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TOHOKU (30~INCH) BUBBLE CHAMBER MAGNET STRESS ANALYSIS

HISTORY OF DESIGN AND FABRICATION

The Tohoku Bubble Chamber superconducting magnet was originally plamned and
conceived by Fermilab's old Technical Services department as part of an energy
conservation program. Technical Services purchased the superconductor along with
the Chicago Cyclotron wire. After very preliminary designs were proposed, this
project was taken over by Research Services. This superconducting magnet was
intended to replace the 8 MW water cooled copper coils of the hydrogen filled
30-Inch Bubble Chamber. The following decisions were made at the very outset of
design.

1. The central field should reach the old maximum value of 32 kg.

2., The magnet should fit in the exlsting iron without remachining.

3., Damaged wire from the Chicago Cyclotron Magnet project would be used for
this magnet.

b, Liguid helium boliloff should be kept to a minimum because no .
decision could be made that far in advance.

Liquifier

5.  The magnet would be cryostable.

Magnet desal
latively simple

was made with "hand” calculations and a special purpose
solencid magnet st s program acquired from W. Young at the

Lverslity  of isconsin. Material s of  the rire in tenslon and
conductor/G-10  stacks in  compre ied accurate hoop and radial modull
data. Axial and radlal electromagnetic loads Were caleulated assuming
cylindrical symmetry with the program TRIM, Upper bounds on the radial

decentering forces were made with varlous combinations of hand ca
few Hall probe measurements made with the old copper colls.

culations and &

Coil bobbin, outer cryostat wall, and the vacuum shell were all fabricated
by Youngstown Welding. Many inspection trips were made during this
manufacturing. Just as these pleces were being completed, it was decided that a
finite element analysis should be performed. Up to this point Fermilab had very
little exposure to the finite element method. An $11,000 analysis was completed
by Computerized Engineering based on a 1/4 model using ANSYS 3D solid elements.
Only the cryostat was analyzed as opposed to the coil/ceryostat combination.
Assumed worse case radial forces were given to Computerized Engineering Dy
Fermilab on the assumption that their results would always be scaled up or down
based on fFfuture more accurate material property data and solenoid stress runs.
In any event, their work only included radial and axlal electromagnetic forces.
Tt was in my opinion a rather course model. In an effort to check their results
and my calculations, B. Wands ran a simplified ANSYS axisymmebric model. He also
made a detail ANSYS analysis of the vertical support bracket and its connection
to the cryostat.
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Both coils were wound by Research Services personnel and welded in Lab 3.
During cryostat fabrication it was decided that a large portion of the original
1.G.C., superconducting cable was totally unusable. Approximately 1/3 new wire
was ordered from New England Electric Co. Left over substandard Energy Doubler
strands were supplied to manufacture the neéw cable. After both c¢ryostats were
welded shut, the new Tohoku Bubble Chamber was proposed to Research Services,
This involved reworking the vacuum and LN2 shells and machining a chamfer on the
top inside corner of the cryostat., Production Tool Corporation manufactured the
new vacuum shell inner and transition ring.

In an effort to get accurabe stresses I have made a detalled axisymmetrilc
model which incorporates the cryostat, coil, push bars, preload screws, and axlal
support brackets. These answers are considered to be the most reliable,
accurate, and easy to intepret. Previous hand calculations, W. Young's solenoid
stress program results, and ANSYS runs are used for verification and to provide
stress information from the radial decentering forces which are not available
with this 2D model. It will be shown that W. Young's program, measurements
during winding, and a little intuition are all that are available to predict the
winding stress distribution. Refer to reference 1 for construction and assembly
details.
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MAGNET PARAMETERS AND DIMENSIONS

Figures 1 to 8 show the magnet cross section and some of its more important
dimenaions. Listed below are the important magnet dimensions and the values, 1f
different, used in all the analyses. Analysis has been based on thickness less
than or equal to the minimum thickness obtained after machining.

All forces are based on my TRIM run #47 which is the final field run for the
magnet with the muon notches filled with iron. Little difference is found when
the muon notches have the iron removed. )

Many of the following calculated values are used only in the wmore complete
axisymmetric ANSYS analysis. Values that are used exclusively in this particular
analysis are marked with an ¥*. They are thought to be the most accurate values
available,
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Axial View of Magnet

Fig. 3.
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Fig. 5, Axial Support Bracker



Axial Support Bracket

6.
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Fig. 7. Radial Arm Gussets
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Inner cryostat wall
Outer cryostat wall
Quter wall thickness

Top & bottom plate
thickness

Inner push bar
(60 per coil)

Inner push bar G-10
insulator

Outer push bar
{60 per coil)

Outer push bar G-10
insulator

Inner radius of first

coil layver

coll

ra

Extent of inner
screw

Extent of outer sorew
Inner screw
Outer screw

Numbr of conductor
layers

Total number of turns
per coil

Turns per layer

Tohoku Magnet Dimensions

{inches)

Nominal as Built
23.75 to 24,75
3.5 to 36,188
1.688

L6875

375 ¢ ox T1.20 w
.03 solid G-10 +
050 G~10 spacer

H25 ¢ ox 1.20 w

203 so0lid G-10 + two

LOB0 G~10 spacer = 17

warm
(h.2 1)

~. 375 + 050 preload

5/8 UNC
3/8 UNC

63

2840

h5.,08

ol

Used in Analysis

34,50 to 36.07

25,220 (ANSYS)
25,14 (TRIM 47)

3)
a7)

8.69 (ANSYS
8:66 (TRIM A7)

019



Wire size ~, 088" x 178" (I,G.C., spec) ==
~.091" x 183"
(typical measured size)

Turn to turn 006
insulation

Assume the conductor is = 089" x 178"

i

Radial thickness of conductor package = 33.37 ~ 25.224 = 8.146"

Thickness of each wire G~10 layer = 8.146 = 129"

Then G=10 average thickness - ,0U403

= fleans same as nominal dimension



Material Properties

Thermal Contraction AL/L (300 K to 4.2 K)

Stainless steel 003
Conductor, hoop direction 0032
G~10 CR (normal direction) L0075

Conductor, normal or radial .0033

Conductor/G-10 composite LS040 % 0075 & 089 x .0032 = 0045

(radial) .129 . 129
Coil (axial) ,0032 (assumed)

Inner push bar (radial) 208 x L0075 + 375 x 003 = ,00379%
‘ SHB5

8%

&
£

Outer push bar (radlal) 130 % L007% + ¢625 % L0033 = ,0037
' 755

For push bars axial and hoop thermal contractions are assumed $o be the same as
the radial thermal contractions.

Young's Modulus (psi)

30 30 % 100

G-10 (normal) nx 10% at 300 K
5.2 % 107 at 4.2 K

Conductor (hoop) 8.2 % 1066at 300 K
12.5 % 10Y at 4,2 ¥

e

£ 3 ‘; F - @ g : )
{(based on an area of .091 x ,183 = 0167 in“)

201l package modulus (hoop):

-
8
&

B I
parallel Meotar = & By Ay

for the coll package hoop direction, ECWWQ = ()
A

i

.page



E’ 1

B “conductor “conductor B, x 0167 x 2840
hoop coil ~ = |
Yotal (33.37-25.221)%8.69

Bhoop coil = 5-5 x 10°F at 300 K 8.38 x 10°% at 4.2 K

Coil package modulus (radial):

102 unheated 300 K

Alternating stack of conductor 3.7 %
1.2 x 107 baked 300 K

and 050" thick G~10 without
B-staged epoxy

3

Since the coll was baked U4 times during winding and the spacers were coated
with Bestaged epoxy, the upper value of radial modulus is assumed for all load
cases. Furthermore, it is anticipated that a test at 4.2 K would yield higher
modulus values, Thus the following value is reasonable.

Each of the 60 G~10 spacers has a 3/4" width in contact with the wire.

Avg, radial modulus = E, . ¢ Contact Area = 5 » 060 x .75
G=10/wire e = S
Total Area 2

First layer contact area ratlio = 2084

Last layer contact area ratio = L,21h
Average contact area ratio = 249

"
#*

1 x ?06

assumed value; little effect on calculation

Inner and outer push bar modulus (radial):

There are 60 inner and outer preload push bars which are composed of G-10
honded to stainless steel.

2

For materials in serile

I

5

i

™

“composite Leotal i Ay By

Area of stainless steel per bar = 1.25 x 9.15 = 11,44

Area of G-10 per bar = .75 % 9,15 = 6.863



Let A = ASQSQ = 19 then AC{”TO “%mi?r% = 960

1 1 375, .08 ]
55 3%10! .6 x hxi0°

6

composite

Ecomposite = 9.9 x 10

But in the axisymmetric ANSYS calculatlion, the modulus must be reduced by
the fraction of perimeter the push bar occuples. For the lnner push bar the
effective radial modulus 1s given by

B a 9.9 % 106 x 1.25 % 60 = 4,7 x 106%
e 2N % 2h.226

Similarly for the outer push barg

B 625 4 .13 x 1.25 % 60 = 3.6 x 10°%

755 3 % 107 .6 x dxi0® 2w % 33.37

Tnner and outer push modulus (axial):

The preload push bars are composed of G~10 epoxied to stainless steel. In
calculating the axial or bendl the G-10 '
of zero. The bars are mode
1 give the same dellect

2

v o

For the inner = L375/(.375 + @08)13

T ) PR 1 i - "y e g 3
For the outer bar, o= Le025/(.625 + L130)7]°

where I/1  is the ratio of the bending moment of inertia of stainless steel bar
Lo the %@nding moment of inertia of the composite stainless steel/G~10 bar.
Naturally the value of E must be further reduced to reflect the azimuthal
discontinuity of the bars.



For the inner bar, Ey =3 X 107 x 60 x 1.25/ x 560 = 7.95 % 706%

2 % 2h.220

For the outer bar, Ey = 3 X 107 % 60 x 1.25/ 5 567 = 6.00 x 106%

2 W x 33.37

The hoop modulus, EV9 is given the small value of 1000% for both bars.

Inner and outer preload screws:

= f o= « 10/* when in contact

.
£y,

50% when not in contact or
— when applying preload

Preload is applied in the ANSYS model by two forces acbing In opposite
directions at each end of the spar elements (screws). A very small modulus I1s
required to ensure that all preload forces end up in the conductor and cryostat
as  opposed o a tensile force in the spar elements. Also a small modulus 1s
required when the outer screw is not in physical contact during winding and inner
preloading.  Actually E (hoop) should always have a small modulus since the
sorews are discontinuous, bub the area of the sorews are small so the effect can
be neglected.

Area FTor the 2D spars (preload screws) must be input on a per radian basis.
SCreWs assumed to have an effective area equal to thelr major dlamater

Por the Iinner screw

Area = 60

2 T rad

For the other sorew

Aren = 60

e 5 o o a4 . , v 2 3 . e "
By mistake values of 5,12 1n£/?ad and 6.23 in“/rad were used. This changes
answers by less than 1

o

Modulus of 2D spars axlally connecting to push bars and cryostatb:

Each preload bar has two spar elements connecting it to the cryostat. These
apars have an area of 1 in®/rod and essentially zero stiffness for all_ loads
except for the axial electromagnetic load case. A value of B = 1 x 10 was



chosen arbitarily to simulate the partial transference of axial loads in shear
through the coil to the push bars which then bear against the cryostal.

Cryostat outer wall and axial support bracket modulls

Eight axial support brackets are welded to the outer wall of the cryostat,
During winding both bracket and outer wall were given essential zero stiffness or
modulus., This enables one to include these two items as part of the complete
model without having to assign them any significant stress when they were not
physically attached during the winding process. This feature is important when
load cases are added together., ’

Fach outer bracket is composed of four 1/2% thick gussets and a top plate
welded Lo the outer wall. Thus we obtain,

EX ((}adial) = Ey(axléllh) 3 (Jﬁl X 1/2) X 8 b's 3 b ’EO( £ 29‘1 5 ‘“}Qé”}{'
2w x 36,07 :

£, = 1000

Both inner and outer walls were given a modulus of 3 =z TO/ with the
exception of the outer wall during winding. No reduction in modulus was used to
simulabe the reduced stiffness of these walls due Lo the threaded preload scorew
holes, Simple estimates give a modulus ~7% lower. This will have no notliceable
effect on the solution because the modulus of the coil is so much lower in
comparison.

Loads:

There are 6 different load cases to consider as follows:

1. Winding loads

2. Preloading of inner radius of cryostat/coil

3. Preloading of outer radius of cryostat/coll

L, Thermal stresses from cooldown

5. Radial electromagnetic loads

6. Axial electromagnetic loads

Winding loads are by far the most difficult to analyze. Warren Young's
computer program and physical measurements of the coll are the basls for the

estimated stress distribution in the coil and the radial pressure on the bobbin
accumulated during winding. Even though the final radial pressure from winding



is a rough estimate, the sum of inner preload and winding 1s Kknown very
accurately by actual torque leoadings of the screws.

Load on one

Pressure Radius of Load on a row of 60 screws
Load case {(psi) appplied load single screw (1bs) (lbs/radian)
Winding 230 20, 75" 1730 1.65 x 10"
Tnner preload 740 2h,75m 5560 5.31 x 10"
Outer preload 400 3, 5t 14190 4.00 x 10"
Cooldown stresses are obtained by using the appropriate alu of thermal

contraction for each material. BRadial and axial ol@@twomdgn ic 1 adﬂ are taken
from my TRIM/FORGY run #47.

The axisymmetric ANSYS analysis was modeled to represent the specific
columns In FORGY. Note for example that the inner and outer columns of the coil
in the ANSY% model are only 1/2 as thick as the rest of the columns, Listed
below are the specified radial pressures used as inpub to the axisymmetric ANSYS
analyasis. See the section on simplified analytic analysis for conversion fwmm
tenaion ‘given by PORGY to radial pressure, Positive pressure is radially
outward,

Radial Pressure Distribution

Radius Tension Pressure inpul
Column # {inches) (Newtons) Lo ANSYS (psl)
oy e oy E P o - 4 5 P
21 25, 14 1,643 x 107 169
22 3, 491

23 26,10 3. 420 3h5
24 20,57 3.224 320
25 27.05 3.007 288
26 27.53 2,781 261
27 28.01 2,546 235
28 28.49 2,302 209
29 28.97 2,048 183
30 29. 44 1,780 156

31 29.92 1,497 129



32 30,40 1,196 102
33 30.88 8.731 % 10" 73,2
31y 31.36 5,26 43,4
35 31.81 1.47 x 10" 11.9
36 32,31 -2.69 % 10" 21,5
37 32.79 ~6.97 ~55.0
38 33.27 -4,59 % 10" 35,7

Total 29.06 % 10°

The distribution of axial loads through the coll pack to the cryostat 1is
difficult to predict because of highly variable materlal properties In the axial
direction. Three mechanisms exist for the transfer of this axial force. Each
layer of  conductor was tightly packed with wedges. It 1s expected that most of
the axial force is transmitted directly through the turns to the cryostat. Layer
to layver G-10 spacers are not expected to transmit much of the load since their
fit to the cryostat was loose. The inner and outer preload bars have a close 1t
(~.025") with the cryostat and are expected Lo transmit at least some of the

axial load carried in shear through the coll. In any event the axial loads are

distributed as pressures Lo the top and bottom cryostat plates., "Weak® spar
elements are attached between top and bottom of preleoad bars and cryostat to
simulate the partial shear load transfer to these

Since
of  the axial
meertainty of 1% i
she  axial  load, Th

sted below.

2D program TRIM was used on our 3D p
ce 1s not  assumed to  bhe  accurs

m, the actual magnitud
tely known. An arbitrary
placement was chosen as a conservative upper bound on
equivalent Lo an extra 200,000 . b@} Total loads are

3 18

,...\.

1i

(TRIM) F_ (worse case)

2,05 % 107 1bs W22 % 107 1lbs

muon notches filled

[

TRIM 47 2.38 % 10° 1bs 4,38 x 107 lbs
muon notches unfilled

[
[
o
QJ

The actual total load used in axisymmetric ANSYS analysis was 462,000 1bs.



Axial Pressure Distribution

Radius B Psi for
Column # (inches) (ﬁewtong) Pai 462,000 1bs

3]
—
[

5,10 -2.05 % 10" ~122 275
22 25.618 -3,13 ~100 ~226
23 26,10 -2, 40 ~68.8 ~155
ol 26.57 ~1.20 % 10" ~33.8 ~76.1
25 27.05 +3.6 x 109 +1.0 2.3
26 27.53 1.28 x 10" +31,8 78,1
27 28.01 2.52 67.3 152
28 28,19 3.76 98.8 223
29 28,97 1,98 129 290
30 29. 1) 6.19 157 355
31 29,92 7.38 185 416

32 30,40 8.54 210 7l

33 30,88 9.67 231 528
34 31.36 10.77 257 579

35 31.84 11.86 279 628
36 32,31 12,92 299 o7
37 32579 13.71 313 705
38 33.27 6.70 302 679

Ff (FORGY) % 2248 1bs/N
Pressure =

2 r Ay

where Ar is the column radial thickness = H78%, Positive pressures are applied
on the lower cryostat plate and negative preassures are applied on the upper
cryostat plate, Figure 9 1s a plot of this pressure distribution assuming each
column of conductors is independent.
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SIMPLE ANALYTIC ANALYSIS

This coll is much too complex to analyze accurately with an analytle
approach. It is worth while, however, to make some Initial hand calculations for
a worse case analysis.

Self Supported Turns:

The hoop stress 1s calculated for the inner layer which has no radial
constraint from the cryostalb or the outer layers of the coll,

o e T
“hoop BIR

where I is in Newtons, B is the axial field component in Tesla, and R is in
meters. From Trim 47, B for the inner laver is 5.42 T at 2x10° amp-turns per

. - TAmMAax
coll (704 amps/turn).

F o= 5,42 x 700 x 25,14 x ,22U8 1b = BUT lbs
: :

9.37 1§

= 32,800 psi based on a 0167 in® cross section

] o

From wire tests at 300K and 4.2K the coil should be selfl supporting. This,
of  course, neglects any tension from winding The cable breaks at 640 lbs. at
room temperature and 780 lbs., at 4.2K.

Magnetic Pressure Approxi

Lon

fon. ¥ al forces from run  #47
1 wall cylinder. The ammation of
treated as  an  Isotropic
inforcement.

FORGY output from T only giv
caleulated treating each column as L1

forces are applied to the 1D of the coll
led cylinder with internal pressure and no r¢

thin wall formula

fmte
)
5

Then the total radial force on the cylinder or a specific column used
TRIM is given by

B Dap P w9 ) = oqT
" 2wr b P 2 (091h> 21
where

P = rpradial pressure

h = oylinder length or column height 1n TRIM

r = radius



0@ = hoop &stress

s
s
i

cylinder thickness or mesh thickness

T

#

total hoop tension

Thus the total radial force on all columns is given by

Ertotal 2w x T

where T is the tension gilven for each column of the FORGY outpulb.

If this total radial force were applied alb one specific radius r, the
equivalent pressure at that radius is then

v(P> P total =

v rn rh

From FORGY output of run #47 the total tension i1s 2.97 x 706 N. The
equivalent radial pressure on the Inner layer would then be

P (r=25,22) = 2.91 x 100 « L2088 1ps/u
' PL R S N

=g = 2995 psl
max

By comparison the actual magnetlic

sure on the inner layer 1s

5,122 x 57 | = 1675 psi

The peak hoop stregss for a thick walled cylinder under Internal pressure 1
on the Inside

]

it

g = 970 psi
Omax o 10970 psi

Fal

The hoop stress an average siress based on the full c¢ross sactional area of
the coll. The G~10 spacers can carry no hoop load, however., Thus

= 10970 089 + L0H0 = 15,900 psi
N1

0
@cenduetor max

This value is reasonable when compared to the computer calculated values In the
following sections,
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Linear Distribution of Body Forces:

]
An extension of the results from Westendorp and Kilb™ are used to analyze an

isotropic e¢ylinder with reinforcement and distributed body forces, TFrom this
paper i

Ap o= Y [C 17 O - or

S e ]

E IR (1=v)r 3 8

Og = Cq * Ca o (1+avr, v(1+3v)r®

re 3 8

.o Ly = al2rv)r +AB(3+v)r2

" e 3 8

o= J_ " i'o o) Pi) = 1.5 % 309 A-T/m

From TRIM #47

. i ] . ‘
i R By Boo Jo

o . . . - . ! LD PN
. 039m , Sh5m 5021 -1, 2 4T 2,84 x 0" A/1n? = L0 w100 A/m”

and the body force of the form o = Br. A 1.56% thick outer stainless steel
ring was chosen. coefficients C, and C, for both the coll and the
nust be solved from the following boundary conditlons:

outer band

U ™ 0 at r = rs and r o= Iy the outside of the band

Ar L o= e a4 .
aoil A?band at.r To

g ooy BR b 'l“, I
reoil © Yrbang 8% 7 7o

Alternatively Westendorp and Kilb's results for a free coil can be combined with
stresses obtained from a shrink fit of the outer band.

An effective coil modulus of 8.38 x 106 psi was selected. This represents

the reduction in E, due to the spacers. Again hoop stress needs to be multiplied
by the factor (5088 + L,00)/,089 = 1,45 to obtain the actual conductor stress.
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Stress & Displacement Values

% {coil) g {(wire) oo {band) 0y, (coil) Ar
ro=r, 780 11400 — 0 024
ros FO 5000 =T250 18,400 =860 020

Axial forces are considered next. The effect of axial force on the coil
package can only be estimated with simplified hand calculatlions. Axial forces
can be carried to the cryostat shell by direct turn to turn loading of the
conductor, by a transmission of axial force to the layer to layer spacers, and by
a shear force carried through the coil to the inner and outer preload bars. The
peak pressure of 710 psi at the cryostal boundary is found in the last layer.
This is an average pressure with the area of the spacers included. Assuming
direct turn to turn loading, the maximum conductor pressure must be multiplied by
(089 + .04)/.,089 to give 1030 psi. Actually the peak conductor bearing pressure
is  found almost exactly in the cénter of the coll. sing TRIM 47 extrapolating
to 500,000 1lbs., and taking into account the spacer effect, the maximum axial
conductor bearing pressure is found to be

I 4 ) -
1050 ¥ 9 % 107 x 1,45 = 3700

o
nax : -
i T ON TR T

esult of the pinch force in

This greater turn to turn bearing pressure 1s a ¢
the coll. If the 500,000 1b, axial force 1ls considered to be Lransm
outer G
and 1

&

itted

e

lerad accer
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AXTISYMMETRIC COIL/CRYOSTAT ANSYS ANALYSIS

Three different axlsymmetric ANSYS models have been created. The first two
are simple half model runs analyzing only the radial pressure distribution. They
were created to check the validity of using only one element through the cryostat
wall in the 3D ANSYS run. The course model cryostat elements were chosen Lo be
very similar to Computerized Engineering 3D element size. All three models use

he axisymmetric option of the STIF 42 (2D isoparametric stress solid) and STIF 1
(2D spar) elements. Spar elements model the preload screws and the partial
contact Dbetween preload bars and cryostat annular plates. Spar elements were
chogen to eliminate any bending moments. Figures 10 to 12 are the course half
model and Filgures 13 to 15 are the refined half model. PFigures 38 to 40 in the
next section are the results of radial electromagnetic loads on the full
axisymmetric model.

Table 1 is a comparison summary of these three radial load cases. The
course model underestimates cryostat peak bending stresses by roughly 30%, peak
hoop stresses by 9%, and peak Von Mises stresses and siress intensities by only
4%, Loads in the outer screws are 14% greater for the full model than either of
the other two half models, while loads on the inner screws are within 3% for all
three cases, Peak cryostat stresses are up to 6% lower, and peak coil stresses
are up to 9% lower in the full model than the refined half model, As  expected,
the outer support bracket stiffens the outer wall forcing it to carry a greater
fraction of the total leoad. This reduces stress levels in the coll and stress
levels In the inner wall where the peak sitresses are located. Mas L mum

displacements alt the center of the inner wall are very close for all three cases,
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Comparison of Radial Electromagnetic
Loads for Three Different Axisymmetric

Nodal Cryostat Stresses

S omin

%
max

D min
max

max

el min

Sige min
max

5.1, min

i

Nodal
Coll S

J

oreea

B
{(lba/y
Inner
Tnner
Outer

Duter

Ux (mi
inner

ax

A
A

Lresser

Preload Screws
adian)

caenter
top/bottom
center

top/botion

ddle of
wall)

Models
Table 1
Course
1/2 Model

5039
23664

10,041
6806

12,316
11726

5503
25728

5705
29691

67160
88160
~38980

=35510

L0101

Refined
1/2 Model

4919
25852

=13230
8895

=T4550
14937

5511
26736

5552
30872

66820
87750
=38880

~35790

Full Model

25398

=12745
8852

-13682
14065

26082

30111

6029

194

87300
~HU230

~40890

0161
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% = hoop
X = radial
¥ = axlal
SIGE = Von Mises stress
S.1. = stress intenslity
e = not a meaningful comparison as minimun stress exists In
outer support bracket

coil stress are averaged over the whole coil and are not conductor stresses.
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A1) six load cases are analyzed in the full axisymmetric model, In
addition, winding and preloading cases are combined which is the state of the
magnet at room temperature. Next all load cases are combined. This is the case
of the magnet under full locad. Lastly all load cases with the exception of the
winding, load are combined for the conductor portion alone. Winding stresses for
the conductor must be estimated by other means and added In separately. Table 2
is a summary of the peak stresses found in both the coil and c¢ryostat.  Figures
16 to 52 are the wmodel, distortions, and stresses. Note the excessive
displacements in some of the plots. This is caused by the vwvery low stiffness
assigned to the spar elements during preloading. Coil and cryostat never touch
as is shown In some of the plots., Figures 53 to 57 are the stress distributions
in the inner push bar after winding and preloading at room temperatures. This is
the worse case for either inner or outer bars. Figures 56 to 58 are enlargements
of the axial support bracket under combined loading. Figures 65 to 76 are stress
plots of the coil.
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Discussion of Stresses and Deflections:

The full axisymmetric model is rather unusual in that widely varying moduli
are used in different load steps. Care must be taken in interpreting stresses
and deflections especially for the combined load cases. For example relatively
large deformations occur in the outer wall and axial support bracket during
winding due to their low modulus. In fact they experience zero deformation
because they are not physically welded to the bobbin at this point. Deflectlons
are essentially unimportant to us and will not be discussed further:

A1l peak stresses given 1In Table 2 are averaged nodel stresses from
connecting elements. These are found in the post processing. The maximum Von
Mises stress in the cryostat is 38 Ksi and occurs in the Iinner wall affter
preloading. Stresses  in the coil, preload bars, and axial support bracket
require additional explanation. When considering all load cases except winding
the following maximum conductor stresses are found.

}

OQ(GOil) 70?79

0 (conductor) = ‘
A conduetor -0167 x 2840

#

1.49 o (coil)
@ 7
based on a conductor area of ,0167 ind
Thus excluding winding stresses the maximum hoop stress in the conductor is
1,49 % 11483 = 17,100 psi or 286 1lbs of tension. This occurs Iin the Flrst layer.

GW(&Qndu@th} = op(emil} % COR I S = @F(@@il)x _
i ' Total G710 widih ‘

largest radial compressive coil stress is at r = 30.25. The maximum bearing
pressure on the conductor is then gilven by -831 x 4.22 = =3510 psi,

Stresses given for the preload screws, push bars, and axial support bracket
must be further analyzed to find the true stress since these are discontlnuous
structures modeled as continuous axisymmetric elements.

Preload Screws:

Maximum load on inner screws = 91800 lbs/radian
(after winding & preloads)

Maximum load on inner screws = -54280 lbs/radian
(all loads combined)
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Using the stress

max(xnncw)

0 -
max(outer)

Push Bars:

Or(ﬁrue)

The worse case

2.

= 0, (ANSYS) x Total Area -

areas of the sorews,

= =91800 x 2uw/60 =
220

1

=42,500 psi at 300 K

=54280 x 2u/60
. 334

#
#

~17,020 psi at 4.2 K

0, (ANSYS)2 T T
BO w1 25

Area of Bars

is again after winding and preloading at room temperatures for the
inner push bar at r =

25,2257,

For these inner push bars,

Op(tﬁu@)

0.(true max )
True bending
stainless

component in the

= 0, (ANSY

stre
ueﬁl push bars which
radi

S) % 2.11

23,980 at 300 K
ssses  are more  complicated due to the G-10 bonded to the

is a para
The

1lel component as oppoesaed

o a ser (?
correct axial or bending modulus )

al of 7.95 % 10

case,
{

psi modulus was selected to get the correct bending def lections.

This modulus was calculated by considering both the digcantinu’tleh of the
and their ficticlous extra thickness. The ANSYS output gives correct
ctions, but these deformations are in an imaging material. Since o = b we

must mulTlply axial bending stresses in ANSYS by 30/7.95 = 3.77. Now we have
correct streasses in a 455 thick solid stainless steel bar that has the correctly
deformed shape, This means that we also have the correct bending moments in
these bars if the assembly of STIF 42 elements are thought of as a simple bgam,
However, the actual beam or push bar is only 375" thick. Since 0y /L We
must multi 5Ly these axial Dbending stresses by an add1110rai gaotmr of
(. Hbs/ %75) Thus for the inner push bar,

0_{true
y<

(true peak bending)

Likewlse

bending) =

)
(ANSYS) x x (LU55/.375)°

(ANSYS) =

5.56

= =12,020 % 5.56 ~67,000 pal at 300 K

for the outer push bar,
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0, (true bending) = o, (ANSYS) x 30 x TQL x  (.755/.625)°
6.09x10 -

#

Gy (ANSYS) x 7.19

Oy(true peak bending) = ~3754 x 7.19 = -27,000 psi at 4.2 K
which occurs when all load cases are combined. Pegk Dbending stresses 1n the
inner bar are not nearly as high as they seem., The inner screws have a flat end

of 7/16% diameter which not only distributes the load but also reduces the span
between loads.

Outer Axial Support Brackef:

The outer axial support bracket is again another discontinuous structure
which is modeled as being axisymmetric. Plots are shown only for the combined
load case, but the axial loading causes virtually all the stress in this nember,
As Dbefore, stress results from ANSYS should be multiplied by the ratio
True Area/Total Area = E(stainless steel/E(ANSYS) = 14.3, However, the top two
element rows are in reality made of eight separate very thick pieces of
stainless. Thus the peak stresses found at the point loading are much less than
4.3 x  o(ANSYS). The true peak bearing stress at the point loading is glven by
62,500 1bs/ (/U ¥ 32) = 8800 psi. The peak stress in the gussels which make up
the bracket are found at the bottom connection to the outer cryostat wall,

o True Von Mises) = 1661 x T4.3 = 23,750 pai
o(True Stress Intensiby) = 1712 % 14.3 = 24,500 pail
o(True Radial) = 1376 » 14,3 = 19,700 psi

s

These stresses only appear at 4.2 K.
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3D FINITE ELEMENT ANALYSIS BY COMPUTERIZED ENGINEERING

As the cryostat was being machined Fermilab let out a contract to
Computerized Engineering for a 1/4 3D model of the cryostat shell. The following
load cases were run. ’

1. 900 psi radially outward on the outer cylinder.

2. 900 psi radially outward on the inner cylinder.

3. 500,000 1bs (TRIM #37) distributed on the bottom and top annular
cryostat plates.

4, 150,000 1b load distributed sinusoidally (Pr = 300 Sir © psl
© ouber wall which simulates the radially downward decentering foi

]

5. Load cases 1, and 3 combined,

6. Load cases 1, 2, 3 and 4 combined.

3 o

Figure 59 is the 3D ANSYS model. See Appendix A for the C.E. report detalls.

The following table is based on modified 3D results walch corvespond Lo THO
psi  inner preload, Y00 psi outer preload, and 462,000 lbs of axlal lcading which
are the input values to my axlsymmebric ANSYS runs. The stress in the gusset for
the 3D run is divided by two to correspond to the addition of two more (total of
1) 1/2% gussets which was the case analyzed in the axisymmetric run.

5

Comparison of Von Mises Stress
(pai)

Load Case 3D Agisymmetric

Inner Wall Load 19300 20223
THO pai

Outer Wall Load Th20 6987
400 psi

Ax

xial Load, Cryostat 21,700 28371
e

1
62,000 1b

Axial Load 12,950 23750
Support gusset

Close agreement exlists between the (wo models except for axial loading in
the gussets, Much higher stresses appear in the axlsymmetric model because of
peak stresses at the single point restraint. The combined load cases really do
not have any importance now that a detailed axisymmetric analysis has been
performed,
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Load case #4 is very important, however, because this case was not analyzed
in the axisymmetric model. The following peak Von Mises stresses are found
SIGE = 5746 psi in the cryostat body

SIGE

#

7155 psi in an axial support gusset (plate element)

There are now 4 gussets per post so this stress is actually much lower. The
stress of 5746 psi is located in element 57 which is on the 0.D., of the cryostat
right at the end of the radial arm gussets,



3D ANSYS Model

Fig. 59,




FINITE ELEMENT ANALYSIS OF RADIAL ARM BRACKET

In the previous section the 3D model gave us a maximum Von Mises stress of
5700 psi in the cryostat body for the 150,000 1b radially decenbtering load case.
The welded brackets in which the radial arms are pinned were modeled as very
simple pipe elements (STIF9). Bob Wands has performed an ANSYS analysis which
looks in detall at these brackets and the cryostat around them. A point Iload
forece of 75,000 lbs is applied at the pin hole location of the bracket, and the
1/4% model with an additional plane of symmetry (actually 1/8 model) has the
proper symmetry boundary conditions Ilmposeed on it. The following peak Von Mises
stresses are found, ’

10,090 psil In the cryostat body
13,700 psi in the bracket
Figures 60 to 62 are cross sections through the Dbracket and outer wall.

Note that the cross sections are not necessarlly through the peak stress areas.
Never the less, this gives a good indication of the stress pattern distribution.
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Strength of Material Cryostat Anslysis

Since the cryostat was designed with hand calculations it seems worthwhile
to review some of these calculatlions, They serve as a check on the [finite
element work and provide insight to the stress distribution. The followlng loads
are considered.

1. Uniform Pressures on the Cryostat Inner Surface

2. Axial Loads

3. Radial Decentering Loads

The cryostat was desligned wusing a strength of materials approach and
W, Young's solenoid stress program. The stress program provided radial pressure
loads for the hand calculation, while the hand calculations provided the correct
gtiffnesses for the solenoid program. Axial and radial decentering loads were

considered as independent problems,

Uniform Pressure Distributions:

The cryostat is modeled with a plane of symmetry through the wmidplane.
Figure 63 shows the dimenaions and definitions of pressure, moments, elongatlon
angular deflection and internal forces. The problem is tackled by breaking the
cryostat  into discrete eummonentu and then equating all elongabions and angular
deflections at both corners to solve the resulting six simulbaneous equatlons for
internal forces and moments. T h&vo written a HPU1-C program called TOROID which
solves for 1HLPWH6} corner forces and moments which then can be used to calculate
resses, following table numbers and case numbers refer Lo RBoark and
Stress and Straln.

o

T
oung's Handbook of

5
¥

Inner Cylinder:

7

Due to pressure P, (Table 29, case 1b)

Let g = w?i

1) AR = Py 2 /5t

Due to H_ (Table 29, case ja)

o

~H R
} Wit
) ARy = DT

kt
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3

6) Ahb -

Due to ng

This case does not appear in Table 30 for thin walled c¢ylinders. We need
the case of a short thin walled cylinder with one end slope guided. TFortunately
short beams on elastic foundations have exactly the same formulatlon as short
thin cylinders, therefore Table 7, case 1 may be used. Replace EI and B8 in the
beam formulation with D and A in the cylinder case. ’

A = [301=v?) /8227174

Also replace load W on the heam with mvb at v = 0,

- Cj; Cai

where ¥a is the

8 ) : 1 % P
8) Aﬁb B Yy = - deflection of the beam
. (8 s ) S A
12

Due to Mh (Table 7, case i)

Ranlace M 130 2k wid ot s oss
Replace MQ with -M, at x = 0O

1y 5 N o

f fb o5 Qo? by Ca )

9) O =

h -M, Cy Can = Cyq Cay
10) MRy = vy = P ST B

2D)% ¢,

1

Quber Cylindag;

Use the same procedure as for the inner cylinder bul notlee differences iIn
sign convention.

o
S
)
o
.-y
=
p—
o

Due to internal pressure (Table 29,
11) AR_ = p R°/Et
a  tov ‘

127 @a = 0



“PORB_\)SL

13) Aha =

TTEETTT 1

bue to H ~(Table 29, case la):

14) AR, - HawR é
SR

15) 0 = 0 |
P S— ——

?«mgﬁ 5% i,

H i
a )Q/ i s

i 6) Ah a ESS
& 'Ewﬁmwﬂ v,ﬁg...,m.m\.w R

Due to Va {(Table 7, case 1): ool

Cn Cay = Gy Ca e
> Lan I8 Figure 63

-V
17) % = Vg
232 Co

bue to Ma (Table 7, case #4):

19) 0. a bo Lay v by Cay
9) o, o

PN .

5

M, Cy Cap = Gy Cay

. AR m v
20) AR& S P

3 - NN, -
2A" G

Treat this member as a thin annular plate except under loads V? and vb where
I o e R A @ L
it is considered to be a thick walled cylinder.

Due to Vb {(Table 32, case la):

Replace g with “Vb/thigkness of plate

21) AR Uy By 2 0 B2y /(B2 ~B2) & ]
2 Al b ® N [(]}xa voRSTIAR Ry LRV




22)

AL,
is free.
however.

23)

Due

24)

Due

Treat

P a
oo
deflect

conven

27)

3Q) Ah& -

Due to Ma (Table 24,

C parameters are constant; L parameters are functions of

Lo

™ Ty o
Ay Note

ntion,

31

) ~y
ARy = MMJZ”

Bt

o
“
2 Ra Ry,

2 _n 2
Ra Rb

the change In thickness of the plates, does not enter since the top edge
Very small differences in the final height of the cryostat would occur,

An

a Al

b

to Va (Table 2,

V_/t

o

. 2 0 L e T 2 P
hb )/(Ra xb ) v

Mh (Table 28 case 5a):

2

plate

as a thin the 0.D.

aome
all have

et M

annular
) 0

that pl Ne
atated delfinitions
howaver.,

simply supported at

show

The

AR, = AR, = 0
case 5a):

= mMa and r_ = R

Q a

the radius of



the applied load.

37) Ahb £ yb s . § -

33) @a "

) )4 2z E™ I 5=
34) Ah = AR = AR, = O

&

bue to H_ (Table 24, case 1a):

Let w = Hb

5 w1 s
l% 2 } Ahh o jb w

[

oMb

38) A= AR = ARy, = 0

21

Due to internal pressure P. (Table 24, case 2a)

1

Let q = miT

39) Vyy =

4Q) Ob 2

11 -
1) 0, =

423 ¥, = AR
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An extra force balance equation between Ha? H,., and pressure P on the
annular plate 1s required since this plate was considered to be simply supported
on the 0.D.

im 2w n 2yp
BWRaHa > 2ﬂRbe = ﬂ(Ra Rb )IT

oD o
(R.“ ~ R “)P.., R.H
13) v o= ° b T _pd

2Ra Ra

Now equate deflections and angular rotations at corners A and B. Neglect
equations with zero deformatlions. :

Radial change at B,

By eqfs (1 + 4 + 8 + 10) = eq's (21+ 25)
Radial change at A,

B5) eqts (11 + 14 + 18 + 20) = eq's (22 + 2W)
Angular change at B,

h6) eqg's (7 + 9) = eqg's (28 + 32 + 36 + h0)
Angular change at A,

HT) eq's (17 + 19) = eq's (29 + 33+ 37 + U1)

1 extenslon at B,
B8) Ah(inner cylinder) = Ah(plate deformation) + change in length of

outer cylinder
eqfs (3 + 6) = eq's (13 + 16) + eqfs (27 + 31 + 35+ 39)

for

[

a balance equation,
eq 43 in the form

R 2 . xgt 3)

. 1] F) I
49) OV& OV ¢ Hy v MBMEE,+ oM, + OM, élf;mmwmu Py

R e
a 2Ry
Thnis force balance equation takes the place of the axial extensions at
corner A where the results would be meaningless because the annular plate was
simply supported at this location.

Equation Wi-49 are solved for the unknowns M, M, Vo, Vis Hy, Hy with my
program TOROID, The radial electromagnetic 10&% cafe will %@ compared with the
axisymmetric ANSYS run. A pressure of 400 psi is applied on the outer wall and
~1090 psi (tensile) is applied to the inner wall.



Solving the equations yilelds,

V\ - s . P
]a = 459 1bs/in

Vb = =1795 1bs/in

Ha = 83 1bs/in

Hy = =121 1bs/in
M_ = 335 in-lbs/in
Mb = =826 in-1lbs/in

These loads plus the pressure loadings are imposed on the two cylinders and
top annular plate. Stresses are then calculated using Table 7, 24, 29, and 32 in
Roark and Young. Figure 64 along with Table 3 compares the "hand" calculations
with the 1/2 agxisymmetric ANSYS model. Comparison is reasonably good especially
at the midplane. Remember that the radial pressures we distributed uniformly in
the hand caleculations but were applied as line loads in ANSYS., This will result
in somewhat different moments being generated., ALl stresses dgree within 5000
psl even at the corners where large discrepancles are expected.
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9]
Z

A 6370
B 7370
C s
D

E 6675
F 6185
G 15890
H 25050

J‘ R
K 12250
L 9270

0
%
L 7820
M 12170
N THES
0] 11400
E 6600
P 6710

*Loads

=1150 psil ouber wall

The pressures are based on the average pressure found for

&

case in ANSYS using the forces found on the preload screws.

Stress Comparison®
Table 3

35

Inner & Oubter Cylinders

o, (ANSYS)

5006
6266
6163
5646
TOU7
5574
16290
25852
11400
12640
10750
7149

Annular

OT(ANSYS}

7149
10420
5821
10760
TouT
4920

Yaxial

=1650
1650

815
~815
15280
15280

1956
=4956

and +420 psi inner wall for ANSYS
=1090 psal outer wall and +400 psi inner wall for TOROID

Gaxial(ANSYS)

-1805
1451
996
22.7
1073
64
~14550
14937
~3501
1222
“259
1843

QF(ANSYS)

=-8756
THh88
=13230
8U26
2890

radial load
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Axial Loads:

Axial loads cause stresses in at least three different ways, each of which
can be roughly estimated. They are: electromagnetic loads and axial restraints
(Randolite posts) do not pass through the centroid of the cryostat. Thus a
twisting moment appears which tends to roll the cryostat and create bending
stresses in the hoop direction; axial loading from the conductor bends the bottom
plate creating bending stresses in the radial directlion; axial restraint from the
Randolite posts is transferred through the gussets to the outer wall, These
gussets may be treated as a simple bean.

Axial loads are assumed to be uniformly distributed in the © direction.
Neglecting the outer brackets and the coil inside, the cryostat has a centroid
located at r = 30.54 and a moment of inertia about the centrold = 571 in%. This
value 18 based on the nominal minimum thickness. Three different twisting
moments act on the cryostat. For compa?;son with preéevious ANSYS calculations
assume a total axial force of 4,62 x 10° 1bs. Thus the following three twisting
moments act on the cryostat. ‘

From axlal support posts,
) - P - * < z
MT = 4,62 % 107 (38.5 = 30.54) = 3.68 x 106 in 1lbs

19160 in 1lbs/in at the centroid

From axial electromapgnetic forces,

31.TH where the
r3 Lo a specific

s(Fei ri)/IFzi

The centroid of the axlial force is given by v )
component r

values from my  TRIM run #47 were used. The
aolumn from FORGY. :

-5
Py

£}

Moo= <062 % 107 (31,7 = 30.54)/(2n x 30.54) = -2790 in 1bs/in

at the centroid

ra

From the radial electromagnetic forces,

The centroid of the radial for ils given by

= 11" above the cryostat mldplane

Again TFORGY results from TRIM 47 were used, and Ti refers to totgl rension on a
given row. The total radial force is given by 2w E”Ti = .08 % 10° 1lbs.

b

w ol
g -

08 1Q6 ® .11 = =2340 in=1bs/in

27 % 30.54

Total twisting moment = 14,030 in-lbs/in at the centrold. But we will neglect
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the radial compenent for comparison with the previous ANSYS run with only axial
loading. Then,

Mp = 16,370 in-1bs/in

Timoshenko? gives an expression for the stress in a solid thick ring
subjected to a uniform twisting moment. Modifying his formula to consider our

cryostat as the difference of two solid rings yields,

12 My ay
g =

h - S R "
r(no In dD/LO g in di/@i)
where

refers to outer solid

= rprefers to inner solid
outer radius

inner radius

h = height

y = distance from neutral axis
a = vradius of centrold = 30.54

O

(e e
§ 8

C

The pealk hoop stress Is
radius, resses are It

and run in

ound at the top and bottom edge of the inner
sive In the top half and tensile in the bobtom half

G
May
The more slmple expression for a compact ring glves, Oy = H600 psi  ANSYS
< 5 o » {e 5 2.
yields a max stress value of -65%00 psl near the top ingide Corner. Sa enses on

the bottom edge are greater as bending of the bottom plate in the next section
must also be considered, The case of a compact ring subject to eight
concentrated moments” (eight support posts) was also analyzed., An 8% variation
with angle was found with the average peak stress differing from the uniformly
distributed moment compact ring case by only 2%. The assumption of distributing
the axial retaining loads in the axisymmetric ANSYS wmodel is, therefore, valld,

The bottom plate was analyzed as an anmular plate fixed at bhoth the 0,0,
and I1.D, under a line load of 5.08 WO“ 1bs = 2600 1bs/in located at 31,15,
These two values correspond to the centroid of only the axial forces which push
against the botom plate. In the following table, tangential bending stress are
combined with the bending stresses from the cryostat roll.
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Stresses in Bottom Annular Plate
Subjected to Axial Electromagnetic Loading

radius O, oP(ANSYS) GG(TOTAL) 99(ANSYS)
24,75 Top 29050 11630 13560 9804
‘ Bottonm ~29050 =13500 =320 =457

31.15 Top =33330 =17940 =6970 =3916
Bottom 33330 21240 15220 10570

34.5 Top 7000 22620 17560 12300
© Bottom =~} 7000 =27,530 =10,110 ~41 40

Substantial discrepancies exist between the two caleulations, but
considering the vast simplification of the annular plate model the differences
are not unexpected. A more accurate treatment.

Simple estimates can be made for the stress in the gussets which comprise
the axial support brackets. The original design was based on two 1/2" wide x "
long gussets. The stress leéevel was considered rather high and two additional
1/2% x 8" }ng guh‘”tb were added. As in the ANSYS model four 1/2% x TV gussets
are assumed for these calculations. Linear elastic theory for a cantilever beam
predicts pe&k bending stresses of + 8600 psi at the top and bottom of the gusael

3

and a peak shear stress of 6200 DW’WQ But these gussets have extremely short
an/depth ratios, and the assumption of a linear stress distribution is no
longer valid. ANSYS gives radial bending stress vali 35 at the top and bottom of
the aylinder - gusset junction of 13400 and 10970 psi

o

o
3

Loads:

radial vertlesal forces.
rovmm are only /e

o f and m@m@n““ “Qw the
ﬁfg (DyQQQ ths of decenbtering

Gussebts welded to cryostat and connected to

2 % 1~1/8" thick
12" span or arc length
3-3/8"% gccentricity from outer wall

TEOUD
/

186 00 i%g,
4

Case 3 Case



39

Use Roark & Young Table 17, Cases 3,4 and 9 combined as shown above,
Vertical downward forces are assumed to be dis PEbuﬁ@d as in case 9. Load
re%twa1nt re assumed to be at exactly O = - 909, In case 3, .Q = 75,000 x 3~3/8

53 x 10) in Lbs@

The maximum moment is at point A

MA
Case 3 =3U580

U ~3.69 x 107
9 68740
Total ~3.35 x 10° in 1bs
Assume the load ls carried only by the outer wall.

. L o sl

R PN S s g - i .
max bending stress = 3.35 x 107 x 1.57/2 = 068,000 psi
3.87 ‘

Obviously the distribution of loads between the oubter wall, annular plates,
and inner wall 1s complex. Now assume that only the annular plates carry these
bending moments, Use Table 16 for correction factors for thick curved beams.
The moment of  inertia, I, of the plates togethers = 104 in" and the correction
Facbor for bthe inner radius is found to be 1.124, Then for the plates at point A

PV - SO0 e d
b@?fiﬁ%Kmdé} = 15,700 psi

Peak Von Mises “tﬁ@ﬁ@@ﬁ in the cryostat body found in the 3D ANSYS
are only 5750 psi., Peak Von Mises stresses found with B. Wands analysis of thisg
area is 10,090 psi. ’

Local stresses at the gussets can also be estimated as
axial brackets. The span to depth ratio here 1s even nuch sm
a linear distribution the maximum radi

done  for the
ler, Bul assuning
or bending stress = + U700 psi.
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COIL STRESS ANALYSIS WITH W. YOUNG'S PROGRAM

The radial and circumferential stresses in the Tohoku Bubble Chamber Magnet
superconducting windings were analyzed with a computer program written by Warren
Young at the Unlversity of Wisconsin [5]. Minor changes were made in the progranm
to include radial preload and a step change in winding tension. The program is
based on the following three concepts: ’

1., Bquilibrium of radial forces
2, Compatability between radial displacement and circumferential strain

3, Compatability Dbetween radial displacements and changes in thickness
© between two adjacent layers

The coll was modeled as consisting of an inner ring, repetitive layers of coll,
and an outer ring. This program can include cooling channels as an integral part
of any laver., Using this feature is an easy way to model the push bars and set
sorews of the support rings and the G-10 spacers In the coil, Some further
gxplanation of the paramefters bevond that in Reference 5 ig réquired, however.
Examine the coil: The G-10 spacers cannot carry any hoop leads since they are
discontinuous.

STA = avg. hoop load

STA/BECAR = stress in the narrow portion of the conductor,

Since one component of e

B = hoop modulus of the wire iltself.

[
s v

T
v

e T

Vmmvamsrsang, Q‘N,%

<
:
.
L2
é
~
s
pa—_

SR(I+1) = average radial stress between layers I and I+1
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Eﬁmﬁiillmmmm; = radial stress at G-10 spacers between layers I and I+1
CART (I+1) ‘

One component of the radial strain of layer I+1 =3R(I+1) 1

CARI(I+1) FER{I+1)
Thus,

ER = radial modulus of the composite, conductor and G-10 in series, based on
a surface area equal to the area of contact between two components. This 1s
different than F_ used in the finite element model, '

Input Parameters for the Coll Stress Program:

The coll and reinforcement are divided into 3 components, the inner wall of
cryostat, the coil, and the outer wall of the cryostat. The composite structure
ig difficult to analyze because the inner and outer relnforcement are connected
through the top and bottom plates of the cryostat. Two cases are consldered
which bracket the possible values of stress in the coll. Case #2 1is consldered
to be the wmost reprasentative of the c¢oll and will give the grealtest hoop
stresses In the coll,

1. Conalder both inner and outer walls o be connected by the annular

EREa W)

plates forming the top and bottom of the cryostat. The stiffest portion

of  the walls is at the Juncbion of the rings and plate Use an
Cfective hoop modulus i s
orners  of  the cryostat

reinforcing as far the coll

P

o represent an equivalent wall thickness
s the

i
17

2. Consider

1 2a both  the inner and oubter walls Lo be connected by the
annular plates but use an effective hoops modulus to represent an

equivalent wall thickness at the midplane of the coll,

Room temperature material properties are assumed for winding and preload,
Liguid helium temperature properties are used for cooldown and energizabtion,
Various inner and ouber cryostat wall I

thicknesses were used o ainulate wire
which is in the midplane and corners of the cryostat. Material propertles for
the conductor package are assumed to be linear. This 1s only true for the upper
atress levels, For example, below 1300 psi average radial pressure the coll
modulus, Er, becomes highly nonlinear. Radial shear carried through G-10 spacers
and radial friction at the cryostat interface 1s not considered, inally, the
radial components of field is assumed to have no effect on radial or hoop
stresses due Lo Poiason's ratio. Hoop stesses for the oryostat/coll
reinforcement are given as part of the program output. These values should not
be wused since they are based on fictious wall thicknesses. Only the radial
pressure on the cryostat walls should use as input in an analysis of cryostat
stresses,
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Inner Cryostat Wall Paramelters:

Consider ilnner wall, push bars, insulators, and preload screws as a
composite structure

Inner Radius: RINS = 23,75" = 60.325 cn
Inner Push Bars Thickness:s 0,375%
Push Bar =10 Insulator = 0,037

Widthe W

i

0.184" = 0, U674 cm

Thickness T = 1% 4« 0,375 + 0,030 =
1. 405" = 3,569 cm

CR 0.375 + 0.030 = 0,2883
1. 405 '

Inner Contact Area Ratlio CART = 1 (This could be any number,
however)

Duter Contact Area Ratlo CARO = 60 x 1,25

2m % 25.155

By = B
car = AR = 0.712

outer radius of the composil inner

The inner pushbars carry no hoop loads. When computing peak stresses and

total deformation E., . and Eyyp are used. The effective radial modulus of the
inner wall is computed Using the formula for materials in series.

Area of inner pushbar touching the coil = 10.83 112

o

Lffective area of three B/8% gsel screws = 3 % 0.220 = 0,678

Assume the set screws extend 00,0307

1 = 1 [ 0.03 + 1,375 + o 0.030
% 78

iR 1.405 10v 3% 10! 0.6

X3 X 107

10.83

ER = 26.3 x 10° psi (18.13 x 100 W/ew?)
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PRT = PRT = 0.3

CTER

= (0.0075 % 0,03 + 1.375 % 0.003)/1.405 = 0.0031
(radial thermal contraction)
CTET = 0.0030 (hoop thermal contraction)

i

FPRE = 0 (winding tension)
CU = 0 (current)

For the case where the inner wall is not consldered to be attached to the
top and bottom annular plates

3 % 107 psi (20,69 x 100 N/en?)

For a cylinder with uniform internal pressure

5y ?
EF Pr
Q@ = and Ar =

Both stress and deflection are linear in pressure and inversely proportlonal
in thickness,
with my

From previous results pwog”a] TOROID, hoop stress 65 and defll

ections

are given for a 900 psi radlal pressure on the actual cryostat walls. Tor a 900
pai pressure only on the i we get,

At the midp] @Q = 15,748 pai

At the corner of the cryostat 0g = 5630 pail

If the inner wall were free floating with an internal pressure of 900 psal,

0y = 900 x 2U4.25" » 21,830 psi
’ 1

The effective wall thicknesses must then be

#

At the midplane [ = 1 x b

ffective 7§39W

At the corner of cryostat € ocopmnson = 1 X

~ 3.88"




o

Rather than change wall thickness, the hoop modulus is modified to reflect
the increased stiffness. This approach was chosen to keep a constant value of
magnetlc field for all computer runs. HZIN and HZOT are defined at the inner
radius of the inner wall and the outer radius of the outer wall, not at the coll
boundaries.

Since

Ppé N
Ar = ! and Pr = ArEt

Et rz

A change in either E or t by the same proportion will change radial deformation
and radial pressure by an identical amount. Thus an effective hoop wmodulus for
coil reinforcement can be used in place of an effective wall thickness as far as
deformation and stress in the coll is concerned.

However, hoop stress (09 = Pr/t) is wunaffected by an increase in hoop
modulus. Thus the computer results give erroneously large values of hoop sress
for the cryostat by the factor of B g%”m/fﬂn erigl: This is unimportant since
only radial pressure on the coil W@lnl@wﬁmm mt'i%@e"b ‘yostat) is used as Input Lo

a detailed stress analysis of the cryoestab.

For the laner coil re
closed shell:

iforcemant when the cryostat Is  considered to be a

At the coryostat/coll midplane:

e . ¢ . N =
BT o= W1.6 x 7@6 pal (28.68 % 10° N/em?)

o . b 2.

(79.98 x 10% w/en?)

aince the ouber
are obtained,

During coll winding the inner cryostat wall
wall 1s not attached. In a lar manner the following res

At the cryostat/coll midplane:

t

o

PSR ® ?06 N/@mg)
affective

1. ?3(”” ET = 37.1 % 10
At the cryostat corner:
9 = 3,06% BT = 91.5 x 106 pai (63.08 % 106 N/ cm? o
effective ™ 2oV2 3 Ll ® Jheo & L t

Outer Cryostat Wall Paramelers:

All parameters are calculated in the same manner as the inner wall
parameters,

Outer wall nominal thickness 1.56"



s

Push bar thickness 0.56%
Push bar Iinsulation .13n
Preload screw length LB
T = 1.56 + 0.5 + 0,065 + 0,275 = 2.67" = 6,782 cm
Tag = (048 + 0.5 + 0.,13)/2.67 157

CARI

i

(60 % 1.25)/2% % 33.67 0.355
CARO = 1,0 (any value is acceptable, however)
ECAR=EMAR : 1.56/2.67 = 0.5843
W S84 = JUBTH om

Again BT is modified to reflect the additional stiffness of

P

PP,
grrecilive

3
T psi (N/cm”™)

Condit p :
e affectiver

Free floating wall 1.56M 30 x 100 (20.69 x 106)

Middle of cryostal wall 3,27 61.5 % %06

Corner of oryostat wall 5.0% 96.2 (66.3 x ?06)

0.48
S ——

3 % 0.334 .
o s s>t s v s 0w X ?Z; /,{r "{Oz)

ER= 9.74 x 10° psi = 6.72 % 10° N/en?
CTET=CTER= 0.0030

FPRE= 0

CUe= 0

PRT=PTR= 0.3

(42,4 % 766)

clo

st

DR
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Coll and Miscellaneous Parameters:

Inner radius of the first turn = 23, 75" + 1, HO‘”
Assume the outer
in this coil.

then G~10

radiua of the last turn = 33,39%
This equals 0. TSO(?”/iay@r@ Wit
thickness = Q, OM1{”

layers
0,089%,

Tiw 0.13071% = 0,332 cm
w::: O (2[8” & 0@14521 ¢m

TCR=

0. Oi&f/ 150(1 0.319

ECAR = EMAR

¥

0.089/0,13071 .6809

PRT PTR 0.3

Ol 675 Amps

From actual conductor stress tests:

ETe=

(8.62 %

(5.65 %

I, 2K

12.5 % 109 pai
i rOOm

8.2 x 10° ps

£ 5o o
10 psi (8,27 % 107 N/em™)

0.00332;

pure copper

FBach layer to layer G-10 insulator has a 3/47 arc
conductor.
The contact area ratioc Ia therefore gilven by

0.285 inner layer
= "QJQ niddle layer
0. 913 outer layer

h a conductor

length

25, 155"

and that

1

temperature

in

there

contact

are
thickness of

63



The average value was chosen since the

method of varying the contact area ratio,

CARL =

Winding Te

My TRIM run No.
to TRIM No.

opposed
values used

Coil Inner Radius
Coil Quter Radius
Bzi (midplane)

Bzo (midplane)

HZIN

Iron Bore Radius

The current
and the

the ¢ )
the coll stresses

magnetic

i
by the more POP@??

CARO = 0.249

= FPRE = 110

Actual Used in
this Analysis

25,14 25,155

33.27 33.39

) ) B {) 6

“29, 43

675 amps ia approximate
ields ar@ glightly Qxi
IM No. 47 run. ih@ﬁ@

program

(h89 N) layers
140 1bs (622 N) layers
37 magnetic fileld values
47 for all other an&lysess
in this program.

were
Below is

les

I 7

TRIM 37

25,125

33,625

21,625

. The
,S@

than
{ ?)“1r1 those
! do not have a
] to other larger uncertaintles
and compares them to ANSYS result

Sigmifj&anf
next section summarizes

does not offer any easy
1 to 39
4o to 63

used in this program as

a comparison and Iinput

TRIM W7

“12.6

that actually
wnich are anﬁiﬁzpatwd

effect on
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DISCUSSION AND SUMMARY OF COIL STRESS

Table U4 compares the coil stress results from W. Young's program with ANSYS,
This table and the output from the solenoid code is given in terms of average
radial stress and true conductor hoop stress based on an area of .0167 sq inches.
Output from ANSYS is average radial stress and average hoop stress, bub the hoop
atresses have been converted to true conductor siress for the following table and
figures, Maximum, minimum, and average values are given for the ANSYS results.
The two programs are in falrly good agreement with one another bul some
discrepancies between them do exist. Figures 65 to 76 are the axisymmetric ANSYS
stress contour plots., Figures 77 to 80 are results only from W. Young's prograum,
If one examines Figures 81 and 82£it becomes apparent that the stress solenold
program results are roughly equal to the average ANSYS results. The relatively
amall stresses from axial electromagnetic loads are added into the combined ANSYS
stress values and not into the combined solenoid stress values. The biggest
difference appear at the I.D. and 0.D. where the bending of the push bars has a
algnificant effect. See the previous Table 2 for peak ANSYS coil stresses.

The largest uncertainties in the coll stress calculations come from changes
in the stress distribution in the winding process. During the winding process
each coll was baked four different times under p essure, Baking embeds the
conductor into the Beataged epoxy coated G-10 layer to layer s spacers. This
procedure increases the conductor/G-10 composite modulus from 3.7 x TQJ pal to
1.2 x 10Y psi. This in turn reduces conductor hoop stresses and colil motlion when
charging. An approximate .050Y decrsase in radius was n@@su*@d gach i

cime  the
coll  was baked. It is assumed that the layer next to the previously baked layer
does not change radius during baking and that all layers in between change by a
proportional amount.

The curve l: led theoreticsl winding stress in Figures 77 and 78 are
fues predicted by  the solenocld compuber program. Radial stress in the
after winding can be estlmabed very precisely since the 1 stress must bhe
zero abt  the outside and the Lorque on the innes s 18 a good measure of the
radial pressure at the inslde of the coll. The curve labeled actual winding
stress drawn between these two points which has the same shape as the
theoretical winding stress. Rd(tﬂg the coil has reduced this inner radial
pressure from -860 psi to ~230 ps It ia apparent that embedding the cable into
the spacers must reduce the contact pressure between the Lwo.

]
4

Baking has an even greater effect on the hoop stress distribution in the
coil, and it is more difficult to estimate correctly. Conductor hoop stress is
de i‘ﬁmjléd from the following three considerations.

. Inltlal winding tension,

2. Change in radius of the cable due o fthe radlal deformation of the
eryostat and coll underneath the layer in question.

3., Change Iin radius of the cable from baking.



TABLE 4
Coil Stresses From W. Young's
Program and ANSYS

Average Radial and True Counductor Stresses

(psi)
Load Cases Layer 1 Layer 32  Layer 63 Layer 1 Layer 32 Layer 63
Oy O O % % “

Field Run #20 1047 ~ 518 - 560 10,840 5,347 954
Erm 1.2 x 10° (19447275) (~563/-518) (~542/~262) (8810/6570) (6970/6880) (3250/2970)
By= 12.5 x 106 (954) (~538) (~408) (7680) (6920) (3100)
Field Run #21 1437 - 360 - 508 8,200 4,046 68
Same as run #20, except
location is at cryostat
corner
Winding Run #22 - 860 - 588 - 23 699 2,757 8,832
E = 1.2 x 10°
E@ 8.2 % 10
Cooldown Run #23 61 281 397 3,070 1,964 1,785
Same values as #20 (373/48) (407/289) (544/258) (3170/1820) (1517/1499) (1688/810)

(183) (345) (407) (2651) (1507) (1143)
100 psi preload from - 100 - 36 - 1 664 412 363
Toner Ring Run #24 (173/-42) (~34/~31) (7987697  (12/409) (311/310)
Same values as vun #22 (~100) (~33) 0 (751) (411) (310)
100 psi preload from - 34 -~ 59 - 98 - 232 w 428 -~ 718
Outer Ring Run #25 (~133/-19)  (~77/~68) (~140/-70) (~185/~48) (~353/-350) (~625/-574)

(~61) (-7 (~105) (~116) (~352) (~601)

Note: A1l stresses from W. Young's program are through the coil midplane except

where noted. Parenthesis denote the following values from the full model
axisymmetric ANSYS analysis. Average ANSYS stresses are obtained by averaging
all nodel stresses on a particular column. (Max/Min)

(Average)
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Winding tension was measured continuously and is known with +10%. Radial
deformations are part of the output of Warren Young's program. This enables us
to calculate the reduction in hoop tension from the overall change in radius of
the coil wusing the relationship o = AR/R B9, These stresses arise from the
radial motion of the inner wall and thé radial compression of the coil as a
whole, AR for each layer 1s calculated by multiplying the AR's from the program
by the factor

230 actual pressure on inner wall
g6 theoretical pressure on inner wall

These values are, therefore, hoop stress values if we had wound the coil without
baking and had ended up with a radial pressure of 230 psi on the inner layer.

The localized effects of baking are calculated using the same formula for
0., These results are added in the previous hoop stress terms creabing the
sawtoothed curve called actual winding stress in Figure 78. Baking clearly has a
dramatic effect wupon hoop stress distribution when compared to the results from
the theoretical winding stress curve, This sawtoothed pattern is atill very
pronounced when all hoop streases are added together.

-

Summary of Coil !

o

e

o

sese

=Y

The selection of proper radlal preloads from the inner and outer ring Is a
compromise of the following confllicting requirements.

L

radial astress ab  every loecation 1n the coll 18
nis will minimize conductor motion.

2o 3 in the coil should be wninlmized. Tests at h,2 K
demonstrated that the cable can withstand cyelic loading in excess of
35,000 psi with no apparent damage. Critical current and RBER values
were effected very little. ‘

3. Compressive hoop stress In the conductor should be small enough to
© eliminate any possibility of buckling.

i, Preload values cannot exceed those physically possible with the 5/87
screws on the inside of the 3/4% screws on the outside. The limiting

case is the preload on the coil I.D. A maximum of 7,400 "lbs (970 psi
average coll pressure) can be applied with each serew.

It is assumed that the ANSYS results are more accurabte than those obtained
from W. Young's program. However we must rely on this program for winding
stresses. The following results are found from examining the Figures 81 and 81
for combined stresses. :
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+0Q(max) = 21,500 psi (under all loads combined; Fig. 82, Curve 5)

§

T0g(max) = 9300 psi (after winding and baking; Fig. 82, Curve 4)

~2040 psi (avg coil) = -7200 psi (Fig. 81, Curve 6)
(G-10/conductor interface after winding and preloading)

it

mﬂp(max)

it

+0F(max) 230 psi (under all loads combined; Fig. 81, Curve 5)

Upon initial consideration, the peak hoop stress in fthe conductor appears
quite high. However, Gthe cable was cycled repeatedly to 35 ksi and once up to
45 ksi (.94% strain) without any apparent significant degradation in short sample
or RRR.  Furthermore, the peak stress occurs on the inner layer where 7 IEnergy
Doubler strands were used to make up the cable as opposed to the usual 6 which
was also the number used in the tested cable. Maximum compressive stress 1s no
problem. The room temperature strength of the G-10 CR ls 60,000 psi. For OFHC
copper “o_ ~ 7000 psi and ¢, = 30,000 psi. A peak tensile radial load of 230 psi
is found gt a few spots on %h@ inner layers, It is highly desirable that the
coll always remain in radial compression. Because the modulus of the coll/G-10
package becomes nonlinear at a compressive pressures less than 1500 psi, it can
be easily assumed that the coll is in fact always in radial compression. 1In a
similar manner the peak hoop stress in the conductor 1s certalnly limited to
21,500 psi due to the nonlinearity of yielding above 20,000 psil. In short, the
predicted values represent upper bounds because Lhe coil is highly nonlinear, and
peak stresses will be redistributed throughout the coil.

Since the outer wall radial pressure 1s only =680 psi, one might suggest an
increase in outer preload to increase radial pressures and decrease hoop loading.
An increase in this preload, however, increases the compressive hoop atress.
Local buckling of the conductor also needs to be considered. The concern here i
potential laver Lo layer shorts. Maximum compressive stress 13 300 after
i and ~4200 psi after cooldown. Both of these cases occur in layer #1585 and

]

it

Assume the conductor to be straight between the G-10 spacers. The conductor
tends t©o make a sharp bend at each spacer rather than form a smooth circle. The
expressions for buckling are given below ’

for hinged ends

where % is the span between the G-10 spacers. After cooldown layer #31 1is most
susceptible to buckling. The moment of inertia, I, must be known, Thias number
cannot he calculated based on cross section since the conductor ils & cable, not a
monolith, Tests were made on the Instron to extract thia number from simple
bending tests treating the cable as a beam fixed between two supports. The cable
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4, which suprisingly is
alpost identical to the estimated value., “The 4.2 K buckling stress (E = 12.5 x
10Y psi) for layer #31 is 24,000 psi. The room temperature buckling stress (E =
8.2 % 10Y pasl) for layer #15 is 20,500 psi. Both of these values are Dbased on
the assumption of hinged ends. Any amount of additional constraint from radial
pressure will increase these values. Buckling should not be a problem,

-l
was found to have a moment of inertia, I = 1.0 % 10 ° in

Local deformation is next calculated in the unlikely event of buckling. The

Py i 3 < 9 W i < DY £3 - 6 =
worst case 1z after winding at layer #15 where a@ = ~9300/8,2 x 10° = <0011,
Assume a stralight conductor which buckles locally such that the arc length of the
curved path equals the length of the conductor in the relaxed condition. At this

point further deformation would be impossible.

[»' o ES r% ° 58“ 3 S

AL = 1.58 % L0011 = Q017"

L = Lﬂ - AL = 71,5783

Using Huvghen's approximabe formula LY = L8979

Then h = 032"

and r - k&a = 9,7" = local radius of curvature

After winding, preload, and cooldown local deformation could at most be
LOUT™  which 1s  about one half the thinnest laver to layer spacer. Perforated
mylar in layera 1 to 26 and solid dimpled mylar for the rest of the ¢oil has been
inserted between the spacers to prevent any posalbility of laver to layer shorts.
The first 26 layers of both coils had new very high quality cable which should be
additionally resistant to buckling.
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PEPRELOAD SCREW TORQUE VALUES

The inner layer is preloaded by sixty 1-1/4" wide bars wusing the 5/8-11
UNC  socket set screws on each bar. The outer layer is similarly loaded except
these preload screws are 3/4=10 UNC.~

i1

R P, ow o ow B [
Load on an inner screw : x w % 50.45 % 8ﬁ69 =

i 7.65% P, 1be
3 % 60 ’ * t

it

Load on an ouber screw 10.12 PO lbf

Figure 83 is a torque vs. load curve for a 5/8% ael screw with antisieze
lubricant., Annealed screws do not have the preloading capacity of the
as-fabricated screws. Annealing the screws was initially considered to reduce
their residual magnetism created by cold working during their manufacture. No
preload set screws used in the cryostat are annealed. The absolute maximum “load
which 1s possible is 7500 lbs. Failure is through excessive deformation of the
broached socket. Unbrako gives a minimum tensile strength of 18,000 1lbs for
atainless socket head cap screws., The stress area of a 5/8 UNC screw = 0.226 sg
in. ' ’

Thus,

18,000 1bs = 80,000 psi

o

7,500 1bs = 33,000 psi
Clearly the inner screws
achieve with a torque wrench. Winding and a
care an  average pressure of 970 psl on the

equivalent to THOO sach 5/8"% sore

No torque va, load meassurement were made with the 3/4% seorews. An
approximation to this curve is given by

where d is the nominal diameter. The inner screws have a XK = 0,166 up to 6000
1he, For an average bolt and nut, K = 0.199 for 5/8" UNC and K = 0,194 for 3747
UNC-[3]. Assume the same ratio for our well lubricated screws. '

For the 3/4-10 UNC screws

T(in=1bs) = 0.162 F x 0,75 = 0,121 F (1lbs)

Coil preloading consists of the following two atep process:



W1
(o)

1. Preload with inner screws by an additional 740 psi average coll pressure
(970 psi total), The outer screws should not be in contact at thls
time. TFrom Fig. 6.

T = 70 ft~lbs

Mo
L e

Preload with outer screws for an average outer layer pressure of 1400 psi
4040 1bs per screws, Using the formula for torque of a 3/4" screw.

i

P

T = 489 in~1lbs = 41 ft-1lbs

Tnner screws for aryostat # one were made from 303 SS, and the inner screws
for cryostat # two were made from 304 SS. The 303 58S was found to be much more
brittle than the 304. Torque was limited "to 70 ft=1bs. in the 304 screws
rounding out the broached sockets, Torque was limited to the same value In the
303 screw by a cracking of the socket. A 303 8S screw was machined down Lo the
pottom of the drill point of the socket. The screw was placed in a stainless nut
extending .070" past the nut to represent 1ts maximum extension Iinto the
cryostat, This set up represents the absolute minimum amount of non-cracked
thread engagement. Fallure occurred at 28,600 1lbs. A 304 stainless screw tested
in an identical manner failed at 25,000 lbs. Cracked scorews have a minimum
safety factor of 3.8. ‘
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SPECIAL AREA STRESS ANALYSIS

Pressure Rating of Preload Screw Covers:

Preload screws on both the 0.D. and I.D. are covered by a welded stainless
steel cover, Fach ascrew has “a drill hole through it so thal trapped helium
volumes can be easily vented to the interlor of the cryostat.

Effective diameter at outside of weld = 1,0"

Nominal thickness = .125"

Minimum machined thickness = .083"

Assume the edges are fixed, Use Roark and Young, Table 24, Case 10Db.

M - 5owg o= PLERR
mas M. 125 wa 9.06@,) W

g
g B3 Q M = i
max o M= 50w

+2

Burst pressure -~ ‘?33 QQO = 600 psi
54,

.

Stress Concentrations Due to Preload Screw Holes:

2

concentrations caused by the preload screws
Nevertheless, close approxipation can be made by iderir
lates as opposed to cylinder, 6 Only the inner cylinder will be
sinc 2 highest stresses occour h@ww\ and the screws are closer together n
the outer cylinder. The holes are 5/8% di amo,b . separated by 3.25" axlally and
2.5"  clrcumferentially. Stres

stress concentration., Overall
general the principal stress
bending i3 actually consldered

- ,
et
The stresa

wt

4

is increased y reduction of area and by genulne

5

stress distrlbution patterns are oonpw,:g but in
es are hoop compression and axial bending. Axial
L

o be cylindrical bending where M = v M. ..
y & hoop v Maxxai'

In the hoop directlon,

x 3.25/(3.25 = .625) = 1.24 ¢

a =
nominal gross gross

In the axial direction,

Q N = - DY o
nominal = Ogross X @ 5/(2 -625) = 1.33 Ygross

Identical cases cannot be found Iin the literature. Peterson has examples
oclosest to our situation. The results are summarized below. See Figures 84 and
85,

Rectangular pattern of holes subject to uniaxial tension (hoop):



KTN = 2 ° )"!’7

0 oo
max = 2247 Ogpogs

Single row of holes subject to cylindrical bending (axial):

KT

KT

i
§

1.81 holes aligned in axial direction

it

1. 47 holes aligned in hoop direction

= 1,81 % 1.24 ¢ s 2,24 ¢

o
max gross gross

For comparison,

Single hole In Infinite plate subject to uniaxial stress:

[

0 ” <
max = 3:0 0

Single hole in Infinite plate subject to cylindrical bending:
Cpax = 1.9 0 infinitely thin

= 2,34 o dia/thickness = ,624/1.0

concentration for all cases would be 2.5 based on
The pressure of the screw hole covers s uce
i not considered.

the
the



. 122

FIG

L Jum
i
:
T t - +
I 1 t T
1o I 1 REAE . x -
! : i g3 ¥ g Lo
i S S :
1
]
COITTT 1
0
T
f
I i
T
e L ) T
i T
:

188




FIG. 161

“ W } L 1 I
Tt I 1 +
~ Rl =
. g 1 2
} SESa: <
1 T = :
I : ;
” »: I '
) L It 1
:
+ } e
B
1
i S 13Ty WMWV
;
il W “?
< o, (o v
17
T e
o !
T ) AN
T i :
3 Hy N
N
Oy n g <
4
=
,t‘ - ) .$
G310 & N i
Zmile % FARRS =
=8 ST T
T
APH.” G ll.l4 &
o1 B et -
1 o - L3
i g5 RiRNEss: i
e v
P
Z / i el
oo > .
52 : : ©
; & :
/
1 22t f ] ] o~
: Inaas . A
4 ja <
et rd
=
i
P 1.
A / !
- ] T
£
by
- TLIAS t B
: LT i ¥ o~
: : i R T °
z : i } <
LI ¥ f »
o H H )
H it
4 :
. ¥
. b
p. ]
i /
: 7 i oo
L , g
' <
: 7 :
i 1
m
ot ” I
.
k } + I
t i i+ i Rasnon
<) o 9] . : & ; e
8 . o 2 = s —~ o o4 o o
« @ N s -
o~ o T - o s e e ° :
o -

1

232




57

SUMMARY OF CRYOSTAT STRESS CALCULATIONS AND COMPARLSON TO ASME
PRESSURE VESSEL CODE

Coll stresses are summarized in a prlor section and are not discussed here,
The cryostat body is made entirely of 304 S8 with all major welds nmade with
KRYOKAY 316L~15 SMA. The following material properties are assumedv79 P

ksi) Sm%(Ksi)

Material Temperature Oy(kgi) 0, (

304 293 K 35 85 23
304 I K 60 250 40
316L-15(SMA) 293 K 57 78 26
316L-15(SMA) 4K 95 175 58

Although this is not a code vessel, the design will be compared to the ASME

Section VIILL, Division 2 will be the basis for Lompaw Lson. Thia ﬁiviaion
places limits on various combinations of stress intensities. See Article AD-1M4
Appendix 1 and Appendix 4., The stress intensity v&?u@ for room temperature ﬁOM
stainless plate 1s S =« 20 ksi, See Table AHA-1. This value assumes yield
strength of 30 ksi. 5iwmss intensity values, S are the $ng1low of 2/3 ¢.. or
173 U If we extend th philospl found ih the
le above are compubed¥, Ly trot

ps rn?) <
ny to our materials, 3 .
slesome areas are examined.

2

Cross Section Through the Inner Wall Midplane:

iz found ni
igure 86 (§?>V
run  the  following

After winding and preloading the peak cryostat Sk
30@& ion. OQbviously this atress occurs al room bemperature,
cedural outli in Divigion 2. From

oare

30 x 1.24 = =17270 29190 x 1.24 = ~36200
S, = 183 =717

8. = 23661 x 1.33 = 31460 ~24060 ¥ 1.33 =

Sele = 37620 22290

The factors 1.24 and 1.33 appear because of the reduction in areaz due to
the ascrew holes, Primary membrane stress wvalues are averaged through the
thickness. The r, 0, and z or (%, %z, ¥ i AN&YS) are @s»pﬁtial]y the prinicpal

rections. Small wvalues of shear stress in the xy ANSYS plane are neglected.
The primary membrane values are given below




1983 Edition APPENDIX 4 — MANDATORY Fig, 4-130.1

i Secondar
Sovery | Gamel Vo meln:ﬁrynb Bend embrane Peak
Category eneral Membrane _ocal Membrane ending plus Bending
Description Average primary Average stress Component of Belf-equilibrating (1) Increment added
(For ex- stress across across any primary stress stress necessary to primary or second-
amples, solid section. solid section. proportional to satisfy con- ary stress by a con-
see Table Excludes discon- Considers dis- to distance tinuity of structure. centration (notch),
4-120.1) tinuities and continuities from centroid Qccurs at struc-
concentrations. but not con- of solid tural discontinui- (2} Certain thermal
Produced only by centrations. section. ‘EX” ties. Can be stresses which may
mechanical loads, |  Produced only cludes discon- | caused by mechan- cause fatigue but
by mechanical tinuities ar?d ical load or by not distortion of
loads. concentrations.|  differential ther- vessel shape.
Produced only | maf expansion.
by mechanical Excludes local
loads. stress concentra-
tions.
Symbol
£ P, ¢l &
Note (4) m : Fo Q F
Combination ! ! ] i 1 i 3 [ ; 1 LW@WW&J
of siress B e e S e e ] i
components [" (ks i ! !
and allow- I B T i ! t
able limits e ! i == Note (1) {
of stress L s e oo ¥ !
. as ]
intersities. b e i, %f/:
( P g b P p Q SIS S L i ¢
. . :
! ! T |
t
N E B
IS ) ¥ i
5+ P j 1.8kSmt b e s e e e e o wé
- —— — X\%’_‘M&ﬂ l ‘
’ ! o= Note (3}
o o Use dasign loads {
e e e {36 OpETALING foadS

NOTES:

(1) This limitation applies to the range of stress intensity. The quantity 35, is defined as three times the average of the tabulated S values for

the highest and lowest temperatures during the operation cycle. In the determination of the maximum primary-plus-secondary stress intensity

range, it may be necessary to consider the superposition of cycles of various origins that produce & total range greater than the range of any

of the individual cycles. The value of 35, may vary with the specific cycle, or combination of cycles, being considerad since the temperatiure

extremes may be different in each case. Therefore, care must be exercised to assure that the applicable value of 35, for each cycle, and

combination of cycles, is not exceeded except as permitted by 4-136.4.

The stresses in Category Q are those parts of the total stress which are produced by thermal gradients, structural discontinuities, etc,, and
do not include primary stresses which may also exist at the same point. It should be noted, however, that a detailed stress analysis frequently
gives the combination of primary and secondary stresses directly and, when appropriate, this calculated value represents the total of Py, (or
P ) + P, + G and not Q alone. Similarly, if the stress in Category F is produced by a stress concentration, the quantity £ is the additional
stress produced by the notch, over and above the nominal stress. For example, if a plate has a nominal stress intensity, S, and has a notch
with a stress concentration factor, K, then P = §, P, = O, Q = O, F = P, (K—1) and the peak stress intensity equals Py + Py (K—1)

—~
™
st

= KPy,.

(3} S, is obtained from the fatigue curves, Figs. 5-110.1, 5-110.2 and 5-110.3. The allowable stress intensity for the full range of fluctuation
is 2 S,.

(&) The symbols P,,, P, Ps, Q, and F do not represent single quantities, but rather sets of six quantities representing the six stress components

T Fr, Tro Topy Tirs and Tet.
(5) The k factors are given in Table AD-150.1.

583 FIG. 4-130.1 STRESS CATEGORIES AND LIMITS OF STRESS INTE’ZNSITY

453 -
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P« ~26735 for S

m Z

=270 for S
y

=3979 for S_

P (ST) = 26735 = 270 = 27000 psi > S,

This is an apparent code violation. According to Table 4-120:1 it may be
possible to consider this inner wall as being subjected to only local membrane
stresses PL and secondary stresses Q. If this interpretation is correct, then

Py (8I) = 270004 1.5 8 = 30,000 and the code is satisfied.
Next check P, + P, at the inner radius

PL = =26T735 fop 5,

P« olgs W@
b 9HeL for 5,

3TH60 for S
y

Plo# Py (8I) = 17270 + 31460 = 48730 > 1.5 5

Another apparent code lation., The bendi:
rather than secondary because fhey ori
inner wall by the top and bobtom annular p
cal preload, however. As the inner
bolts from pu“*’ng against the coll :
permanent relaxation in “Lﬁﬁif-f
"‘}\D(‘V‘%L}?L(}’G

are treated as primary
haglc constraint of the

5. The o1 in of the ELYO“G“@ are
wall deflects, the preload i the
Any permanent formation
i / chargi

we

ondary by the ﬂ”@‘fi&?

"

th@&gnt
manner,

bi aases

anmld@r@d

PL  PLoe Qs Qs 37620 % 1,3 = 49000 < 3 Sm = H0,000
and the code 1ls satisfied., 3 %m . is
stressea will Tshake down 0O ,¥C aoc
made between the bolt holes, and therefore,
aaction. AL this polnt P, o+ P+ Q = 37672
found to have no visib%@ f%awgo At
electromagnetic 1vads,

that S@a@ndawy
‘Lﬂ 1 seam w
the full

$aximum
b The ,
the benefll

CrOas

si. This weld was radiographed and
zmd\“ full radial and axial
ty through this section is
fied.

the combined
~ U500 x 1.3 = 5850 psi, and the code
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Cross Section Through the Inner Wall/Annular Plate Weld:

The worse case 1s again after preloading at room temperature.
Boot of Weld Top of Weld Average
S ~1282 503 -389
5 1121 =17 552
S, 10460 11220 10840
51 12230 11240
P = 10840 + 389 = 11230 < 8 = 20000
Pyow Py o= 10460 + 1282 = 11742 < 1.5 S, = 30000
Pyov P+ Q= 12230 < 3 8, = 60000

o

PL + Pb + 0 2025 at the root of the weld under full load at 4.2 K

i

weld presents no problem, Division 1 requirss apot radiography for
Wb efficiency of

this weld which was not performed. If we use, however, the joi
,00 for single-~welded butt joints for non-radiographed welds, we would still
an  adequate safety margin. As in the cross section through the midple

stress could be considered as entirely secondary due to the pecul I¢F

For the

found,

o

YR

Inner Radius Outer Radius

> ~25085 84
X
5

=5205 % 1.25 = ~bB0H 3000 x 1.25 = 3761
ST 8050 3654

Using the same method as for the inner wall:

P 7) = & .

m (81) 5000 < Sm HO000

Pi v Py (SI) = 9820 < 1.5 5, = 60000

PL Pyt Q (SI) = 8050 x 1.24 = 9980 < 3 Sy o= 120,000
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The code is satisfied by a wide margin, but the local effects of the radial
arm gussets, axlial support bracket, and helium vent hole must also be considered.
The longitudinal seam weld was fully radiographed and found to have no flaws.

B. Wands' analysis showed that the maximum Von Mises stress in the coryostat
wall due to the 75,000 radial arm loading was 10,090 psi. The 3D ANSYS analysis
gave a Von Mises stress of 5750. Maximum tensile membrane load In the outer wall
at the bracket location should be 75,000/(10.5 x 1.56) = 4600 psi. For the axial
brackets, hand calculations gave an 8% variation in peak stress beltween uniformly
distributed moments and 8 discrete concentrated moments. Assume the bottom of
the axial support gussets are at the midplane. Peak stress and radial arm
brackel stress occur here 9o that combining these stresses is a worse case
Using the true area of the gussets, we find from the axisymmetric calculations S

19700, S = 6360, and SI = 24480, The combination of axial support bracket,
stresses is 4 worse caase analysis sinece they don't occur at the same locatlon.
These axial support Dbracket stresses are actually the summation of local and
secondary stresses. Consider the 10,090 psi Von Mises stress to exist from 4600
psi and 5400 psi of hoop bending. ~Then

P (SI) ~ 3631 + 4600 + 1211 = 9400 < S, 140,000

Prow Py (SI) = 3951 + 10090 = 84 = 14000 < 1.5 8, = 60,000
Poow Py o+ Q (ST, max) ~ 24480 + 10,090 = <3 Sy = 120,000

mathod of addit
inten weare i@d 7
the e anmoonaniJQ Neverthele:

and is still far less than the code allowable

incorrect because the stress
ing compubed from the addition of
3, Ghiz represents an  upper  bound
alue of 3 8

5

B

rae

md { Lo
have ApDWQX}HJL@ v U times “nm w@qu
'@ﬁéfﬂ = QBQ”@ The preload bolt holes complicat ture, Assume that the
vent hole and bolt hole combinablon ls equal to o MP”?P hole with diameter
5.67%, Then & = 5,067 & .39 = 2.2 in®, Limits of reinfor ing are greater than the

S WO : 3
wall fhioka@%x or b~

axial height of he ovlinder, Thus uh@ avail %le for reinforcing the
vent/pbolt hole is (1.56 - .39) x (10,5 =~ 5.67) = 5.65 in~ or 2-1/2 times the
required amount, The code ls difficul Lo interpret roothis e and a

reinforcing pad was added for extra s: Figure 87 shows foraeing.
In  the longitudinal plane thils P@Jﬁ(@?@!ﬂ? pad + nozzle eombinatioa addm aboub
2-1/2 in® of reinforcing or the entire amount reguired, Note also that in
Division 1 2" pipe single openings in vessels greater than 3/8% thick do not
require reinforcing., In conclusion the vent hole has roughly 3-1/2 times the

required reinfore zﬂQs

Cross Section Through High Stress Polint of Bottom Annular Plate

The highest stress peint in the bottom annular plate occurs at  the outer
push bar where a spar element was used in ANSYS to simulate a partial transfer of
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axial load in shear to this member. From Fig. 52 the stress intensity (P, + p._ +
Q) is found to be 35900 psi which is less than 1 S_, Obviously P and“p} + P
satisfy the code also. Furthermore, this stress intensity value is due in” par%
to a stress concentration component from the point loading approximation.

Cross Section Through the Bottom Outer Ring Closure Weld:

Again peak stresses occur under full field conditions at 4.2 K.
Root of Weld Face of Weld Average

S 24740 =28070 =1665

S, 11630 2380 7005

S 16560 =963 7799

ST 17900 30880 -

Poo(SI) = 7799 + 1665 = 9464 < S = 58000

ER
<

(8I) = 28070 + 2380 = 30450 < 1.5 8 = 87000
2UTHO - 11630 = 13110 at the root of the weld
P Py + 0Q (S1) = 30880 < 3 8 = 171000

17900 at the root of the weld

1

ision 1 vy For thi . exe
ult mic testing o be impossible as In our ¢
addition this joint i v ded  butt  Joint. This
s welded butt joint without a
This weld ws made using a qualified weld procedure and a certified welder.

The two closure welds were the only welds made using a certified welder. The
welding test reports are given in Appendix B along with the ultrasonic test
results. L erack was found along the root of the weld. This is interpreted as
incomplete filling in the landing of the weld during the first TIG pass due to
concern of overheating the conductor and insulatora. No other weld defects were

found. Division I uses a joint efficiency of .6 for single welded butt Joints
without a backing strip. Using this value we still have a minimum factor of 3.7

above code requirement at the root of the weld.

Inner Push Bar:

The maximum stress occurs ab room temperature after winding and preloading
at the upper preload screw location. The maximum bending stress in this bar is
67,000 psi at the junction with the top inner screw. If the code were applied,
the following results are obtained.



D - P o
}m (8I) = 39800 > S

PL + Py (SI) = 42900 > 1.5 Sy

Pi o+ Py o+ Q (SI) = 42900 < 3 8,

The code is violated unless all stresses are considered secondary due to the
nature of the mechanical load. No significant differences in colil diameter were
found, Machined inner bar stock probably has a significantly higher yield stress
than the assumed 30,000 psi. Furthermore, the preload screws distribute the load
and reduce the span which should appreciably lower the peak stresses, Finally,
it is impossible for the inner bar to fail. The bar would yield slightly and the
preload on the coll would relax.

Inner Prelcoad Screws:

The maximum load is again after winding and preloading. Preloading and
winding place TH400 1bs on each 5/8" UNC inner preload screw. These screws were
tested and have an absolute minimum load capacity of 25,000 1bs. The safety
factor 1s 3.38. Again this exceeds the code allowable val of 1/4 on the
ultimate and 2/3 on the yield. As with the inner push bar, excessive loadings
cause vielding and load relaxation.

In conclusion
1 code in minc

lginally desi
113 not requ
however, obey the mé

or Intrepreted accordirn
event all components |

was not
ab pol
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" the Code
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