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An analytical solution for stresses has been found for a 

structural composite that models the Doubler dipole. Structural 

cylinders represent the material inside and outside of the ex-

citation current which is represented by two cosine theta sheet 

current distributions. A pretensioned structural cylinder sur-

rounds the aforementioned materials. Thermal stresses are 

represented only in so far as a uniform temperature differing 

from room temperature alters the stress-strain relation. Temp-

erature gradients are not considered. The mechanical energy 

stored in the elastic field is calculated. Numerical results 

are given. 

Thermo Elasticity 

The effect of a te~~erature change in elasticity is obtained 

by considering the elastic energy density to have the form: 1 

where the summation convention for repeated indices is used. The 

stress tensor is related to the strain tensor using 

aw 
3£ij 

For homogeneous isotropic materials 

c .. = - k(3>-+2µ)·o .. 
lJ lJ 

( 2) 

( 3) 
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where k is the thermal expansion coefficient integrated from 

4.2°K to room temperature, A and µ are the Lame constants which 

are related to the more familiar constants Y (Young's modulus) 

and v(Poisson's ratio) as follows. 

v 
A = (l+v)(l-2v) Y 

1 
µ = 2(l+v) Y 

Under these restrictions Hooke's Law becomes 

a .. 
lJ 

= v y 0 + 1 y kY 0 (l+v)(l-2v) ijEkk l+v Eij - l-2v ij 

The condition of equilibrium is then 

aa1 j + 
'\ f. = 0' 
aX. J 

l 

where f j is the body force which in our case will be the Lorentz 
............ 

force JxB. Finally, since some of the boundary conditions relate 

-1. 

to the material displacement u, one needs the connection between 

strain and displacement 

= 1 (au i + au j_ )· 
2 ax. ax. 

J l 

E •. lJ 

For the problem at hand the body force is handled by a surface 

traction and, therefore, the equilibrium condition Eq. (7) may be 

satisfied identically through the use of the Airy stress function 

<P : 

a . . 
lJ 

= 172"' - a2cp 0 · · v '¥ a a lJ x. x. 
l J 

( 4 ) 

( 5 ) 

( 6) 

( 7 ) 

( 8) 

( 9) 



-3- FN-284 
1620 

The equation satisfied by the Airy stress function is determined 

from the equations of compatibility which are imposed on strains 

since the six strains in Eq. (8) must be interrelated in order to 

be derivable from three displacements. If Hooke's Law, Eq. (6), 

is used the equations of compatibility for stresses may be found 

2 
2 1 a 0 kk v 0 .. + -1~ a a = o . lJ +v x. x. 

l J 

By introducing the approximation known as generalized plane 

strain2 one reduces the problem to manageable proportions. In 

this approximation one neglects the shear strains connected with 

the longitudinal or axial direction but permits a free expansion 

characterized by a uniform strain. For the normal stresses Eq. (4) 

gives 

0 11 = A.(Ell+E22+E33) + 2µEll k(3A.+2µ) 

0 22 = A.(Ell+E22+E33) + 2µE22 k(3A.+2µ) 

0
33 = A.(Ell+E22+E33) + 2µE33 - k(3A.+2µ) 

Suppose that the index 3 represents the longitudinal direction. 

Then, from Eqs. (5, 11, 12, 13) one has 

Since E
33 

is considered constant in this approximation, Eq. (10) 

becomes 

or, using Eq. (9) this becomes 

4 
0. . v cp 
lJ 

V2¢ + 
ax.ax. ax.ax. 

l J l J 

(10) 

(11) 

(12) 

( 13) 

(14) 

(15) 

(16) 
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Hence the Airy stress function satisfies the biharmonic equaticn 

v4
qi = 0. 

Virial Theorem 

O~e might expect that the boundary conditions which provide 

for continuity of displacement and discontinuity of normal and 

shear stresses according to known surface tractions would be 

sufficient to specify all the unknowns in solving Eq. (17). 

However, in this plane strain approximation, information relative 

to the longitudinal ends is lost and must be supplied by some 

integral condition. For this problem it is sufficient to invoke 

the virial theorem which may be found as follows 3 . Let T •• be 
lJ 

the Maxwell stress tensor for the magnetic field introduced by 

the current sheet. The body force f. in Eq. (7) is then given 
J 

by 

To form the virial multiply Eq. (7) by xj and utilize Eq. (18). 

Thus, after integrating over a volume 

a 3 = f XJ. -"'- (cr .. +T .. )d X 
oXi lJ lJ 

0 . 

Integrate by parts using 

a -"- (x.8 .. ) 
oXi J lJ 

to give 

J x.(a . . +T •• )dS. s J lJ lJ l 
Jo .. (cr .. +-r .. )d3x = o. 

lJ lJ lJ 

Notice that the integrand in the volume integral is just the trace 

of the tensor. But the trace of the Maxwell stress tensor is the 

(17) 

(18) 

(19) 

(20) 

(21) 
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Jo . . T •. d 3x = - WB ' (22) 
lJ lJ 

the magnetic energy. Since, in the problem considered 0 .. is 
lJ 

zero on the boundary but T .. exists on the iron shield, one has 
lJ 

Jo .. a .. d3x = J x.T .. dS. + WB . 
lJ lJ s J lJ l 

It should be noted that T .. is taken to be zero on the end walls. 
lJ 

Hence one visualizes that the magnet structure has terminating ends. 

Equation (23) indicates that, since the right hand side is posi-

tive, a net tensile structure is required to contain magnetic 

forces in static equilibrium. 

Pretensioned Band 

A method of characterizing a pretensioned member may be found 

by utilizing the concept of rotational dislocation5 whereby dis-

continuity in rotational displacement is permitted. Thus u
8

(2TI) -

u
8

(0) is given a preassigned value. This condition will be used 

in the outer band rather than the customary continuity of dis-

placement. 

Magnetic Field 

Since a continuously distributed body force as given by the 

Lorentz force JxB is more difficult to handle in the equations 

of elasticity, the region of conduction current in the dipole 

will be approximated by two current sheets, one at the inner edge 

of the region and one at the outer edge of the region. Thus the 

model to be considered consists of two cylindrical current sheets 

each carrying an axial current density of 

(23) 
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See Fig. 1 for geometrical details. From the current density as 

given and an iron shield located at r = r ' s one finds the fol-

lowing magnetic field components. 

,[i (l+b 2r - 2 ) 2 r -2) --
+ i

1 
(l+c 

l 
0 s s 

H 2'TT i (b 2r- 2+b 2r - 2 ) + i 
1 

( 1 +c 2 r -2) sine = -r 0 s s 

i (b2r-2+b2r -2) + i 1 ( c 2 -2 2 -2) r +c r 
0 s s 

( 
2 r -2) ) \ i (l+b 2r - 2 ) + i

1 
(l+c 

I 0 S s I 
I 

He 2TI i (-b 2r- 2+b 2r - 2 ) ( 2 -2 J = - + i 1 l+c rs ) cose 
0 s 

i (-b 2r- 2+b 2r - 2 ) + 2 -2 2 ~2 
i 1 (-c r +c rs ) , 

0 s 

where the top entry refers to o<r<b, the middle entry to b<r<c 

' 

. 

and the bottom entry to c<r<rs. In order to calculate the forces 

one needs the average field at the current sheets. 

-I 
I 

> sine 
' 

I 
_) 

) 
i 

> case . 

_J 

Lorentz Force on Current Sheets 

The force on a current sheet is given by 

dF = ids kx (f /H \ + i (H \ ) 
r \ r /Av e \ e/ Av ' 

where i is given by Eq. (24) and 

( 2 4) 

( 2 5) 

(26) 

( 27) 

(28) 

(29) 
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If f denotes the force per unit area on the current sheet, then 

f = r 

f e = 

( . 2b2 -2 + . . ( l+ 2 -2) 
l. i r i i

1 
c r 

0 s 0 s 

'IT i . . ( b2 -2+b2 -2) + . 2 2 -2 
i i 1 - c r i 1 c r 

0 s s 

'1 

I 

! (l+cos28) , 

- TI { 

i 2 (l+b 2r - 2 ) + .. ( 2 -2) I i i 1 l+c r 
0 s 0 s 

2 2 > 
sin28 

i i
1

(b 2c- 2+b 2r - 2 ) + i 1 (l+c r -2) \ 
0 s s ..) 

Maxwell Stress Tensor 

The Maxwell stress tensor is found by noting that the Lorentz 

force may be written as the divergence of a tensor. Thus 

..... ..... ..... 

( 3 0) 

( 31) 

(32) 

JxB = V • T ( 33) 

where, in cartesian components 4 

(a/ - .!_B2 B B B B \ ~ 
2 x y x z 

...... 1 2 .!_B2 T = 41T \ B B B - B B . x y y 2 y z 

\ Bx B B B B 2 !B2 I 

\ z y z z 2 j 
I 

From this it may be seen that the trace of the Maxwell stress 

tensor is 

_... 
...... 

tr T - -

the negative of the energy density. 

Application to Doubler Dipole Magnet 

Since generalized plane strain is characterized by 

E: rz = 0 E: zz = constant 

(34) 

(35) 

( 3 6 ) 
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the corresponding stress in Eq. (6) becomes 

(J (11.+ 2µ)srr + A.see + A.s rr 

0 ee = As rr + (:\+ 2µhee + As 

0 = As + :\see + (:\+2µ)s zz rr 

0 re = 2µsre 

Inversion gives 

E: rr 

see 

E: zz 

1 = 2µ(3;\+2µ)'[ 2 (;\+µ)arr 

1 = 2µ(3;\+2µ)·[ 2 (;\+µ)aee 

= J-cr 2µ re 

Utilizing Eq. (5) one has 

E: rr 

E: zz 

1 = -[0 -vcr -va ] + k y rr ee zz 

1 = -y[-vcr +a 8e-vcr J + k rr zz 

1 = -[-vcr -va +a ] + k Y rr ee zz 

l+v 
= --y--<Yre 

zz 

zz 

zz 

k(3A.+2µ) 

k(3:\+2µ) 

k(3A.+2µ) 

A.(a +a )] + k rr zz 
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Since s is taken to be constant in this approximation, Eq. (47) zz 

may be used to eliminate crzz Thus 

v E: zz + (l+v)k . 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

( 4 5) 

(46) 

(47) 

(48) 

(49) 

(50) 
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The relation between the stresses and the Airy stress 

function, Eq. (9), becomes in cylindrical coordinates 

0 ee 

FN-284 
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For the problem under consideration one may take in each annular 

region functions of the form 

The constant G is related to a multivalued azimuthal displacement 

and is set equal to zero except in the outer band where it is 

used to characterize pretension. 

Stresses, Strains and Displacements 

One finds that Eqs. (52-55) gives 

i 

0 rr ~ 
) 

+2B
1

+(2c1 +12D 1r 2+6E
1
r- 4)cos28 -J 

\. 

2 -4 -2 ~ 
(2c 1 +6D1r -6E1r -2F1r )sin2e / 

! 

6 2 6 -4 -2) (2C
2

+ D
2

r - E2r -2F2r sin28 
\ 

( 
2 -4 -2 (2c

3
+6D

3
r -6E

3
r -2F

3
r )sin28 \ 

_) ' 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 
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where the top entry is the bore tube region a<r<b; the middle 

entry is the region of conductors b<r<c; and the last entry re-

presents the pretensioned band c<r<d. 

Substituting Eqs. (55-57) into Eqs. (48-50) gives for the 

strains 

l
y+ ·[E +vE -(l+v)k] = v rr zz 

I ; -2 
\ -A1 r 

+2(1-2v 1 )B1 
I 

2 -4 4 -2 + [2C 1+12(1-v 1 )D1r +6E1r + viF1r ]cos28 , 

-Arr- 2 +2(1-2v 2 )B 2 

2 -4 -2 J ·I.I> + [2C 2+12(1-v 2 )D 2r +6E 2r +4v 2F 2r cos28 •. 

-A 
3 

r - 2 + 2 ( 1-2 v 
3 

) G 
3 

51, nr + ( 3 - 4 v 
3 

) G 
3 

+ 2 ( 1-2 v 
3 

) B 
3 

(58) 

( 5 9) 

(60) 
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The relation between strain and displacement given in Eq. (8) 

expressed in cylindrical coordinates becomes 

E rr = 
au 

r 
ar 
u 1 aue 

= r + 
r r as 

au u au 
E = 1 8 _ ~ + ! ~) 
re 2Car- r r ae 

Utilizing Eqs. (58-60) one finds by partial integration 

l+Y [u +vE r-(l+v)kr] = v r zz 

y 
l+v 

-[2C
2
r+4v

2
D

2
r 3-2E

2
r-3-4(1-v 2 )F2r-1 Jcos28 

-A3 r-
1+2(1-2v 3 )a 3r~nr-~+(l-4v 3 )G 3 r+2(1-2v 3 )B 3 r 
-[2c

3
r+4v

3
D

3
r 3-2E

3
r- 3-4(1-v

3
)F

3
r- 1 Jcos2e 

( 
1 

I 
> 

! __,,1 

(61) 

(62) 

( 6 3) 

(64) 

u 8 =~ 2 [C 2r+( 3-2v1 )D2r 3 +E2r- 3-C l-2v 2 ) F 2r-
1 J sin28 t 

~(1-v 3 )a 3 re+2[c 3r+(3-2v 3 )D 3r 3 +E 3 r- 3 -(1-2v 3 )F 3 r- 1 Jsin2e j (65) 

Uz = E Z . zz 

The unknown functions in the partial integration are set to zero 

in order not to introduce rigid body rotations. 

(66) 
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Boundary Conditions 

At r=a no traction is transmitted. Hence 
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a = a = 0 , (67) rr re 

or 

(68) 

(69) 

0 . ( 7 0) 

At r=b the equilibrium condition is 

( +) (-) + f = 0 a a rr rr r ' 
(71) 

and 

(+) (-) 
+ re = 0 are - 0 re ' 

(72) 

where f r 
and re are given by Eqs. (31-32). Thus 

(73) 

2(C -C )+6(D -D )b 2-6(E -E )b-4-2(F -~ )b-2 = ' 2 1 2 1 2 1 2 ~l ' 

(75) 

Also at r=b the displacements are continuous. 

u (+) - u (-) = u (+) - u (-) = 0 . 
r r e e (76) 

From Eqs. (64-65) one obtains 
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At r=c the equilibrium condition is 

a(+)_ a(-) + f = o, 
rr rr r 

,J-) + f = 0 vre e . 

Hence, using Eqs. (55) and (57) 
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(77) 

(78) 

(79) 

(80) 

(A A ) -2 + (20 +l)G +2(B B ) . [" ( b2 -2+b2 -2)+" 2 -2] 
3- 2 c Nnc 3 3- 2 = - rri 1 i

0 
- c rs i 1 c rs 

At r=c u is continuous or 
r 

u (+) - u (-) = 0 . 
r r 

. [. ( 2 -2 2 -2) . 2 -2 J - rri
1 

i -b c +b r + i 1 c r 
0 s s 

The pretension condition in the band is formulated by utilizing 

(81) 

(82) 

(84) 
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the notion of rotational dislocation5 whereby a small angle a 

is removed from the band. Subsequently this angle is closed up 

and held by welding, slippage between the band and region 2 

being permitted. Thus, for region 3 and r=c 

After removal of the term responsible for pretensioning, sub-

sequent slippage is not allowed and then for r=c 

u~+) minus term prop. to e = u~-) 

The conditions of Eqs. ( 84-86) yield 

l+v3 3 -3 4( -1] 
~~[-2C c-4v D c +2E

3
c + l-v

3
)F

3
c 

y3 3 3 3 

At r=d no traction is transmitted. Hence 

(85) 

( 8 6) 

(88) 

(89) 

( 9 0) 



or 

arr = are = O 

4F d- 2 = 0 
3 
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2C
3 

+ 6D ct
2 - 6E d-4 -2F d- 2 = O . 

3 3 3 
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Note that Eqs. (68-70, 73-75, 77-79, 81-83, 87-90, 92-94) 

provide 19 conditions among the 20 variables A1 B1 c1 D1 E1 F1 

A2 B2 C2 D2 E2 F2 A3 G3 B3 C3 D3 E3 F3 . Ezz 

Use of Virial Theorem 

The virial theorem in Eq. (23) may be expressed as 

::± ~ ::± ~ 
JvtradV = J 8r·T·naS + w8 . 

But the traction on the surface is 6 

It is assumed that the magnet is of finite length and that the end 

surfaces used to specify S are sufficiently far removed so that no 

fields are present. On the cylindrical iron surface r=r s 

1 2 2 = n-=-(H -H )r r•T•n 
01T r e s 

Using Eq. (25-26) for the fields 

-l.. ~-\... 

J r · T·nds s 
2 

= 251,1T2 ( i 0 b 2 + il c 2 ) 2 

rs 

The magnetic energy is given by Eqs. (25-26) and (35) 

which, together with Eq. (98), gives 

( 91) 

( 9 2) 

( 9 3) 

(94) 

(95) 

(96) 

(97) 

(98) 

( 9 9) 
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Then, using Eq. (14) to eliminate a one has after cancelling the zz 

effective length i 

JJ[(l+v)(a +a 88 )+Y(s -k)]rdrde = rr zz 

Using Eqs. (55-56) this gives the condition 

+ 2[. 2b2+2· . b2+. 2 2+3(• b2+. 2)2 -2] TI l l ll ll C l llC r 
0 0 0 s 

which provides the last condition necessary for determining all 

of the unknowns. The current densities i
0 

and i 1 can be chosen 

(100) 

(101) 

(102) 

in many ways. The following choice comes from equating respectively 

the current and radial moment of the current in the two sheet dipoles 

to the same quantities in the thick cosine theta dipole and ex-

pressing the result in terms of the central magnetic field H . Thus 
0 

Eq. ( 24) becomes 

H cose 
0 

1 2 2 -2 12n[l+3(b +bc+c )rs ] 
(103) 
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Internal Energy 
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The expression for the internal energy in Eq. (1) may be obtained 

using the strains in cylindrical coordinates by partially integrat-

ing Eq. (2) using Eqs. (37 40). Thus 

After rearrangement and use of Eqs. (37-40), the strain energy 

may be written in terms of stresses and strains: 

Stress Distribution in Iron Shield 

In the region of the iron shield between r=r and r=R the s s 

Airy stress function may be taken as 

Equations (51-54) then give 

a = Ar -2 + 2B - (2C+6Er- 4+4Fr- 2 ) cos28 
rr 

-2 + 2B + (2C+l2Dr 2+6Er- 4 ) 0 ee 
= - Ar 

2 6 -4 -2) sin28 a = (2C+6Dr - Er -2Fr 
re 

(0
(-) 

The boundary conditions at r=rs are rr 

where, from Eqs. (96) and (25) 

cos28 

= T(+) = 0) 
rr 

(104) 

(105) 

(106) 

(107) 

(108) 

(109) 

(110) 

(111) 
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. /-) = 1 H 2 
rr B"TI r 

= 1T(i b 2+i
1

c2) 2 r - 4 (l-cos28) . 
0 . s 

Hence 

Ar -2 + 2B = s 

- 2C - 6Er -4 4Fr -2 - = s s 

2C + 6Dr 2 6Er -4 2Fr -2 = s s s 

At r=R the boundary conditions are s 

Hence 

AR - 2 + 2B 
s 

= 0 • 

2C + 6ER - 4 + 4FR - 2 
s s 

= 

= 

6 2 6 -4 -2 2C + DR - ER - 2FR = s s s 

- n(iob2+ilc 2)2 

(•b2+· 2)2 1T i
0 

i 1 c 

0 . 

0 

0 

0 

r 
s 

r s 

-4 

-4 
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Note that Eqs. (113-115, 117-119) provide six equations for de-

termining the six unknowns (A-F). 

As in the previous problem the generalized plane strain 

approximation will be used. Since this introduces one more un-

known, the longitudinal strain, the virial theorem will be used to 

provide the last condition. Thus using Eq. (95) and (97) with an 

inwardly directed normal gives 

!!(a +a
88

+a )rdrde rr zz 

Equation (47) may be used to eliminate crzz· In this case since 

the iron shield remains at room temperature k=O. Thus 

(112) 

(113) 

(114) 

(115) 

(116) 

(117) 

(118) 

(119) 

(120) 
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Jf[(l+v)(a +a 88 )+YE ]rdrde = - 2n 2 (i b 2+i
1

c 2 ) 2 r - 2 
rr zz o s 
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Integrating after using Eqs. (107-108) for the stresses gives 

Thus the longitudinal strain is determined. 

Numerical Calculations 

The stresses and strains that exist in the three nested hollow 

cylinders have been calculated as a function of the central mag-

netic field. Twenty algebraic relations in Eqs. (68, 69, 70, 73, 

74, 75, 77, 78, 79, 81, 82, 83, 87, 88, 89, 90, 92, 93, 94, 102) 

among the nineteen coefficients in the Airy stress functions 

(Al Bl cl Dl El Fl A2 B2 c2 D2 E2 F2 A3 G3 B3 c3 D3 E3 F3) and 

the longitudinal strain Ezz have been solved. Thus the stress and 

strain of any point in the dipole model structure may be found. 

For simplicity in the presentation of numerical results, however, 

only the values on the median plane are given. It is usually clear 

whether a quantity is stress or strain. Otherwise, R is radial, 

T is theta or azimuthal, Z is axial or longitudinal. With regard 

to position A, B, C, D are the points on the median plane at the 

cylindrical boundaries between the various media. To indicate the 

(121) 

(122) 

side of the point, P is used for positive and M for negative. Thus, 

for example, RTBP indicates the (r, e) component at the positive 

side of point B. 

The boundary between elastic and plastic isotropic media is a 

function of the invariants of the tensor representing the deviation 

of stress from the mean stress. A generally accepted simplification 
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of this condition regards the onset of plastic flow as being 

determined only by the second invariant of this tensor
6 

Since the condition may be stated as 
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where Yt is the yield stress in tension, the 13J2 has been 

tabulated for ready comparison of the state of stress with the 

yield point. Note that for 45 kG the band stress slightly exceeds 

the elastic limit. 

A comment relative to the appearance of negative elastic 

energies is in order. Equation (1) is actually an expression for 

the density of free energy (u-Tn) where u is the internal energy 

and n is the entropy density7. However, the term in Tn that 

depends only on the temperature has been dropped since it does 

not affect the state of stress. Hence, negative values of the 

free energy are caused by positive values of the entropy density. 

(123) 

(124) 

For completeness the effect of the distortions caused by banding, 

cooldown, and magnetic excitation are indicated by their multipole 

contribution8 to an otherwise pure dipole field. At the reference 

radius let 

where ~Bl is the change in the dipole component and 6B3 is the 

change in the sextupole component of the resulting field. Further, 

(125) 
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let 

where the subscript c refers to the contribution due to the 
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conductor alone and the subscript s refers to the contribution 

from the shield. Also let 

where B is the original magnetic field for zero mechanical dis-

placement field. Thus, the output lists 6Blc' 6Bls' R1 and 6B
3
c, 

6B
3
s, R

3 
for the displacement field that results from each state 

of strain. 

No calculations have been made for the stresses in the iron 

since the inner iron surface field is modest. 

(126) 

(127) 
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Fig. 1. Geometric Details of Doubler Dipole Model 
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I ELASTIC STRESS ANO STR~IN IN OOU8LER MODEL---ELAST3 
I 

l__C:~T~AL "1AG'l~TIC FIELO(l<G> ____ ;= __ .0000 I"IME~ ~0°E TUl3E RAOIUS<I"ll ____ :;_ ___ 1.2375 INNFR CONOUCTOP- RAOIUS(!N)) = 1.?000 ---~ 
ourE~ CQ"IQUCTOR R.OO!US(!"I)) = 2.14qQ 
eo:;I:' YOU~IS~ "iODULl'S(ldS/IN/INl = 11'.HOOOC!. 

OU.,.F.R RAO!IJS OF qAND!NG<TNl = 2.521+:J RADIUS OF IRON SHIELOUN>. --·=------3.7500 
CONO. YOU~GS ~OCULUSCL~S/IN/IN>= 1000000. BAND YOUNGS MOOULUS(L9S/IN/IN> = 18670000. 

eri=F POissoqs PATIO = .3330 CONO. PaISSONS RATIO = .1000 BAND f>OISSONS RAT~-o = .3330 
_ El')i:>f THF~'!AL STRA Pl!! N/I'.ll -=-- __ O. 0 00 0 ~2~2Er rnf~~~~r;~ n~~~~~ ~:;n, i--- O .O ~g g ~~~2d ~tR~~~P~~i~3~ :r"l/IN> --~-- ____ O • O ~g g ~EFE~ENCF CA~IUSCI~J = 1.0JOO ec;F YIFLD ST~ESSflq/!NIIN> = 12ooqo. CO"JO.YIF:LO ST~ESSCLB/IN/TNI = 3500(). BAND YIELD STPFSSCLB/IN/I"IJ = 20000 • 

. B~NO DISLOCArION(l'ILLI 0 An) = 5.250 !NT.(S~P.+STT•SZZlOA((l~l-LBl/INJ= o. I"lTEGPf..L CF szz•OA((IN-L8)/!N) = o. 
__ BO"F ELAST. ENF:RG~<<I'~-Lq)/!Nl =--- 3.41 §2r8. cd~ ~~~ ·T~M6£~~~ ! 1 ~r~~t a~~~--~~ a o~ oi~ B~~gl ~L ~~[ T A~~r~x~ ( ~tµ:L~A6rn~ ~ -- . 0 0 ii 3~ ~ DT!PL. or~ol WJTH NO SYIELD<KC)= .3GOJOJ 

O!S?L. SFXT. \.l!TH NO )HIELO(KGJ= -.000000 SHLO CO"ITR. TO OISPL. SEXT.(KG>= .000000 SEXTU. DELTAB/8 AT REF. RADIUS= -.000000 

A "1C:L= 
('JFG> R~_AP 

:__90. o ___ 1J. 
13 ll. 0 0. 
7C.O O. 
Eo.a a. ___ s r. o ___ o • 
i.o.o o. 
~o.o o. 
20.0 o. 

~.10.ol'.' ___ c. 
• o a • 

H!C:L::: 
<De~> ~QA P 

gr~o 
e o. o 
70.0 
EO.O 
;c.o 
I+ c. c 
31'.'. 0 
20.0 
10.0 

• [! 

285. 
2ll5. 
2115. 
235. 
2'3S. 
2'35. 
2'3 5. 
2'35. 
2115. 
28 5. 

TRANSVERSE STRESS (LB/fN/INr-- ----- - ---- -- ---- -------··· --- ----- -- . 
TTAP RTAP RR8~ TT8M RT9M RR8P TTBP RT8P RRCM TTCM RTCH RRCP - TTCP RTCP RROM TTOH R.,.OH_J 

-7104. ___ '.':'!l.__-11~4. :-59?9. ____ a. -1n4. -549. o. -981+. -69q. o. -9'31+. 1t686. o. o. 6521+ •. -o. 
-7101+. o • .;.11li..--595q. -o. -1u4.·--s1+q.--~o. ---9131+.---699. ---~D.-~98t+.---1+686.---o.--- D.- 6524.----o~ · 
-1104. o. -1134. -5959. -D. -1131+. -549. -o. -984. -699. -D. -9s~. 4686. -o. o. 6524. o. 
-;104. o. -113"· -5%9. -o. -1131+. -51+9. -o. -9'!4. ·699. -a. -984. 4686. -o. D. 6::21+. o. 
-7101+. ____ a. -113i.._-5q59. ___ -o. -1114. _-549. ____ -o._ -984._:-599. ___ .:-o. ___ :-984._ 46135. __ -o. ____ o. ___ 6521+. _____ D. 
-7104. ...., o. -11 JL.. -5·J&9. -a. -11 H. -51+9. -o. -9'34. -699. -a. -98t... 4636. -o. D. 6524. o. ~ 
-1104. o. -1134. -59?9. -o. -1134. -549. -o. -984. -699. -o. -98i.. 4E:a6. -o. o. 6524. o. 
-7104. 0. -113L. -5959. -0. -1134. -549. -0. -9Ri+. •699. -Q. -98~. 4686. -Q. 0. 6:21+. O. 
~710 4 • _____ a~113i. ..__:-5%9 • __ :-o ._:-11 l4._ -54 9. _____ :-o • ___ -984. _'."?99. ____ '."D._.:-98.:+ • ___ 1+686. ____ -o ~-- o. 6524. a. . 
-1104. o. -1n1+. -5%9. -o. -113.:+. -549. -o. -9a1+. -6·n. -o. -981+. 4686. -o. -- o. 6524.---0 • 

TRA"ISVERSE STQAIN < HUIN/IN> 
TTA~ RTAP RPRH TT9M RTBM R~8P TT8P RT8P RRCM TTCH RTCM RR~P TTCO RTCP RRO!i HOH RTOM 

-sso ~----:.;;o~---152 ;---417 .----- o .--1 a~ o ~-- -411.-- o~-- -895. --58 2 ;----- o.-;.151. - - 254. --- - o. 
-s50. o. 15?. -<+1 7 • -o. -1000. -1+11. -o. -e9s. -sa2. -o. -151. 254. -o. 
-5~0. o. 152. -417. -o. -1050. -417. -o. -895. -582. -D. -151. 254. -o. 
-550. o. 1s2. -411. -o. -10F'>o. -t.1'7. -D. -895. -5a2. -o. -151. 254. -o. 
--ssJ.------o~--1s2~---1+11~-----· -n. -1os'J. -i.11. ----o. - -895~ --;.5s2.--- -a. ---;.151~ · 254. ·· -o. 

--11+8. 
-148. 
-148. 
-148. 
-1"8. 

318. ---- -0 • I 
318. o. _J 
318. D • 
318. . J. 
3U. -- ---- D • 

-~i:-o. o. 1s2. -417. -o. -1osa. -1+17. -o. -895. -582. -a. -151. 254. -o. 
-5~o. o. 15~. -417. -a. -1060. -<+17. -o. -895. -se2. -o. -151. 25it. -a. 

-146. 
-146. 

318. 0. 
318. o. 

-5~0. o. 152. -1+11. -o. -1aoo. -417. -o. -895. -582. -o. -151. 2si.. -o. 
-5!=o. o. 152. -411. -o. -1as1J. -1.17. -a. -895. ----;.5a2. -- -a. -1s1. 2s1+. -a. 

-148. 
-148. 

31'1. o. 
316. il • 

-55~. o. 152. -411. -o. -1060. -1+11. -o. -895. -5a2. -o. -1s1. 254. -a. -1 ... 8. 318. o. 

-~NC:LE_ L'.lNG._ STt;E'lS (Ul/!N/IN> _ANO SHA.IN P1U!Nl.INJ _ S'lRTf3•J2l IN <Kl-B/IN/INl _ TRANSVEPSE DISPLACEMENT I IN> 
()fG) Z7 A p zzg ~ z ~BP Zl'CM 2ZCP ZZDI' f.:ZZ YAP Y9H yqp YCH YCI>- vow- UP.A UTA URB UTB UP.C UTC UPD 

- l 

UTO_J 

9C.r. -2so~. -26' • -191J. -190. 811. 17 7 1. -21. 6.2 4.3 .R .1 s.o s.s -.0001 .0000-.0006 .0000-.0013 .0000-.0013 
_fll,0_:'.'2SQO • .-260. -110 • .-190. __ RH._1771._-21. ____ 6.2 _ 4.3 _ .8_.7_5.0_~.8 _-.0007-.DOOD-.0006-.0000-.0013-.D000-.0013 

10.n -2soG. -2&0 • -190. -190. 811. 1111. -21. 6.2 4.3 .8 .1 s.o 5.a- -.0001-.0000-.0006-.nDoo-.0013-.Dooo-.0013 
&o.o -2so9. -260 • -190. -190. s11. 1171. -21. 6.2 4.3 .a .7 5.D s.s -.0007-.oaoo-.0006-.0000-.0013-.0000-.0013 
;c.o -2~09. -261 • -190, -190. 811. 1111. -21. 6.2 4.3 .a .1 s.o 5.8 -.na11-.ot~c-.00~6-.cJoo-.oc13-.0Joc-.0:13 

_4 t. o __ :-25 c 9. -26a • __ -19 ~ • __ ... 19 o • ___ 8 H. _ 1 771._ - 21. ___ 6. 2 _ 1+ .J _ • ~ ___ • 1 _ s. o__s. a_ - • o o o 1-. o o o o-. o o o 6-. o o o o-. o o 13-. o o o o-. o o 13 
3o.o -2soq. -260 • -190. -190. 8J1. 1111. -21. e.2 4.3 .~ .1 s.o 5.8 -.0001-.oooo-.0006-.oooo-.DD13-.oooo-.0013 
20.0 -2so9. -260 • -190. -19D. ~31. 1711. -21. 6.2 4.3 .s .1 s.o 5.a -.0001-.oooo-.0006-.oooo-.0013-.oooo-.3D13 
1D.o -2&09. -260 • -190. -190. 831. 1111. -21. 6.2 4.3 .8 .1 s~o s.~ -.0001-.0Doo-.0Do6-.0Doo-.ac13-.0Doc-. J13 

___ , ~ __::-~&Oq • .:-26~ ..... 19 l. ~190. __ 831 • __ 11"1'1. __ -21 • __ 6· Z __ l;.3 __ .8 __ _ .1_S • .L....2_._8_.::•D 007~. ODDO::"• 0006-. 00 00-. D013-. D DOD-. OOU 

Table 1. Pre-Stress, No Field 

• a o 33 
• oo zq 
.0026 ~ • o a 22 
• 001' 
.001" 
.0011--

=~~gz f--' >:rj 
.ODDO O\Z 

NI 
0 f\J 

co 
..i::-



ELASTIC STRESS AND STRAIN IN ooueLER HODEL---ELAST3 I 
_:::nn~AL "'t.Gtl<:TIC FIF.LD<1<G> __ = __ 45.ocoa 
O~TE~ CJ~ou:roR RAOJUS(!N)) = 2.1490 
8'.)C:F YOIJt~GS '100ULLS<L8S/IN/IN) = 113300'10. 

It-11--EP 91)"E TUi:lE P.AOIUS(IN) ---- = __ 1.2175 INNEP CONDUCTOR Rl\OIUSIIN)) = 1.5000 __ ___J 
OUTE~ RADIUS OF BANDrNGIJNl = 2.5240 RADIUS 01"' I~ON SHIELD<IN> - = 3.7500 
COl'ln. YOUNGS MOOULUS<LflS/INIIN>= 1000000. t:lANO YOUNGS MOOULUSIL=JS/IN/INJ ·= 18670000. 

l'ID~F PQISSO'IS PAT!() = .333J ~ONO. C:QISSONS RATIO = .10JO 9ANO POISSONS RATIO = .3330 
9'.l;F THEP.MAL ST"AINCINIIN> = o.orno COl'JO. THf:R"!AL STPAitHIN/HIJ = 0.0000 l'!llNO THER~AL STRA!N<I"l/IN> = 0.0000 
;-tFnE"lC:'. ~A!JTIJS<INl =--- 1.0000 ~AGMETTC ENERGV<<I"l-LB'Sl/I"ll =---17344.27 MAGNETIC ENERGY(J/H) = 77260.85 --

r,rlNO.YIFLO STRESS<L!3/If\/""NI = 35000. 13ANO YIELD STRESS<Ll3/IN/INl = 20000. j 9D>E YIFLO STRESS<LA/IN/IN) : 120000. 
£>A''0 D!"LOCATION("ILL!RA!Jl = 5.'250 

_so=E El.t.ST. E:NJ"RGV((IN-L'H/!N) = ___ - 6.43 
OIS 0 L. OIPOL WITH ~O SHIELD<KG>= -.001577 
or~ 0L. SEXT. WITH NO S~!ELD(KGJ= -.020083 

INT.ISRP+STT+SZZ>DA<«IN-LBJ/IN>=_ 25.:28. INTEGPAL CF SZZ"'DAIUN-L9)/INl = 17344. t 
CONO. ELAST. El'-IF'PGY((!N-LBllIN>= 11.08 BAND ELAST. f"'lERGV((!N-LBJ/INJ = 7.7<. 
SHLD CONTR. TO O!SPL. fJIPOL(KG)=--~008538 DIPOLE OELTAB/B AT REF. RA['IIUS--=---.0001ss 
SHLO CONTR. TO OISPL. SF.XT.(KGJ= .000665 SEXTU. DELTAB/B AT REF. RADIUS = -.000432 ' 

t> NGLE - - - - -- - - -- - - --- -TRANSVERSE STRESS <LB/IN/If\ J -- -
<DFG) R~AP TTAF RTA 0 RRBH TTBM RTBH RR9P TTBP PT~P RRCH TTCH RTCM RRCP TTCP RTCP 

90.o -o. 13981. -o. 77. -3150. o. 7 7 • -264. o. -812. -356. o. -812. 11995. o. 
8 0. 0 ------0 ~ l 2845 .---0~--- 2E .--;_32J 6 • - --% 3. - -1 ~. -- -2 76. -513A. -!!32 • ----378 .----341.-;..83 0. 116 04. ----115. 

----- --- ---- - ---i 
RRDH TTOM RTOM I 

0. 20. -il • ' 0. 454. ------ IJ .------' 
70.I! -o. 9573. o. -12?. -3369. -1809. -263. -311. -1104. -889. -438. -641. -883. 10477. -216. i:.o.n -o. 4559. o. -350. -3618. -2438. -01+9. -365. -1u88. -977. -529. -8&3. -964. a1s1. -291. 

o. 1703. o. 
a. 3617. o. ;n.o -o. -1590. o. -628. -1n4. -2112. -1123. -431. -1692. -1085. -640. -982. -1063. E634. -l3o. 

t.O.'l ----0. -8135.---- O. - -92=. -4249. -2772. -162-'J. -501. -HC!?.. -1200~--;.;75g~---q82.--1168. - 4381. - -330. 
3C.O 0.-14285. o. -12~"• -~555. -2418. -2102. -567, -1488. -1308. -870. -863. -12&7. 2264. -291. 
20.c 0.-19291, o. -14~1. -4804. -1ao9. -24~9. -621. -1105. -1195. -961. -641. -1348. s3a. -216. 
10.0 0.-!2;11. o. -1579, -4951. -~63. -2741. -656. -56~. -1453. -1020. ~341. -1400. -588. -11s. 
· .o·--- o~;;.~3108.--0;-:;1631~-~5023~- -o~-;;.2829.---&68. - ;..o. --14n.-;;·1041;- -o.---;;1419~-;..9ao.--- -o.--

0. 5 %5. 0. g: 18~~i: ----- &=---, 
o. 12125. o. I 
Oo 13975. 0o I 
o. 14'409. ---- 0. ___ ____, 

oN~LE TRANSVERSE STRAIN <MUIN/INJ 
<nFGl R~AP TTAP RTAP ~RBH TT8M RT9M ~~BP TTBP RT9P RRCM TTCM RTCM RRCP TTCP RTCP ~~D~ TTDH RTOM 

·90.c --515; 1oeq.-----,;.o~--101.---219~-- o~- 91.;-- -219. - o. - -113.----;..273~---- o. ---352. -- 562. --- o. -29. - -21. - -- -o. 
~o.o -532. 980. o. 99. -281. -113. 12. -281. -646. -791. -292. -175. -344. 544. -8. -3ci. -7, o. 
70.0 -403. 7?3. O. 94. -28'l. -213. -234. -288. -1215. -841. -344, -7G5, -32C. 492. -1c. -69. 53, Q, 

-~~.c _-207, __ 329. _____ o. ___ sE. __ -299. __ -2i:i1. _ -611. -299. -H·37. -9ts. ~424. -9c;o. -252. 411. -21. -111+. 1'+4. a. 
~o.o ~4. -1c:3. a. "'E. -u2. -126. -10 7 3. -:u=?. -1P61. -1012.-·-.;.523,-·:.;.1o'lo,--:.;.237. -- 313. - -24. -110. 256, - ·a. --
~o.o 290. -667. a. 65. -326. -126. -1565. -12s. -1e~1. -1113, -628, -10~0. -1sR. 2oa. -24. -?3o. 37 5, a. 
3o.o 531. -1149, o. 56. -119. -281. -2021. -339. -1637. -1201. -726, -930. -143. 110. -21. -2e5. 41!&, a. 
2t:'.'l __ J2s. -15.i.3, "· 4e.__ -149. -2n. -21.;oi.. -349. -1215. -12a:.. _ -ao6, -10s. -10s. 29. -1s. -~31. s1a. a. 
H.o e:&. -18ao. o. 42. -356. :..1n. -25i;o. -356. -646. -1335~ --•asci. --.375, --- -81. -23. -0. -361. 637. a. -] 

.a 900. -188'3. a. 40. -159. -a. -2135. -359. -o. -1352. -an. -o. -73. -41. -o. -371. £i?8, o. -

AN'.-L: _ LONG. STRES5(L 1HIN/".Nl AND ST~AtNCHU!N/INl SQRTC3"J2l IN IKLA/IN/IN) TRANSVERSE OISPLACF.HF.tH<INl 
--(['fGt-zv.p--izs~ nqc -z7CH --zzi:P - ZZOH -- E7Z YAr>. YBH YAP YCM vto vow-- UP.A UTA URB UTA URC UTC URO UTD ---

9 n. o 5 6 2 ~. - s e • 6 1. - 1?. s 318 • 15 o 1. 8'> • 1 2. 2 3. 2 • 1 • 1 11.1 1 • 6 - • o o 41 • o a o o - • o a 4 2 • o o o o - • o o i. ~ • a o o o - • o o 4 5 • o o :n 
60.0 52~~. -92. c;1. -~6. 51'l1. 1745. RS. 11.2 3.6 1.1 .9 10.s 1,6 _ -.001ci-.aoo9-.0040-.0006-.0043-.0001-.oa43 .ao2s 
n.o·---i.15;~---19~. ·· 2-i. -47.-4789.--2161.---a5. -- 8.3 ·4.5 1.ci 1.3--9.s---2~a--.;..~03J-.oa18-.oou-.0012-.00J1-.0012-.o'.!Je .oas---j 
6C.O 2456. -35t. -16. -~5. 4187. 2799. 85. 4.0 5.3 2.6 1.7 8,4 3,3 •o002l-,0024-.0023-.0016-.0029-.0017-.0029 ,0012 
so.a 438. -c;4~. -10. -8"'. 3Lt<+CJ. 3~~0. Be;. 1.8 5.8 1.11.ci 6.7 5,2 -.0011-.0021-.0011-.0019-.ooH-.0019-.0019 .0001 1-'l:rj 

_r..o.o_-1742. ___ -75E. __ -12,._'.'"110. ___ 265 .... __ 4412. ___ a5, 7.4_ 5.9_3.2 1.9_5.0 1,1_.0001-,0021 .0002-.0019-.0001-.0019-.0007 ,OD!ll O'\Z: 
30.ll -11go. -9sr. -1s2. -132. H25. 51%. 85. 12.a 5.5 3.1 1.a J.~'l.J .0011-.002i. .0014-.0016 .0001.-.0011 .a:i~J .c~:1- 1 
20.0 -5459. -1109. -226. -1sc. 1324. !SH1. _as_. 11.2 4.1 2.s 1.6 2.U_1. ._ao_2_J_·.0H8 .0021+-._ 0_012 .0012-.0012 .~olf'"•o-~~o ~['\) u.o -6549. -121J. -2s1i. -162, CJJ2. 6247. 11s. 20.1 1t.o 2.5 i•3 2. 2, .aozq .. ,0009 .0030-.0006 .001s-.ooa7. o .. ,a o cn 
_. !IL~f>CJ2 7 L~1~~-~·--'.'" 261t.~J~9~ __ 7~S!_ __ f. 3~g! __ ~5' ?1· 1 ___ ~ ,Q_~_!lt - !i_j!!. 2-_, ___ _JQ QH""'.19 QQQ __ ~ OD3l!-_• 00 DO ! 0020-. 0 000 • 0 - ... 0 0 -- -i= 

Table 2. Pre-Stress, 45 kG Field 
-------·- ----·-- - ----·· ---------------



C'HIPAL '1AG~~ETIC F!~LD(KGl _ --=----- .'JDOO 
OUTF~ CON~ucroq RAO!US(!Nll = 2.1490 
e,or:F YOUNG'.O '101JULlSfl 1S/IN/IN> = 11330000. 
l?Q~i:- POISSl"l~lS RATIO = .333\l 

ELASTIC STRESS ANO STRAIN IN DOUBLER MOOEL---ELAST3 

!Nf\ER CJQPE TU9E RADIUS IPH _______ : ______ 1.2175 !NNF.R CONCUCTOR RADIUS UN)) 
OUTFR ~l\OI'lS OF l:'.lANDTNGIINl = 2.5?40 RADIUS OF IRON SHTELD l!Nl 
roNO. YOUNGS MO~ULUSfL8S/IN/INl= 1000~00. CIANO YOUNGS MOOULUSIL9S/IN/IN> 
CONO. POISSONS RATIO = .1000 PANO POISSONS RATIO 
COND. TH~R~AL STRAINIIN/!Nl = -.0030 B6ND THER~AL STRAINCIN/INl 

1.5000 
3.7c;oo 

186700".Ji:. 
• 333 0 

- • D 03 D 

--~ 
_Clo:i:- TH:;._t1AL STPAIN<IN!IN) =---- -.0015 
;>fFF~ENCF. FAQIUSIINl = 1.0000 "IAGMHIC PWRGY I !Ifll-L'lSl /PH =--- .OO MAGNETIC FNE!<G"l'l.l/Ml • 0 0 -- ~ 

2000(.. _J 
0. 

~~r:~ Y!FL~ STP.ESSILe/IN/INl = 120000. CONO.V!ELD ST~ESSIL6/!N/IN> = 350no. BAND YIELD STPESSIL'l/IN/IN> 
~nm i)!SLOl'.'ATION(llILLI~/10) = 5.250 INT. (SRR+STT-tSZZ>DAl(lt--1-LBl/IN>= o. INTEGRAL OF SZ7'.•0AC lIN-L8l/INI 

___ BC"F. ELAsr. ::~1fPG'«I11-Lri>nN> =- -4c;o.s1 
DI~o-• DIPl"lL WITH NO SY!ELDIKG>= .000000 
DI~PL. SEXT. WITH NO SHIELDIKGt= -.000000 

CONQ. EL AST. ENEPGYC(I~-LB,/!N)= -225.73 BAND fLAST. ENE~GVC CIN-L8l/IN> 
SHLD CONT~. TO DISPL. OIPOUKG>=-·-.;..000000 OIPOLE 0£LTAl3/B AT REF". RADIUS 
SHLD CONTR. TO DISPL. SEXT.fKG>= .GOOOOO SEXTU. OELTAS/B AT REF. RADIUS 

-8279 .05 '---
• 001573 

-.000000 

- t. N!:".LE- ---- TRANSVERSE STRESS CLB/!NJINI --
<DEG) R~AP TTAP RTAP P.P.BH TTB~ RTBH RR3P TT9P RTBP QPCH TTCH RTCM RPCP 

_:__so. IJ __ _-o .-1q132 •-- -o. __ _- H51 •."'.'.165 '11. ___ o ._-us 1. __ 422. ____ o. -2235 •---~494. __ o. _-22 35. 
~o.o -o.-1q732. o. -3151.-16581. -o. -J1s1. 1+22. -o. -2235. -494. -o. -2235. 
70.0 -0.-19732. o. -~151.-165111. -o. -3151. 422. -o. -2235. -494. -o. -2235. 
60.D -o.-1q732. ~. -3151.-15581. -0. -3151. 422. -o. -2235. -494. -o. -2235. 
so.a -o.-1q732, o. -3151.-16581. -o. -3151. 1+22. -o. -2235. -494. -o. -2235. 
li.o.o-- 0.-19132. IJ. -1151.-1s5~1.---o. ::;.31s1. 1+22.-----0. -2ns.--;;.494.---·.;.o.--::;.2z3s. 
30.0 o.-1q112. o. -J1s1.-165~1. -o. -3151. 422. -o. -22~5. -494. -o. -2235. 
20.0 0.-19732. o. -3151.-155111. -o. -3151. 422. -1. -2235 •• 4q4. -o. -2235. _10.c ____ o ,-1cH32. o. __ :'."H51.-16s 1H, __ -o._ -3151. _ 422. ____ -o. -2235'- __ -4%, ____ -o._"'.'223c;. 

• o o.-19732. a. -1151.-1&5~1. -a. -11~1. 422. -o. -2235. -494. -o. -2235. 
t NGLE TPANSVERSF STR.AI.._, < l'!UIN/IN) 

TTCP RTCP RRD"I TTOM RTOH_J 
o. 13115. -o. 12528. o. 

12s28.----o.----
12528. -o. 
12528. -o. 
12528. -o. 
1252 8. ---- -o. ·-
12528. -o. 
12528. -(j. 
12528. -o. 
1 25 2 8. --- -- 0 • 

o. 13115.---0~ 
o. 13115. o. 
o. 13115. o. o. 13115. o. ).l 

o. 13115.~ ·o;~ .. 
o. 13115. o. o. 13115. o. o. 13115. a. o. 13115. -- ----a~ --

(~F~J ~~A 0 TTAP RTAP RPPM TT9H RTBH ~P~P Trao RTBP RRCM TTCM RTCH RRCP TTCP RTCP RRD~ TTD~ RTOM 

90.0 --310. -2631. -a. -6111. -2?01.----0. -61'H. -2251;·---- o. -5183.--3268.-- o~ -3487. -2433.- o. -3394. -2458.- - -o.·-_J 
8C.o -:Ho. -21;31. o. -s111. -2261. -o. -51ca. -2261. -o. -5183. -3268. -o. -3487. -2411. -o. -3394. -2458. o. 
10.0 -Ho. -2631. o. -61\1. -22'31. -o. -6191. -2261. -a. -51ll3. -3268. -o. -34B7. -2433. -tJ. -3314. -245!1. • 

__ e:o.ll _-110. -2r:.11. o..__-691._-2261. ___ -o. -61'H. -2261. _____ -o. -'H83. -J2sa. __ "."c• -34117. -2433. -o. -3394. -2458. 8. 
:c.~ -310. -2631. o. -681. -22i;1. -a. -61q1. -2201. -o. -<;183. -32sa. -o.--3487. -2433. -o. -:nq4, -21.5a. o. -
~o.o -310. -2631. o. -681. -2251. -o. -61g1. -2261. -o. -5183. -1268. -o. -3487. -2433. -o. -3394. -21+sa. o. 
3C.O -310. -2631. o. -6'11. -2261. -o. -1;1q1. -2261. -o. -!H83. -H68. -o. -3487. -2433. -o. -33q4. -24!:8. o. 
20.0 -Ho. -2611. I)._ -6111. -2261. _ -o. -61'H. -2261. -o. -s1a3, -3268. ____ -o. :-3487. -2433. -a. -B94. -21.s11. a. 
10.0 -310. -2611. o. -081. -2261. -o. -6191. -2261. -o. -5183. -3268. -a. -3487. -2433. -o. -3394. -21+sa. o. 

-~ -310. -2631. o. -681. -2251. -3. -6191. -2261. -o. -5183. -3268. -o. •3487. -2433. -o. -3394. -2458. o. --, 
_p.~•r:L:; __ LO~G. STP.E5S(L''31ltl/IN) ~ND STRAINP1U!NIINI ___ SQRT(3•J2) IN <KLB/IN{IN) _ _ T~ANSVfRSE DISPLACfHOIT<IN) 

<DFG) 7.ZAP 7Z81' ZZIJP Z7CM ZZCP Z7-D"1 EZl YAP Y'311 YBP YCli yrp YOH-- UR.A . UTA UPS UTB U°C UTC URO UTD ___j 

9~.o -2015q.-21J75~. -25. -25. 6052. 6992. -2~;;2. 20.1 1c;.9 3.4 2.0 13.1 11.6 -.0033 .0000-.0034 .0000-.0010 .oooo-.oos3 
_110.0 -20759.-2075~. -25. __ -2s._ao52. __ 8992. -2752. 20.3 15.9 3.4 2.0 1 l.t_11.6 _-.OOlJ-,oooo-.0011+-.0000-.0010-.0000-.00113 

10.0 -20159.-20159. -25. -25. so52. sqq2. -2752. 20.3 15.9 3.4 2.0 1J.1 11.6 ~.ooJ3-.oooa-.oo34-.oooo-.0010-.oooo-.o:a3 
eo.o -20759.-2075~. -25. -25. llJ52. 59q2. -2752. 2C.3 15.9 3.4 2.0 13.1 11.6 -.u033-.COCu-.0034-.00D0-.0070-.000D-.ODR3 
=c.o -201sQ.-201s~. -25. -25. 8~52. 8992. -21c;2. 20.3 15.9 3.42.013·111·6 -.oOll-.0000-.0034-.0000-.0010-.0000-.00~1 
LO.O -2075~.-2075£. -25. -25. 8052. 8992. -2752. 20.3 15.9 3.4 2.0 3. ,6 -.0033•,0000-.0034-.0000-.0070-.0D00-,0083 

·-30.0 -20159.-20759. -25. --25.-·aos2.-- eqn. -2152. 20. 3 15.9 3.4 2.0 3. - .6 ---.aon-.oooo-.0034-.oooo-.0010-.oooo-.ooa3 
20.0 -20759.-2075~. -2c;. -2s. 6052. 8992. -21c;2. 20.3 1s.q 3.4 2.0 13.Lii'6 -.aa33-,aooo-.0034-.cooa-.001c-.oaoo-.1oa1 
1e_.a -2~759.-.207~~- -25. -25. 8052._ 8992. -2752. 2_ 0.3 15.9 3.4. 2.0 13. .& -.003l•,DOOO-.OD34-.DODD-.001D-.oooo-. 083 
_. CL ...... 2a1sci.:- 2015 c:. -2s. ~ 2s. ___ 6 on. __ 8 CJnL"'.".21:;2. _ c:o. 3 15,9_ l .4 _ 2. o _1 ~. • fl~ ,Q o:n~. pa oo-. 00~1t-, oa aa-. 0010-. o o oo-, as 1 

Table 3. Pre-Stress._ Cool Down, No Field 

• 00 33 
• 0 0 29 • c J 2e ---, 
.0022 J • 0 D B 00 . 
: aoh--
'oao.1 • a o~ 
• OOQD 

I-' f:rj 
O\Z 
NI 
0 [\) 

Q) 

..i:::-



ELASTIC STRESS AN'l STRAIN IN DOUBLER MODEL---ELAST3 
c::.HAL--MAGN'::TIC "!f.LO(KGJ _____ ::_.45.!1000 INNE~ 80Pf TUBE RADIUS (!NJ __ ::: ___ 1.2'r75 INNER CONCUCTOR P.AOIUS<INll = 1.=:000 ___ __j 

OUTE~ CONDUCTO~ RADIUS(JN)) = 2.1~90 
~r;F YOU~GS ~OOULlSCL3S/IN/IN> :: 11330000. 
C!'.'l;F POISSO'~S RHI'l = .1'33J 

,. ~O"'E THE::>.HAL STP.A IN <I N/!N) =--·· -. 0 C15 
' ~fF'F'?ENCE t?AD!llS(J".j) = 1.ocoo 
I e'.)i=f vrFLD srP.Ess tLA/INl!N> = 120Doo. 
: ea~!D DISLOCATiml(l'IlLI~AD) = 5.2'.'i~ 

OUTFR P.AOIUS OF ~ANDINGCINl = 2.5240 RADIUS OF !PON SH!ELD<IN) 
CONO. YOUNGS ~ODULUS(L8S/I~/IN>= 1DOOOOO. RAND YOUNGS MOOULUSCLBS/IN/!Nl = 
COND. POISSONS ~ATIO = .1010 BA~O DOI~SONS P.ATTO 

= 
= 

CONO. THEP."'Al STRAINCIN/INl =---·- -.0010 BAND THERt'AL STRAINCIN/IN) = 
MAGNETIC ENERGY((!N-L9SJ/IN) = 17344.27 ~AG~ET!C ENERGY(J/M) : 
COND.YIELO ST~ESSfLB/IN/INl = 35000. BAND YIELC ST~ESSIL13/IN/IN> : 
INT.CSRR~STT•SZ!IDA((!N-LBl/INl= 2502B. INTEGRAL CF SZZ-OA(UN-Lfll/IN> = 

3.71300 
18670DOC. 

• 333 0 
-.0030 

77260 .85 
2 o o oa • 
17344. 

LJOl=E _EL AST. __ ENERG 't <<IN-LBJ /I"H. =_-456 .05 
or~P~. OIPOL WITH NO SHIELD(KG>= .O~D597 
DI~PL. SEXT. WITH NO SHIELO(KG>= -.D20063 

COND. ELAST. ENERGY((!N-ll3J/IN>=--~21&.73_BAND ELAST. £NE:RGY(UN-LB>IINl = 
SHLD C0NTR. TO OISPL. OIPOL(~G>= -.011997 OIPOLF OELTAB/B AT REF. RADIUS : 
~HLO CONTR. TO OISPL. SEXT.<KG>: .OD0665 SEXTU. OELTAB/B AT REF. RADIUS= 

-8268 ,53 __ ____J 

• DD 1524 

-ANc:LE·- --- -- - -- . - ·····--- -TRANSVERSE STRESS fLBIIN/INl ___ - - ---
/ CDFG) q~AP TTAP RTAP RPf'lli TTBH RTBM RRBP TTSP RTC\P RRCH TTCH RTCl1 RRCP 

L90.D ___ -a. ___ 1353. ___ -o. ___ -1919.~1HE>1. _____ o._-1g3q, ___ 707 •. __ u. -20&3._-153.__ a. __ -zGe.J. 
ea.o -o. 211. o. -1q91.-13~1a. -963. -2027. 695. -588. -2De2. -173. -31+1. -2081. 
10.0 -a. -3055. D. -21J9.-119so. -1~09. -2219. 6~9. -1104. -214D. -2~3. -61+1. -2131+. 
so.a -D. -8069. o. -216s.-11+23o. -2438. -266&. &o&. -1488. -222a. -324. -863. -2214. 

_:c.o __ -o.-14218. __ o. __ -?645.-14515. _-2n2 •. -311.0. 51+0. -1M2. -2336. -435. -9a2. -23u. 
1 i.a.c u.-2~161. o. -291+1.-14861. -2112. -3E4i+. 470. -1e.ci2. -?.45a.---5~4.--982. -2419. 
. Jr.o o.-!5913. o. -3220.-15161. -2438. -4119. 1+0~. -148,. -2556. -665. -663. -2~16. 
; 2C.!) o.-31927. o. -1447.-15:+16, -B09. -4505. 150. -1105. -2E!i.&. -75&. -5i+1. -2598. 
~.10.0 0.-1;199. o. -1596.-15576. -963. -4757. 315. -568. -2?03. -us. -31+1. -2651. 

• o·-- o.-36H6.----o.-;;.J647 • ..:1%35.·- -a. ,;;4345. 3G3. -a. -2123.--..836~--- -o. -2669~ 
~NGLE TRANSVERSE STRAIN CHUIN/INI 

TTCP RTCP 

19837. G. 
19446.--us. ---
18119. -216. 
16591. -291. 
14476. -JJ:J. 
12223. - -330. 
10106. -291. 

83BO. -216. 
7254. -11? • 
6862.-- -o. 

-.O DC432 

RROM TTOM 

a. 6612. 
D. 7 045. -
o. a295. 
o. 10209. 
a. 12s56. 
O. 15C55.-· 
o. 174()3. 
o. 19317. 
a. 2os6&. 
D. 21000. 

IHOM 

-o. -----0 ... 
D • 
0. 
0. --, D •... - - I 
0 • I 
0 • j 

0. -----· 
0. 

<DFG) R~AP TTAF RTAP RRSH TT9M RTBH RRBP TTBP RTC\P RRCH TTCM RTCH RRCP TTCP RTCP PRO~ TTOH RTO~ 

90.o-·-1172. -1012. -:..o. - -712. -::>122. ·- o. -soH. -2122. o. -5061.·-;.2%D.-- c. -J6BR. -2124. - a. -3275. -21':1. -0.----1 
I llC.O -1127. -1102, 0. -733, -21~5. -113. -5118. -2125. -E-46, -5078. -2978. -HS. -367q. -2143. -6. -32%, -2?A3. Q, 
. 7l'.O -999. -1358. D. -739. -2112. -213. -5%i.. -21l2. -1215. -5126. -3DH. -705. -3655. -21CJ5. -15. -3315. -2723. D. 
L~O.O -'302. -1752. O. -747. -2141. -287. -57t..1. -21Lt3. -161?, -5205. -3111. -950. -3618. -2275. -21. -3361. -2F.32. D. ___J 

so.D--?52.--2234.---o~-:..757~-·-2156.-:.:.12s. -6203. -2156. -11161. -5300.-:..3209.--10~0. -3572. -2371+. -21+. -3417. -2s2D. D.--
~c.o -305. -2748. D. -767. -2110. -126. -66qs. -2110. -1e61. -s1+oa. -3314. -1aRa. -3524. -2478. -2~. -31.1&. -2401. o. 
30.~ -si.. -3231. o. -111. -21133, -287. -7157. -2161. -161 1 • -5495. -3412. -95D. -3471!. -2s11. -21. -3532. -22a9. o. 
20.0 1~2. -3624. o. -765. -2193, -211. -7§34. -2193. -121s. -5572. -34CJ3 •. -105. -3441. -2657. -15. -3~11. -21CJa. o. 

--10.0 250. -3681. -- O. --7C!O. -2201J, :..113. -778'l. -2200. -64E. -5622~ ;;3545.- -375. -3417. -2710. -11. -3607. -2119. O. ~ 
I e0 305, -397Q, 0e -792, -220Jo -Q, -78650 -2203, -0. -5&4Do -35&3o -Do -340'3, -27280 -Q, -3617. -2118 0 0o 

LA~H=: Ln~G. STR£S'SIL13/l;MIIN> _!iNC STRAINIHUil'JtIN> __ saRT<3•J2> IN CKL9/IN/IN> TRANSVERSE OISPLACEMn:TrIN> 
(QFG> ZZAP ZZBP' ZZ'JF ZZ~M Z!f'.:P Z 2011 EZ7- YAP YBM Y9P Yf'.':H YCCI ; YOW-- ... URA ..... UTA. URB . UTB UPC UTC URO UTD-

90. 0 -12527.-1820€. 211. 131. 12538. 6~21. -2645. 13.3 11+.6 2.1+ 2.1 19.1 7.9 -.0067 .0000-.0010 .oooD-.0102 .0000-.0115 .0~33 
eo.o -12~06.-16242. 221. 129. 124J?. 8965. -2645. 13.D 14.& 2.1 2.2 1q.3 e.2 -.oo65-.Doo9-.00&1-.0006-.0101-.0001-.0113 .DD25 

1-70. D -13995.-1834 f. 1qJ. --11 "• -12009. 9l81. -261+5. 12.7 14.9 3.3 2.4 18~-1- 8.9--.0D59-,0D16-. OD61-. OD 12-. D09~-. D012-. 01011 • OD 111 -1 
: 60.o -15~6~.-1850'· 11+9. 99. 111+08. 10019. -2645. 13.& 1s.1 4.D 2.6 16.8 10.1 -.Do~q-.0021+-.0051-.0016-.oo~f-.0011-.0099 .0012 
1 so.a -17"1~.-ts69g. 95. 77. 10:,10. 10801. -2&45. 1e.2 15.2 4.5 2.8 15.1 11.a -.ao31-.0021-.0D39-.001ci-.001e:-.0019-.oos9 .0001 t__i.o.o_ .. 191'ln.-1s9of. __ 37. __ 54, __ 9s~4. 1!633. -2645._ 20.3 1s.2 4.9 2.e_13,6 13.7 __ -.0025-.oc.21-.ooz&-.uo19-.Do61.-.0019-.oo11 .0003 f:rj 

3r,o -219~~.-19101. -11. 32. 9146. 12414. -2645. 24.8 14.9 5.o 2.8 12.2 1s.s -.0013-.0024-.oc1i+-.ao1&-.oos4-.0011-.0067 .0DJ1 ~z 
20.0 -23s10.-19259. -61. 14. 85~5. 1Jos2. -2G45. 2s.1 14.& s.o 2.6 11.1 11.l -.Dao3-.0018-.0004-.0012-.004~-.0012-.aoss-.0D~o rv 1 10.0 -245qq.-1936?. -9D. 3. 8152. 134&e. -2&45. 31.3 14.4 s.o 2.5 10.l1~. .0001-.0DD9 .oo03-.00D6-.D040-.00D7-.0D53-.DD 0 0 [\) 

_._.a_ "'.25o7~ ... 1cuc:c:. -=..100~1._ao16. __ 13u2. -~2645. __ 32. L1'r.2 s ,a._2 .~L10. u, _____ ,oooe,__~,p aoo __ , ooos-. co oo-. oo3e-. 0000-.oou-. oo o_ co 
..r::-

Table 4. Pre-Stress, Cool Down, 45 kG Field 
----- -------------------------------------


