. At low a considerable increase of the elastic modulus, 

from 

be 

to has been measured here for stacks. An increase may also 

for coils but has not been measured. Because of the 

compression at the inner coil radii, the increase for coils may be much smaller 

than found for s stacks. 

At the lower stresses, the coil stress as a function of strain is non-

linear. Therefore eq. 2 must now be written, with 

€ ... € (8) -
c c 

with 

24 

8 

f) 

0 

at 

c 
(8 

conditions for an arb 

y 

y 

0 

( € for coil stress vs. 

sed case: 



that the coil remains stressed at 8 - results 

in 

( (J 
c 

r 
g(8)d9 + K - - h I'(B) + K 

or, 

K - c( 

r ' 
h I (B) - (51) 

Since (ec) is assumed to be , one can find ec(B) with as a, so far 

unknown, 

y(8) - y 

where D 0 because 

At 8 ... 

y 

With the of a 

Thus, eq. 51 can 

e 
- r J €c(8)d8 + D 

0 

y - 0 at () - 0. 

- r J e ( e )<la c 
0 

program, 

be 

(52) 

eq. 52 can be solved for So far, we will 

then have obtained the total motion in the coil. To obtain net motion, we have 

still to subtract motion before 

(8) 

in 

y(B) "" r 

8 

€ ( ()) d8 -
c 

, due to prestress 

(53) 

( 

Calculations will be carried out at a later date. One can now that motion 

at 8 

down to 

is less l than that for the linear case, some 

strains. Note that motions are now not of the 

in excess of the minimum value, as were for the linear case. 

Pres tress between warm and cold states for non-linear stress-

25 



(1:)) can constant 
s e) which then will be functions of a as well as T. 
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