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FOREWARD

This report documents the preliminary design of a 55-foot-long cryostat
cryostat for the Superconducting Super Collider (SSC) accelerator magnet
system. The work was sponsored by the Department of Energy under the
direction of the University of California -- Lawrence Berkeley Laboratory
subconract 4531210. This work was performed during the five-month period
beginning December 1984,
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SUMMARY

The overall objective of this study was to produce a preliminary engineering
design of a 55-foot long cryostat for the dipole magnets to be used in the
Superconducting Super Collider (SSC) program. Principal. components of the
cryostat include the thermal radiation shields, multilayer. insulation, fluid
transport lines, cold-mass supports, and the vacuum vessel. Design of the
dipole magnet interconnect region was also included. The scope of this
engineering study included overall assembly layouts, detailed structural
analyses, and thermodynamic, electromagnetic analysis of key components of
the cryostat.

This study was based on the “l-in-1%", cold iron, 6.5 tesla, cosine theta,
superconducting dipole magnet designated reference D. The reference D design
evolved during 1984 and early 1985 from the collaborative efforts of Brook-

haven National Laboratory, Fermi National Laboratory, and Lawrence Berkeley
Laboratory.

A cross section of the cryostat design produced as part of this study is
shown on the facing page. Key features of this design are described below:

o A compression strut arrangement was selected for the cold-mass support.
A major advantage of this design arrangement is the exceptional access
it provides for installation of the cryogenic plumbing and other cryo-
stat components. These struts are stationed at four positions along the
length of the magnet. In order to maintain less than 0.5 mm (0.020

inch) sag between the supports, the 304L stainless-steel helium vessel
thickness was increased to 6.4 mm (0.25 inch).

0 Titanium alloy was selected as the baseline material for the struts
: since it can sustain all strength and long-term alignment requirements.
However, other material options with lower heat leak characteristics,
such as fiberglass epoxy, can be substituted if their long-term creep
behavior and strength characteristics are proven to meet the operational

requirements for SSC. It is highly probable that fiberglass epoxy could
be used for the side and axial struts.

0 6061-T6 aluminum alloy was selected for the 80K thermal radiation
shield. To reduce eddy currents in this shield during a rapid discharge
of the magnet, radial slots are to be cut through the shield at 40.6 cm
(16.0 in) intervals along its length.

0 304L stainless steel alloy was selected for the intermediate temperature
- thermal radiation shield. Stainless steel provides sufficient thermal
conductivity at the lower temperature with greatly reduced eddy current
forces due to its high electrical resistivity. It also is directly
compatible with stainless-steel plumbing which eliminates the need for

intermetallic transition Jjoints for the bellows connections that are
required for the aluminum shield.

ix



0  Aluminized mylar separated by Dacron scrim was selected for the multi-
layer insulation. A total of 20 layers was selected to cover the
intermediate temperature shield and a total of 30 layers was selected to
cover the 80K shield. These numbers of layers were determined by
minimizing the combined estimated cost of the installed MLI plus the
magnet operating costs attributed to radiation losses. For ease of

installation, these MLI blankets are designed to be & large rectangular
shape.

o A 6061-T6 aluminum alloy was selected for the vacuum vessel., Aluminum
was selected over stainless steel due to its lower cost. Mild steel
would provide an even greater cost savings {f its ability to safely
sustain 8 cryogenic leak within the cryostat were proven. However, some
of the savings for substituting mild steel would be partially offset by
the added cost of corrosion protection and future maintenance,

o The operational requirements for the bellows in the interconnection
region are very stringent. To meet cyclic life requirements, and to
minimize bellows length, Inconel 625 alloy material was selected for all
bellows except for the beam-line bellows for which type 321 stainless
steel was sufficient. In addition, a double-walled bellows with vacuum
guard provision was selected for the beam line to insure leak-tight
integrity. To meet the squirm pressure requirements, two in-line
bellows were specified in all locations except for the helium vessel for
which one bellows was sufficient., Adequate support will have to be
provided between these bellows for the final design. Overall deflec-
tions of the vacuum vessel can be accommodated with bellows in special
areas, such as the spool regions: therefore, no bellows were included in
the dipole magnet interconnect regions. Instead, a low-cost welded
aluminum sleeve has been included.

Although further optimization and design improvements must be performed, our

analysis indicates that the preliminary design presented herein is highly
producible and cost effectively meets all performance objectives.



1.0
INTRODUCTION

The cryostat preliminary design study was performed ih essentially two
phases. In the initial phase, a total of six alternative cold-mass support
concepts were studied. Based on this study, a compression strut arrangement
was selected. Details of the concepts considered and the analysis performed
to arrive at this choice are documented in Section 2.0 of this report.

Selection of the support arrangement was a major milestone for this study.
Once this selection was made, the second phase of this study was initiated.
In this phase, the arrangement and design of the other cryostat components
was further refined. These components include an intermediate temperature
radiation shield, an 80K radiation shield, multi-layer insulation, fluid
transfer lines, electrical busings, and a vacuum vessel. Details of the
design and analysis of these components, as well as further refinements of
the strut components, are described in Section 3.0 of this report.

Section 4.0 of this report provides conclusions regarding this preliminary
design and recommendations for future programs.

The preliminary design presented herein was developed in accordance with the

design criteria provided in Reference 1.0-1. The essence of all requirements

was met with the exception of the heat load as described in Section 3.5 of
this report.

References

1.0-1. SSC Design D Cryostat Design Criteria, Initial Release, FNAL Memo
dated 15 February 1985,
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SECTION 2.0
SUPPORT CONCEPT TRADE STUDY

2.1 ALTERNATIVE CONCEPTS CONSIDERED. The initial phase of this design study
consisted primarily of engineering trade studies of alternative support
concepts for the cold mass. A total of six different design concepts
were evaluated,

Compression struts

Tension struts

Double ring

Titanium elliptical beam

Fiberglass/epoxy elliptical beam

Titanium J's

o o O O O O

Each of these support concepts are illustrated in the upper portion of
Figures 2.1-la and 2.1-1b., A summary chart highlighting the relative
advantages and disadvantages identified for each concept is provided in
the lower portion of Figures 2.1-12 and b. These relative merits were
subjectively evaluated in terms of operational performance, produci-
bility, cost, and potential for improvement. Based on this evaluation,
the compression strut arrangement was selected for further refinement
under this study. The following sections provide an in-depth description
of each of these approaches and the supportive analyses of them,
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Figure 2.1-1a.

Design Concepts
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Figure 2.1-1b,

Design Concepts

TITANIUM ELLIPSE

G-10 ELLIPSE

TITAHIUN J°s

DESIGN COMSIDERATIONS

DESIGN CONSTIDERATIONS

DESIGH COMSIDERATIONS

ADYANTAGES

DISADYANTAGES

ADYANTAGES

DISADYANTAGES

ADYANTAGES

DISADVARTAGES

Symmetrical distri-
bution.

Lower bending
moment.

Simple construction
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bution,

o Simple construction. | o

Poor material
utilization.
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Requires two supports
per location due to
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Stable configuration,
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cold mass and vacuum
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¢ Higher stress than
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0 - Stress limited by
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2.2 ALTERNATIVE CONCEPT DESCRIPTION AND EVALUATION

2'2.1

DESIGN DESCRIPTION. The six (6) support concepts for the cold
mass that were studied are described in this section. In addi-
tion, the relative advantages and d%sadvantages of each support
system are described. .

A1l the support concepts studied were sized tb meet all anticie

pated handling, manufacturing, and operational requirements, such
as:

Thermal-induced deflection
Alignment features

o - Gravity (long-term alignment)

o Handling )
0 Shipping

o Seismic

0

)

e

Detailed criteria for requirements can be found in Sections 2.2.2
and 3.2 of this report.

2.2.1.1 Compression Struts. Each magnet has four (4) sets of
struts, as shown in Figure 2.2-1. This arrangement
results in a total of eight (8) compression struts, four
(4) side struts, and one (1) axial strut per magnet. The
struts are made from titanium tubing and have titanium
end fittings welded to the tube. The titanium alloy is
Ti-6AL-4Y ELI in the annealed condition, This titanium
is a special low interstitial grade for use at low
cryogenic temperatures,

Use of compression struts to support the cold mass
provides exceptional access for installation of the
cryogenic plumbing as well as other cryogenic components.
Also, the problems associated with flaw growth and pos-
sible tension failures are eliminated. Due to buckling
considerations, compression struts have a larger cross-
sectional area than tension struts. This results in a
small heat leak penalty, but is considered acceptable

because of the other producibility and operational
benefits.

The vacuum vessel design associated with the compression
strut arrangement has a 22-inch outside diameter, which
is smaller than the other type support systems. Less
aluminum-alloy will be required to manufacture the vacuum
vessel, resulting in lower material costs. However, a
cylinder-shaped extension is required on the side of the
vacuum vessel to accommodate the side strut.



"3.0 DIA.- 20°K

A 22.0 DIA. VACUUM VESSEL

\
A 1.5 DIA. - 80°K
N \\/ /,’ "/
i '\\\ VV/ ZIBN /4
\\,‘\\ -
T

: 1/ E ’\ ] o
80°K SHIELD / 20°K L coLp MASS
SHIELD .

Figure 2.2-1. Compression Strut Arrangement
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2.2.1.2

The LN, and He radiation shield have a smaller circum-
ference than the shield circumference for the other

support systems., This results in reduced heat load to
the radiation shields.

The radiation shields and the MLI insulation are easy to
install, since the top portion of the vacuum vessel is
open. The struts are first installed in the lower part
of the vacuum vessel and the cold mass lowered into place
and the bolts installed. 1Installing the cold mass is a
relatively easy operation, however, substantial tooling
is required in order to align the strut bolt holes.

A further reduction in the heat load can be obtained by
having the side strut and axial strut tubes made of
epoxy/glass laminate. These tubes are not normally
subjected to sustained loads and, therefore, they are not
subject to creep. ‘

Tension Struts. The strut support system for this

arrangement is similar to the compression strut arrange-
ment described in 2.2.1.1. The tension arrangement for
support of the cold mass is shown in Figure 2.2-2. There
are a total of eight (8) tension struts, four (4) side
struts, and one (1) axial strut per magnet. The struts
are made of titanium tubing and have titanium end fit-
tings welded to the tube., The titanium alloy is annealed
Ti-6AL-4V ELI. The tension struts have the minimum
cross-section area for heat leak to the cold mass.

The vacuum vessel for the tension support arrangement
requires an outside reinforcing ring to react the ver-
tical strut loads. Also, a cylinder-shaped extension is
required on the side of the vacuum vessel to acccommodate
the side strut. This requires a total of four (4) rings

and four {4) cylinders per magnet, adding to the manu-
facturing cost.

Assembly of the cold mass within the vacuum vessel is
difficult because the cold mass and vacuum vessel must be
upside down in order for the bolts to be installed on the
struts. The LN, and He radiation shields and MLI insu-
lation are siuﬁi%r to the compression struts described in
section 2.2.1.1. While the coil is upside-down, the
lower portion of the vacuum vessel is welded in place.
Then the magnet is rotated 180° to its normal position,

The tension strut approach was not selected, primarily
due to the four (4) added reinforcing rings required for
the vacuum vessel and the handling problems associated
with rotating the magnet during assembly.

2-6



- +38 DIA ROD 6AL-4V TITANIUM
.500 BORE, 304L ST. STL. ROD
S ENDS (3 PLACES)

22.3 0.D. x .25 THICK
VACUUM VESSEL

"~ COLD MASS SUPPORT TUBE
(.25 THICK)

Figure 2.2-2. Tension Strut Arrangement
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2.2.1.5

Double Ring. Each magnet has four (4) sets of double

rings supporting the cold mass, as shown in Figure 2.2-3.
This results in four (4) G-10 epoxy/glass fabric laminate
cold mass support rings, four (4) 304L stainless-steel
support rings, and a titanium alloy axial strut,

The LN2 radiation shield and the He radiation shield are
complex due to the double ring supports The radiation
shields, MLI insulation, and plumbing are difficult to
install due to limited available space. The vacuum
vessel outside diameter is a relatively large 26 inches.

The double ring support concept was not selected because
of its high parts count, high fabrication cost, high
material cost, and the fact that the vacuum vessel
diameter exceeds the allowable space envelope.

Titanium Ellipse. There are four (4) elliptical titanium

cold mass support frames and one titanium axial Tload
strut for each magnet. The titanium alloy is annealed

Ti-7AL-4V ELI. Figure 2.2-4 shows the elliptical titan-
ium support system.

The elliptical support frames make the LN, radiation
shield and He radiation shield complex., THe radiation
shields, MLI insulation; and plumbing are difficult to
install due to the support frames, and the design lacks
adjustment and requires expensive tooling in order to
hold the required tolerances. The vacuum vessel outside
diameter is a relatively large 24 inches.

The elliptical titanium support system was not selected.
With this support concept, the radiation shields and MLI
are difficult to position and install. Also, the vacuum
vessel diameter is larger than desired.

G-10 Ellipse. This design is similar to the titanium

ellipse design described in section 2.2.1.4. There are
four (4) elliptical G-10 epoxy/glass fabric laminate cold
mass support frames and one titanium axial load strut for
each magnet. Figure 2.2-5 shows the elliptical support
system., The LN, and He radiation shields are complex due
to the eI%ipt@cai support frames and the radiation
shields, MLI dinsulation, and plumbing are difficult to
install and position. Tests run at General Dynamics on a
G-10CR elliptical frame to determine long-term creep
capability have shown excessive creep and inability to
maintain acceptable alignment of the cold mass. The
outside diameter of the vacuum vessel is a relatively

large 24 inches. Due to the above problems, this design
was not selected.



ST, STL. SUPPORT RING
(19 THICK)

G-10 COLD MASS
SUPPORT (.50 THK)

26.0 0.D. x .25 THICK/;;’

VACUUM VESSEL A;ﬁ' 4

COLD MASS SUPPORT TUBE
(.25 THICK)

Figure 2.2-3. Double-Ring Support



6AL-4V TITANIUM (.19 THICK)

THERMAL sﬁIéLD COLD MASS SUPPORT

> 24,0 0.D. x .25 THK
OI'.QSM%S*?&UPPORT TUBE | - VACUUM VESSEL

e

Figure 2.2-4. Elliptical Titanium Support
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G-10 COLD MASS SUPPORT
" (.50 THK, 2 REQ'D)

/

THERMAL SHIELD

24,0 0.D. x .25 THICK

COLD MASS SUPPORT TUBE VACUUM VESSEL

.25 THICK, \

Figure 2.2-5. Elliptical G-10 Support
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2.2,1.6 Titanium J's, There are four (4) pairs of titanium cold
mass support "J* fittings and one titanium axial load
strut for each magnet., The titanium alloy s annealed

Ti=-6AL-4V ELI. Figure 2.2-6 shows the "J" support of the
cold mass,

The LN, and He radiation shields aré fairly simple and
straigiit-forward in this design. Installation of the
radiation shields, MLI, and plumbing is easier than with
the ellipse or double ring types. Fabrication and
tooling costs are moderate. However, deflections will be
larger than 1in most versions and the 25-inch outside

diameter of the vacuum vessel exceeds the allowable space
envelope,

2-12



THERMAL SHIELD

N\ 25.0 0.D. x .25 THK

G6AL-4V TITANIUM X T COLD MASS SUPPORT TUBE
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2 PL (:“ - /
A \ J
L\X /]
NV N »
\\:/

Fiqure 2.2-6. Titanium "J" Support
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2.2.2 STRUCTURAL ANALYSIS.

2.2.2.1 Material Considered for Support Concepts. The materials
considered included:

1) G-10CR
2) Titanium 6AL-4V (ELI)
3) Fiberglass - Qhio Brass

G-10CR Material Characteristics. The following is a
discussion of the material properties of G-10CR.

The G6-10CR material 1s an industrial high-pressure,
glass-reinforced epoxy laminate., It is commonly used for
electrical and thermal dinsulation 1in superconducting
magnets. The CR grade rating implies a predictable
cryogenic-radiation performance. The material consists
of woven glass-reinforced laminates with epoxy resin
developed for their high strength-to-weight ratios, low
thermal and electrical conductivity,and ease of pro-
cessing, and a glass laminate with polyimide resin for
radiation resistance. The glass fabric is a plain weave
produced in a conventional loom by interlacing warp
(length) threads (43 +/- 3 per inch) and fill (width)
threads (32 +/- 2 per inch). The standard material
laminate is developed with layers of fabric orientated in
the same direction (90°). The material properties are
dependent upon the orientation of the threads because of
the different numbers of threads in the warp/fill
directions, '

&

A special G-10CR Taminate lay-up is used in this study in
order to establish a more isotropic material behavior.
The laminate has a lay-up of 135°/90°/45°/0°, The
material characteristics of this material are not avail-
able in literature and have to be developed using the
standard (90°) characteristics. The characteristics are
expected to be more directionally uniform and are,
therefore, termed “pseudo-isotropic.”

One of the primary concerns regarding the use of this
material for the cold mass support application was its
creep characteristics under dead-weight 1loading over
time. GDC discretionary funding was used to perform a
creep response test on a prototype G-10CR elliptical ring
support. The test specimen configuration is shown in
Figure 2.2-7. The support thickness is 0,475 inches and



8.0 9.5 \

rvislnci s,

@

Figure 2.2-7. Test Specimen - Elliptical Ring
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made of the G-10CR pseudo-isotropic material previously
described., The test fixture that is to be used for this
test is {llustrated in Figure 2.2-8. The fixture is con-
structed of 12.25-inch by 12-inch wide flange “erector"
beams. The test specimen {s attached to the test fixture
using shear pins into the steel clevis. Aluminum channel
is bolted to the test specimen simulating the attachment
of the cold mass and is also used to load the specimen
{dead weight).

The entire test fixture was enclosed with l-1/2-inch

insulation panels. Thus, a chamber was provided in which
temperature could be controlled.

Results of G-10CR Creep Test. The results of the creep
test are given below. Ine average of the two linear
variable displacement transformers (LVDT) versus time is
shown in Figure 2.2-9. The results indicate that the
creep response is very sensitive to temperature. The
creep rate at 20°C (68°F) is shown to be 50.7p in/day (or
0.0185 in/yr). The temperature in the test chamber was
then raised to 34-35°C (93-95°F) and the corresponding
creep rate increased to 375.8p in/day (or 0.137 in/yr).
The temperature was then allowed to cool to 18°C (64°F)
and the corresponding creep rate reduced to 11.4p in/day
for 0.0042 in/yr). It appears from this test that the
creep rate can be minimized by keeping the temperaure at
or below room temperature.

Results of other material properties of G-10CR that are
available are listed in Table 2.2-1.

Material Characteristics of Titanium, Titanium was
selected as a possible support material because of its
high strength and relatively low conductivity charac-
teristics, as listed in Table 2.2-2 and Fiqure 2.2-10.
The extra-low interstitial (ELI) grade was chosen because
of the toughness characteristics for cryogenic applica-
tion as shown in Figure 2.2-11. This figure also shows a
transition from high to relatively low fracture toughness
values occurs in the ELI grade at approximately 125K.
This increases the risk of brittle fracture dictating
that fracture analysis be performed during the detailed

design phase on the selected support structure if it is
made from titanium,
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Table 2.2-1, G-10 CR Material Properties

135 ——
Ultimate‘*’ CTE (2) Youngs Modulus
KS1 (gg-dK) 3 MS
RT ax 107° inzin/of T RTC) |
Warp (90°) 60 125 4.5 3.84 5.0
(45°) - .- - 1.6 --
Fill (0°) 43 78 5.1 3.39 4.8
Normal =61 -109 14.0 - 3.2

(1) Ref. 2.2-1, PMS-11 Final Design Review, GDC report dated 15 Nov 1984,
(2) Ref, 2.2-2, Laminates for Superconducting Magnets, J. Benzinger.

(3) GDC Test Results, 1 specimen each direction at RT.

Table 2.2-2. Mechanical and Physical Properties
6AL-4V Titanium Alloy

P Ultimate Yield E CTE (RT-4K
{(1b/in”) (ksi) (ksi) (MS1) 10-6 in/in/°F
0.16 130 120 16.0 3.7

Ref. 2.2-3, Bruhn pg. B2.35.

« Annealed condition.
2-17
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Figure 2.2-8. Instrumentation Layout for G-10CR
Elliptical Ring Creep Test
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Figure 2.2-10. Thermal Expansion of 6A1-4V Titanium
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FRACTURE TOUGHNESS, MSI/m3/2
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Taken from Ref. 2.2-4.

Tobler R1. Fatigue Crack

Growth and J - Integral Fracture Parameters of
Ti-6A1-4V Ambient and Cryogenic Temperatures,
STP-601, 1976.

Figure 2.2-11. Temperature Dependence of K]c
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2.2.2.2 Support Configurations., The geometries/material combina-
tions that were investigated as possible configurations
for the S5C cold-mass support system are:

Based on 5 supports/cold mass

1) G-10CR elliptical ring configuration

2) Titanium elliptical ring configuration

3)  Titanium “J" support configuration

4) Titanium strut support-tension configuration

5) Titanium strut support-compression configuration

e

Based on 4 supports/cold mass
6) Titanium strut support-compression configuration.
7) Fiberglass strut support-compression configuration.

Elliptical Ring Supports. The elliptical ring geometry
and relationship to the cold mass/vacuum vessel is {llus-
trated in Figure 2.2-12. Two G-10CR rings are being
‘considered at each support location with each ring being
0.5 inch thick. One titanium ring at a thickness of 0.90
inch is the alternative for this configuration.

The loading conditions imposed on the elliptical ring
supports are listed in Table 2.2-3. The G-10CR loading

is based on two rings per support location while the
titanium is based on one.

A finite-element computer model of the elliptical ring
was created to use in the analysis. The ring was modeled
as shown in Figure 2.2-13. The boundary conditions im-
posed on this model are illustrated in Figure 2.2-14.

A summary of stress results for the G-10CR and the
titanium elliptical rings are presented in Tables 2.2-4
to 2.2-7. The creep characteristics of G-10CR is a major
concern. Therefore, two rings per support location were
adopted in order to minimize the stress state during
potential long-term elevated temperature (above oper-
ating) storage loading condition. This design approach
produces relatively low stresses in the operating con-

dition and also in the higher loaded (short-time load
case).

- 2-22



Table 2.2-3.

Elliptical Ring Support Loading

CASE CONDITION

LOADING PER SUPPORT*

G-10CR

ANIUM

(D) | THERMAL *+
Steady State

MECHANI CAL
@ W
(:) Manufact.
+26
(L3¢/*16)

(:) Transpor.

+46,,
(‘aer=18)

® Seismic

280

OPERATIONAL

Steady-State Case (:) + Case (:) + A

Low Prob. Event Case (:) + Case(:)+ BayiaL = -9

AT Grad. 4K/80K/RT

FVER = -2000 1b

FV = 6000 'lb/FH =2000 1b

Fy = -10000.1b/FH = 2000 1b

FV = 3400 lt‘.:/l"H 0

i

Fv-'-ZOOO 1b/Fy, = 1400 1b

AXIAL

AT Grad. 4K/80K/RT

Fv=12000 1b/FH = 4000 1b

Fv=200001b/FH = 4000 1b

-
1

y = 6800 1b/ Fy= 0

-
i

v© 4000 lb/FH = 2800 1b

0.9

* Based on 5 supports per 55' cold mass length (4000 1b/support location.)

** (Cold mass shrinkage on the ring was not included because the difference
in movement between the support and cold mass was relatively small.
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Table 2.2-4.

Stress Summary of G-10CR Elliptical Ring Support

(Dead Weight and Transportation Loading)

STRESS, PSI

DEAD WEIGHT''’ TRANSPORTATION\2)

NODE* o, oy 9, o,
1 -27 2777 -2 -9827
7 106 1754 401 4910
267 -3164 -133 -16200 -756
273 2796 208 13620 987
533 -39 -2729 -230 -17633
539 97 2010 604 14172

* See Figure 2.2-9.

(1) Input Deck: . NASM3D; RUN4H, DW = -1000 1b (ON Model, 1/2 Sym)

(2) Input Deck: NASM3D; RUNSH, FYERT = 5000 1b, FHOR = 1000 1b

Max.

Stress
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Table 2.2-5.

{Thermal and Seismic Loading)

Stress Summary of G-10CR Elliptical Ring Support

STRESS, PSI
(M (2) SUMMATION
THERMAL DW+SEISMIC+0.,9" (1) + (2)
NODE | x Sy %% Gy % Oy
1 903 6476 -5032/4942 -5200/-4240 -4130/5845 -1276/2240
7 215 | -4570 1890/-1530 -20392/26355 2100/-1315 -24962/21785
267 -181 | -2018 2711/7-13470 2196/ -2650 2530/-13650 178/-4668
273 -243 1844 26659/-17153 | -3481/4187 26420/-17396 | -1640/6030
533 =173 5426 -3540/3400 -7372/-1900 -3713/3227 ~-1946/3526
539 685 | -4125 4850/-4530 -25275/32110 £5545/-3845 -29400/27985
(1) Input Deck: MASTG4; TRANSVERSE GRADIENT - 450°F to RT with
RUN 1 with intercept
(2) 1Input Deck: NASM3D; FVERT = =1700 1b, plus BaiaL = 0.90"
RUN 7H  (Top Surface/Bottom Surface)
- Max. Stress

2-25




Table 2.2-6. Stress Summary of Titanium Elliptical Ring Support
(Dead Weight and Transportation Loading)

STRESS, PoI

peap wezeHt(!) TRANSPORTATION!?)
NODE* % Gy Ix °y
1 142 -34500 530 ~124120
2 1230 15644 4664 39530
267 -34094 -1280 -170500 -6410
273 30353 2050 151800 10250
533 183 -34500 898 -220930
539 1230 15664 7620 s

* See Figure 2.2-9,

(1) Input Deck: NASM4TA; RUN 4H, DW = 2000 1b (on Model - 1/2 sym)
(2) Input Deck: NASM4TA: RUN 7H, FVERT = 10000 1b, FHOR = 2000 1b

- Max, Stress
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Table 2.2-7. Stress Summary of Titanium Elliptical Ring Support

(Thermal and Seismic Loading)

S!RESSQ PST
THERMAL DW+SEISMIC+0.90'% (1) + (2)

NODE | Ox 9 % % 9% Oy

1 3447 22283 603/-117 -66500/-50800 1 4050/3330 -44250/-28500

7 | 930 |-15075 | 2140/2040 18413734844 | 307072970 3340/19770
267 BBB30 =703 -49300/-66620 | -1340/-3020 -42470/-59800 | -2043/-3720
273 {6014 | -940 | 67200736000 | 2040/4930 61200730000 110074000
533 | -673 18220 600/100 -66500/-50800 ¢ 0/-600 -48280/-32600
539 |2731 |-13360 | 214072040 18400/34850 | 487074771 5040/21500

(1) Input Deck: NASTT3, RUN 1, TRANSVERSE GRADIENT - 450°F
to RT - with intercept

{2) Input Deck: NASM4TA, RUN 7H, FVER = 3400 Lb, plus ATHERM = 0.90
(Top Surface/Bottom Surface)

- Max. Stress
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G-10 COLD MASS SUPPORT
- (.50 THK - 2 REQD), OR
f* 6AL-4V TITANIUM (.19 THK)

COLD MASS SUPPORT TUBE

.19 THICK 24,0 0.D. x .25 THICK

: VACUUM VESSEL

e
G
L

Figure 2.2-12. Elliptical Ring Support Configuration
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Figure 2.2-13. Finite-Element Model of Elliptical Ring
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537

Boundary condition at pin - symmetry across
boundary - Fix X, Y, Z at two nodes of each
pin location. ‘

Figure 2.2-14. Node Identification on Elliptical Ring Model
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Stress results for the titanfum support ring {1lustrate
relatively good stress values for the operating mode (g -
62000 psi). The fracture mechanics aspect of failure
would have to be addressed for further optimization. The
developed stresses for transportation loading, however,
exceed the allowable condition. The width of the struc-
ture (at the connection to the cold mass) will have to be
increased from 3 inches to 3.5 inches. High discon-
tinuity stresses are also indicated at the pins. However,

a rotational fixity was assumed which is recognized as
conservative,

Double Ring Support. A double-ring configuration was

also considered and is {llustrated in Figure 2.2-15. The
inner ring is fastened to the cold mass and, in turn, to
the outer ring which is pinned to the vacuum vessel. The
design was intended to develop the longest heat path from
the cold mass to the RT support point. Minimal effort
was expended on this configuration because of the complex
geometry, both in the load distribution and in providing
for thermal radiation shields, ‘

Titanium “J*" Support. The J-support geometry and its

relationship to the cold mass/vacuum vessel is illus-
trated in Figure 2.2-16. The “J" shape was developed in
trying to establish the longest heat path from the
cold-mass connection to the RT support location. The
section width varies along the length in order to handle
the developed moment,

Loading imposed on the “J" support structure is listed in
Table 2.2-8.

A finite-element computer model of the J-support con-

figuration was also generated. The J-support computer
model is illustrated in Figure 2.2-17.

A summary of stress results for the J-support are pre-
sented in Table 2.2-9. Stress results indicate that the
maximum stress developed for the Thermal + Seismic +
Axial = 9% is 68 ksi. This is about the same stress
level as the titanium elliptical ring configuration for
the same operating condition., However, the transporta-
tion loading condition greatly exceeds the allowable
without including any horizontal loading. The thickness
used was 0.20" and would require a wider cross section in
order to reduce the transportation loading effects. It
was concluded, therefore, that the elliptical ring con-
figuration was structurally a better approach and no
further effort was made on the J-support configuration.
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Table 2.2-8. J-Support Loading

CASE CONDITION LOADING PER SUPPORT®
| THERMAL
(:) Steady State AT Grad. 4K/80K/4T
MECHANICAL
Dead Weight FV = 2000 1b/Support
Manufacturing Fy =

v 7380 'ib/FH = 2000 1b/Supt
(Y% /210)

®@ 6 ©O0

Transportation F = 11380 1b/F = 2000 1b/Supt
(‘es /216)
Seismic Fv = 3400 1b, Fy = 0
(.76 sor .76)
.‘}o7G ® F = 2960 1b3 FH = O
OPERATIONAL
Steady State Case (:) + Case (:) + AAXIAL = +0.9
Low Prob. Event Case (:) + Case (:) + ApyiaL = 1049

* Based on 5 supports per 55' cold mass length
(4000 1b/support Tocation)
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3.0 0.D. HELIUM COOLDOWN
AND WARMUP

ST. STL. SUPPORT RING
(.19 THK)

26.0 0.D. x .26 THK
VACUUM VESSEL

G-10 COLD MASS
COLD MASS SUPPORT TUBE SUPPORT (.50 THK)

.19 THICK

Figure 2.2-15. Double~Ring Support
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25.0 0.D. x .25 THK
VACUUM VESSEL

COLD MASS SUPPORT

COLD MASS SUPPORT T
2 PL

.19 THICK

Figure 2.2-16. Section A-A J-Support Geometry Titanium
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NOTE 191
£2fe} FIX X, Y, Z
CQUAD-8 ELEMENT - Shell . (FREE TO ROTATE)
element with eight grid points

NODES 229, 231, 233
FIXED IN X DIRECTION

69 - ELEMENTS
329 - NODES

Figure 2.2-17. J-Support Model and Boundary Conditions
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Strut Supports. Two strut geometries were considered for
the vertical struts: (1) compression struts, and (2)
tension strut arrangements., The side strut was posie-
tioned at the GG location of the cold mass to prevent
additional 1loading of the vertical struts (couple
effect). The attachment to the cold mass is by shear
pins as shown in Figures 2.2-18 and 2.2-19, The length
of the compression struts are 12 inches with the clevis
inside the vacuum vessel support structure. The tension
and side struts are 8.5 inches. The tension strut con=-

figuration requires an additional support ring around the
vacuum vessel,

Loading conditions imposed on the tension and compression
strut configuration are listed in Table 2.2-10.

Table 2.2-10. Rod Loading for the Compression*

Configuration
F\fer FHor

Manufacturing/Handling

+26 +4000
-36 /+ 16 +4000 -6000
Transportation

et o |30
Storage/Qperation

+ .76 +1400

* Horizontal load at center of cold mass.
- Reverse signs for tension configuration.

- Based on 5 supports per 55' cold mass length
(4000 1b/support location)

The HP hand calculator program was used in sizing the
struts for column buckling. The program computes the

axial compressive working for columns {(Ref. 2.2-6, HP-41
Handbook).
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22.3 0.D. x .25 THICK
VACUUM VESSEL

.75 DIA ROD 6AL-4V Ti
.500 BORE 304 ST STL
~ ROD ENDS -
3 PLACES

Figure 2.2-18. Compression Strut Supports for
the Cold Mass
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17 DIA ROD (6AL-4V Ti)
3 PL

22.3 0.D. x .25 THK
VACUUM VESSEL

~~ COLD MASS SUPPORT TUBE
: .19 THICK

Figure 2.2-19. Tension Strut Supports for the Cold Mass
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Both G-10CR and titanium were considered as support
members. The following mechanical properties were used:

G-10CR Titanium Fiberglass
Syp -60,000 psi  +120,000 - 100,000 psi
E ax10° 15.5x10° 4.9x108

Other factors considered included:

a = the initial crookedness of the column = 0.03
FS = factor of safety for the column = 2

K = effective length factor = 1

A stress-strain curve for the fiberglass material will be

required in order to establish that the elastic modulus
can be used at the given stress level.

Three modes of strut failure were investigated:

1) Tensile capacity based on 2/3 F__, 2) column buckling
(EULER), and 3) cylindrical axial buckling. The column
buckling load is controlling in all geometries investi-
gated as listed in Table 2.2-11. The length listed
(Table 2.2-11) is based on pin-to-pin length,

A four-support configuration was considered using the
strut support system. Two materials were considered,

titanium and fiberglass. The results are listed in Table
2.2-12 a and b,

References

2.2-1 -- PMS 11 Final Design Review, GDC report dated
15 November 1984

2.2-2 -- Laminates for Superconducting Magnets,
Engineering Digest, Oct. 1982, J. Benzinger

2.2-3 -- Analysis and Design of Flight Vehicle
Structures, E. F. Bruhn

2.2=-4 -~ Fatigue Crack Crowth and J-Integral Fractire

Parameters of Ti-6AL-4V, Ambient and Cryogenic
Temperatures, STP-601, 1976, R. L. Tabler,

2.2-5 -~ Hewlett Packard (HP-41) Handbook
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Table 2.2-11. Summary of Loading Conditions -
Titanium Tube - & Supports

VERTICAL STRUT
HOR. STRUT L= 12¢ L= 8.5"
L = 8.5" COMPRESS. CONF. TENSION CONF.
TRANSPORTATION + 8000 1b - 8000 1b
+ - +
(fgg / £16) 4000 1b 10000 1b 10000 1b
Dia=1", t_=0.035 Dia=1-1/4", t =.065 | Dia=1", t =0.058
Area = 0.1061 Area = 0.242 Area = 0.1716
Strut *(1) = 9200 *(1) = 20980 *(1) = 14880
(2) = 5242 (2) = 10373 (2) = 8372
(3) = 6366 (3) = 14500 (3) = 10296
MANUFACTURING +4000 1b -4000 1b
- +
(f%ﬁ / 118) +4000 1b 6000 1b 6000 1b
Dia 1",t, =0.035 | Dia=1", t = .058 Dia=1", t =.035
Area = 0,1061 Area = 0.1716
Strut *(1) = 9200 *(1) = 14800 (1) = 9200
(2) = 5242 (2) = 7105 (2) = 5282
(3) = 6363 (3) = 10296 (3) = 7373

i

* (1) = P/A <0y, = 2/3 Fry = 86700 PSI3 (2) = Column Buckling
(Euler) @ FS = 2.03 (3) Cylindrical Buckling - Axial, FS = 2.0
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Table 2,2-12a., Summary of Loading Conditions -
Titanium - Fiberglass - 4 Supports

~ HORIZONTAL STRUT VERTICAL STRUT
TRANSPORTATION L = 8.5 in L= 12"
+46G +10000 1b
(Zgg / *16) £5000 1b -12500 1b
Dia = 1", t = 0,035 | Dia = 1-3/8, t = 0,058
TITANIUM owell val
Area = 0,106 in Area = 0.24 in
o F., =120 ksi
Y (1) = 9200 1b (1) = 20808 1b
¢ Operating Stress
(Vert. Strut) (2) = 5282 b (2) = 12300 1p TR
o = 10.5 ksi (3) = 6366 1b (3) = 28800 1b
{Using standard size)
FIBERGLASS _ oL -
C OEis Brass = 0D = 0.875 Soiidz Dia = 1.25 ¢t .. ; 0.15
o Fty =100 ksi Area = 0.6013 in Area = 0.5184 in
o ?geratigg Stgess (1) = 198431 (1) =17100 1b 1
ert. Strut - - Initia
o =5 kei (2) 8583 1b (2) 12000 1b sizing OK
(3) = N/A (3) need o/¢ curve

(1) Tensile Capacity based on 2/3 Fty for Titanium and 1/3 Fty for Fiberglass
(2) Euler Column Buckling (@ F.S. = 2.0)

(3) Cylindrical Axial Buckling (@ F.S. = 2.0)
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Table 2.2-12b. Summary of Loading Conditions - Titanium °
- Fiberglass - 4 Supports (Continued)

HORIZONTAL STRUT

MANUFACTURING vsar;g:g sz“T
+
(28 7 +16) £5000 b -7500 1
Dia = ]']/8; twa-!} ® -049
TITANIUM See Table Area = 0.1565 in°
2.2-12a (1) = 14361 1b
(2) = 7515 1b
(3) = 19880 1b
{Non-Standard Size) {Non-Standard Size)
Dia = }“g twa'!\! = .}5 Dia = 1'}/8, twa-;" = 15
FIBERGLASS Area = 0.4006 Area = 0.4595
- Ohio Brass - (1) = 13220 1b (1) = 15160 1b
(2) = 5426 1b (2) = 8009 1b

(3) need o/e curve

(3) need o/e curve
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2.2.3 THERMODYNAMICS ANALYSIS

2.2.3.1 Scope/Ground Rules.  The scope of the thermodynamics
input to the trade study was primarily to determine the
heat leak of the candidate support designs., Here “heat
leak" means the total (room temperature) compressor power
required to remove the heat intercepted at the 80K and
10K thermal shields as well as the heat conducted into
the 4.5 cold mass. The total compressor power is the
sum of the heat loads at the various temperatures
weighted by the inverse of the corresponding refrigerator
coefficient of performance (COP). Details of the algo-
rithm are presented in Section 3.3.1. This cost function
can be arbitrarily biased by the placement of the thermal
intercepts on the support. To avoid doing this, the
intercepts are located on all design candidates such that
the total compressor requirement is minimized for the
particular design,

Given the number of options to be analyzed, the heat leak
calculations were made using very simple models. Only
one-dimensional conduction along the length was treated.
Thermal radiation and two-dimensional effects were ig-
nored. In all cases it was assumed that the centers of
the pins at the warm and cold ends were at 300K and 4.5K,
regardless of the clevis structures. It was also assumed
that the intercepts were 100 percent effective. The
resulting calculated heat leaks are not especially accu-
rate, but the errors should be systematic and not bias
the comparisons between options. The analysis procedure
was essentially the same as that for the final baseline
design analysis which is documented in Section 3.3.4.

Calculations of heat leak were made using conductivity
integrals. Pertinent values were taken from the FNAL
Reference D Design Criteria (Reference 1.0-1). In those
instances where a support was composed of two materials
~in thermal series, an interface temperature was calcu-
lated and the heat leak determined on that basis. In
this way all options are compared on their “pin-to-pin"
performance.

In addition to the objective evaluation of the conduction
heat Tleaks, the candidate designs were subjectively
evaluated in terms of the potential for effectively
intercepting the conduction heat leak, the ability to
accurately place the intercepts, and how well the support

system lends itself to an effective, simple thermal
shield system,
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2.2,3.2 Heat Leaks. The results of the calculations are shown in
Table 2.2-13, The 4.,5K, 10K, and 80K heat leaks are
shown, as well as the total compressor power and the
associated lifetime refrigerator operating cost. The
operating cost is the present value of the life cycle
annual electric bills required to run the refrigerator,
The derivation of this cost is présented in Section
3.3.1. The Reference D design criteria support heat leak
budget from Reference 1.0-1 is also shown for comparison,
All proposed concepts exceed the heat leak budget by a
significant amount. This 1s a result of searching for
support concepts that have very high mechanical and
positional integrity, and that will be relatively inex-
pensive to produce and assemble into the cryostat. The
operating cost provides a straightforward way of evalua-
ting these benefits against the high heat leak penalty.

It turns out that there is not a lot to choose between
candidates in terms of heat leak. The two elliptical
beam concepts both have 4,5k heat leaks of .18 watts per
magnet, while at the higher temperatures the titanium
ring does a little better than the G-10 material. The
strut concepts both have a 4.5k heat leak of .12 watts
per magnet. They are the same because the 4.5k heat leak
is dominated by the geometry of the rod end, which is the
same for either a tension or compression strut. At the
warmer temperatures, tension or compression yields about
the same results, and both have 80K loads 20 percent
higher than the elliptical beam concepts. Although the
compression struts are 50 percent longer than the tension
struts, the potential for buckling requires & propor-
tionate 1increase in the cross-section, so the length
advantage in terms of heat leak is lost. Heat leak
calculations for the “J* support and the double ring
concept were not made. It was judged that the “J" would
yield approximately the same heat leak as the elliptical
ring, since the cross-sectional area of the "J" had to
increase to offset the higher bending moment of the

_Tonger support arm. This was judged to be equivalent in
terms of length of area ratio relative to the elliptical
beam, The double-ring concept is estimated to have the
lowest heat leak of all the candidates, perhaps approach-
ing the design criteria budget values. This was not
pursued because of the impracticalities inherent in the
design. In terms of operating cost only, of the viable
alternatives, the titanium elliptical beam is the clear
winner, followed by the G-10 elliptical beam and titanium
compression struts in a virtual tie, with the titanium
tension rods being the worst candidate.
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2.2.3.3 Discussion. In addition to refrigeration operating cost,
the design concepts were evaluated in terms of their
thermal impact on the rest of the cryostat design. The
first point to be made is that the intercepts on a
titanium support will be more efficient than those on a
G-10 support. This {s because the. thermal resistance
between the intercept and the heat flow path inside the
. support is much smaller for a thin metal section than for
a thicker low conductivity section,

The second point is that it will be much easier to inte-
grate struts with thermal shields than elliptical rings
with shields. Struts penetrate the shields at one point
only, whereas the rings will gradually pass through the
shields due to different radii. Indeed, the most serious
argument against the double ring concept is that it will
be very difficult, if not impossible, to properly inter-
cept and keep cold sections inside cold shields and warm

sections outside warm shields. The problem is worse for
a double-shield design.

For these reasons, the best candidate from a thermal
point of view is the titanium compression strut concept.
There is another attractive feature of this concept,
which is the potential for reduction of heat leak. The
primary reason for a titanium support is that creep will
not be a problem. Creep should only be a concern for the
vertical supports, thus the horizontal and axial supports
could be made of G-10. The only reason they were not
included in the baseline design is because it was not
clear how the composite strut would be attached to a
metallic rod end. This problem should not present a
serious obstacle with further design work. Indeed, if a
test program can show that creep is not a problem, all of
the struts could be made of a glass/epoxy composite for
further improvement in heat leak. One other potential
means of reducing the heat leak of the baseline design is
to reduce the worst case loading criteria from 5g trans-

portation loads to 3g's with the use of special shipping
fixtures,

The potential heat leak and refrigeration cost reduction
of these options is shown in Table 2.2-14, Potential cost
savings are: $350/magnet to go to glass/epoxy horizontal
and anchor supports, $1500/magnet with all composite
supports, and $610/magnet relative to the baseline to
reduce the shipping loads to 3g's. These cost reductions
can be compared to the cost to achieve the improvements
to evaluate the merits of these design options.
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Note that the baseline design evolved to a configuration
with struts at four stations along the length of the
magnet, compared to a five-station concept evaluated in
the trade study. The trade study results showed that
five titanium elliptical beams had a lower overall heat
leak than the five-station strut concept. The four-
station strut concept has an even lower overall heat
leak. Thus the only negative argument against the
titanium compression strut concept is removed.
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2.2.4

PRODUCIBILITY CONSIDERATION. Six alternative support concepts

were considered from a manufacturing and fabrication standpoint,

including the relative cost of material, These alternatives are
summarized below:

2.2.4.1

2.2.4.2

2.2.4.3

2.2.4.4

Compression Struts. This concept, which was ultimately

selected as the baseline, has the advdntage of relatively
low recurring fabrication and assembly costs through
utilization of more sophisticated (nonrecurring) tooling.
Assembly of the struts themselves can be accomplished
using high-production techniques. Although some welding
is required at final assembly, the amount is modest and
operations can be accomplished in parallel. Precise
positioning of the cold mass within the vacuum vessel can
be achieved with the aforementioned tooling and by line
drilling three holes at each support station. This
concept {s discussed further in Section 3.6.

Tension Struts. Tension struts offer many of the same

advantages as the compression struts, however they have
at least two disadvantages: assembly of the cryostat
becomes considerably more difficult, and the reinforcing
ring requires additional detailed parts and subassembly
welding., Of the two strut concepts, these differences
lead to the selection of the compression struts over the
tension struts.

Double Ring., From a producibility standpoint, after being
compared with the elliptical beam concepts described
below, this concept was rated very low. There are rough-
1y twice as many parts along with associated tooling, and
assembly is about twice as complex. This, combined with
the poor material utilization associated with any G-10

beam or ring, caused us to turn our attention to other
support concepts.

Titanium Elliptical Beam. From a fabrication and assem-

bly viewpoint, this concept is quite straightforward. If
the beam is in one piece, material usage is very ineffi-
cient, however, if the beam is made in two pieces, the
material wutilization can be considerably improved by
nesting for blanking. A two-piece beam would also
somewhat simplify assembly, but would probably carry the
penalty of a heavier beam section. Tooling complexity
would be comparable with other nonadjustable support
concepts. If structrual requirements can be met with a
two-piece beam, from a producibility standpoint, this
would be one of the more attractive concepts.
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2.2.4,5 G-10CR Elliptical Beam. A G-10CR beam would involve more

2‘2 04'6

costly fabrication techniques than titanium since blank-
ing is not considered a viable method for the thickness
involved. Again, material utilization for this config-
uration would be poor, and the two-piece option using
G-10CR is not as attractive as it is-in a titanium beam.
For these reasons, as far as producibility fs-concerned,
the titanium matertfal would be preferred if a beam
concept were selected.

Titanium J°'s, This concept is similar to the titanium

elliptical beam from a producibility viewpoint. Fabri-
cation costs are relatively low and the assembly task
straightforward and fairly simple. The tooling would be
similar to that required for a beam, except that sub-
assemmbly of the J's to the cold mass would necessitate
an additional set of fixtures.
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2.3 SUMMARY OF THE SELECTED SUPPORT CONCEPT. The compression strut concept
was selected for development of the cryostat preliminary design. A
single generic approach had to be selected in order to proceed with the
remainder of the design since the chosen configuration has a strong
influence on the design arrangement of the other components within the
cryostat., Selection of the compression strut approach was a joint
LBL/GDC decision. The primary attributes of this apprfoach are: -

o Lowest overall heat leak requiring .66 kW/magnet at the compressor.
0 Easy to correctly place thermal intercepts and shields.

0 Low fabrication and assembly costs.

0 Easy to assemble.

o Lower material costs,

The baseline strut material selected by GDC was titanium. This material
was selected as the baseline over fiberglass/epoxy due to concern that
fiberglass epoxy may creep excessively relative to the long-term align-
ment requirements of the beam line. However, alternative strut materials
can be evaluated and substituted when proven by verification testing.
For example, fiberglass/epoxy struts would reduce the support heat load
to 35 percent of titanium strut heat load. An estimate of the opera-
tional cost saving for this alternative is over $1,500 per dipole magnet
as described in Section 3.3 of this report,

In addition to material substitutions, alternative design criteria can
also be readily evaluated., As an example, if special shipping and
handling procedures were employed, such as the G-loads imposed on the
struts were reduced, additional operating cost reductions could be
realized., Reducing the vertical G-load design criteria for the titanium
strut from 5Gs to 3Gs, the heat leak for support conduction would drop by

27 percent which corresponds to a reduction of $1,120 in operating cost
per magnet from the baseline design.

Additional design and analysis information for the selected approach is
provided in Section 3.0 of this report.
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3.0
SELECTED DESIGN CONCEPTS

3.1 DESIGN DESCRIPTION

3.1.1

3.1'2

INTRODUCTION. The cryostat of a dipole magnet contains the fol-

Towing items:

) LNZ and He radiation shields,
0 Multilayer insulation.

) Fluid transport lines.

) Cold-mass supports.

o Vacuum vessel.

Each of the above cryostat items are described in the following
pages. The cryostat (vacuum vessel) has an outside diameter of
22 inches and a length of 55 feet. There are 7,740 magnets
required, each weighing approximately 20,000 pounds. The selected
design uses compression struts of titanium alloy to support the

cold mass. A cross section of the cryostat and the cold-mass
supports are shown in Figure 3.1-1.

COLD MASS SUPPORT. The cold-mass supports are constructed of

titanium tubing, with titanium end fittings welded to the tube.
The strut material is an annealed titanium alloy, Ti-6Al-4V ELI.
This titanium is a special low interstitial grade especially for
use at low cryogenic temperatures. There are eight (8) compres-
sion struts, four (4) side struts, and one (1) axial load strut
per magnet. The compression strut is 12 inches in length between
bolt centers, and the tube is 1.38-inch 0.D. x 0.058-inch wall. A
cold-mass support is shown in Figure 3.1-2. The side-load strut
is 8.50 inches long between bolt centers, with a 1.00-inch 0.D. x
0.036-inch wall tube. The axial load strut is 12.00 inches

between bolt centers and the tube is 1.38-inch 0.D. x 0.083-inch
wall,

Each strut has two thermal intercepts, one intercept at a temper=
ature of 80K and the other at 20K. The titanium tube portion of
the strut has attached collars, with braided copper straps con-
necting the collars to the radiation shields. A very low heat
leak to the cold mass is provided by cooling the struts to 20K.

One bolt hole in each of the vertical struts and side struts will
be left blank. During installation, the cold mass is aligned to
the correct position, and a hole drilled in each strut, thus
locking the cold mass permanently into its correct location.



3.0 DIA.- 20°K "
22.0 DIA. VACUUM VESSEL

1.5 DIA. - 80°K
2 PL

l 77 Y
80°K SHIELD / / 20°K L coLD Mass
SHIELD

Figure 3.1-1. Cryostat Cross Section
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Figure 3,1-2. Cold-Mass Support Strut
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3.1.3

Titanium compression struts were selected for the following
reasons:

o

0

Titanium struts eliminate creep and maintain cold mass align-
ment for long-term gravity loading.

Tita€ium has low thermal conductivity whén compared to other
metais.

Tension and compression yield stresses are high at both room
and cryogenic temperatures. This results in a strut with a
small cross-sectional area and low heat leak.

Flaw growth problems and possible tension failures are
minimized by having the struts in compression.

Thermal intercepts are easy to install on the tube portion of
the strut.

Titanium does not require corrosion protection.

THERMAL RADIATION SHIELDS

t

3.1.3.1 80K LN, Radiation Shield, The 80K radiation shield is

made ftrom U.I0U-inch thick 6061-T6 aluminum alloy. The
55-foot long shield is constructed in two halves, with an
inside radius of 9.25 inches. The edge of each shield is
welded to the 6061-T6 aluminum alloy tube that transports
the LN,. Figure 3.1-3 shows details of one-half of the

shield; while Figure 3.1-1 shows the shield after it has
been installed.

To minimize eddy current effects during a fast dump of
the coil, slots are cut in the shield periodically along
its length., These slots break up the eddy current paths
and reduce the loads on the radiation shield,

Because of its good thermal conductivity, aluminum alloy
was selected as the shield material. A highly conductive
shield is required since the vacuum vessel is at approxi-
mately 300K, and the shield at 80K. Use of aluminum
results in a thin and lightweight shield.

The shield is held in position by injection-molded fiber-
glass/epoxy stand-offs. These stand-offs are similar in
appearance to an undriven rivet with a large head mounted
on the radiation shield. The shank points toward the
vacuum vessel or the 20K shield, but does not support the
shield. The stand-offs are used for positioning only,
and do not take any load. These are shown in the magnet
cross section in Figure 3.1-1. They provide a small
contact area and have low thermal conductivity, thus
minimizing the heat load.



Figure 3.1-3. BOK THERMAL SHIELD

3-8



3.1.3‘2

An 80K aluminum radiation shield is the logical choice
due to its good thermal conductivity, easily worked

 material, 1ight weight, good strength, and low material

cost.

20K He Radiation Shield. The 20K radiation shield (see

TFigure 3.1-4) 1s made of 0.060-inch ‘thick 304L annealed

steel, and is constructed in three (3) pieces: a lower
half, and a two-piece upper shield. The two upper
shields are welded to the helium transfer tube. Tne
entire shield has an inside radius of 8.0 inches and is
55 feet long. ‘

After the cold mass is installed in the cryostat, the
upper shield is welded lengthwise to the lower shield.
The 20K shield is supported by the stand-offs located on
the 80K shield (see Figure 3.l1-1). The stand-offs are
spaced at approximately 4-foot intervals along the length

of the shield., The helium tube for this shield is

supported by a fiberglass/epoxy saddle located on the top
of the cold mass.

3.1.4 FLUID TRANSPORT LINES

3.1.4.1

3.1 04‘2

Helium Lines. The liquid-helium supply and return lines

are located in fiberglass/epoxy saddles on top of the
cold mass. The tubes have a 2.0-inch outside diameter,
0.065-inch wall, and are constructed of 304L annealed
seamless stainless steel. The 55-ft long tubes in the

~¢ryostat are made by butt welding shorter lengths of

tubing together.

The gaseous-helium supply and return lines are supported
on top of the cold mass by fiberglass/epoxy saddles.
These tubes are each 55 feet long, with a 3.0-inch out-
side diameter and a 0.065-inch wall, and are constructed
of 304L annealed seamless stainless steel. The gaseous-
helium supply tube is at 20K, and is welded to the stain-
less steel radiation shield along the length of the
cryostat., This line supplies cooling for the radiation
shield nearest the cold mass.

R

located near the horizonal centerline of the cryostat
and adjacent to the vacuum vessel. Each line is welded
to an LN, radiation shield running the length of the
cryostat.” The shield provides support for the 55-long,
1.5-inch diameter, 0.065-inch wall, LN, line. This

LN, Lines, The Iiﬁuid-nitrogen supply and return lines
a @

extruded 6061-T6 aluminum alloy line has”integral tabs

which mate with the radiation shield., These lines supply
the cooling for the LN, radiation shield.
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Figure 3.1-8. 20°K THERMAL SHIELD



3.1.5

301 ¢6

MULTILAYER INSULATION. Aluminized mylar is used as a multilayer

insulation between the vacuum-vessel wall and the liquid-nitrogen
radiation shield, and between the liquid-nitrogen radiation shield
and the helium radiation shield. The multilayer insulation is
supplied in rectangular blankets, with the 20K shield having 20
layers and the 80K shield having 30 layers of insulation. Figure
3.1-1 shows a cross section of the cryostat with MLl installed.
The MLI blankets are loosely wrapped inside the cryostat, come

pletely surrounding the radiation shields and covering the entire
inside length of the magnet, 7

The exterior layer of the blanket consists of 0.001-inch Type-S
aluminized mylar, a 0.6-0z./sq. yd. Dacron scrim (12x6 leno
weave), and a 0.001-inch Type-S aluminized mylar bonded together
with a thermoplastic polyester adhesive, The aluminized surfaces
of the mylar are exposed on both sides. This provides a tough and
tear-resistant surface to the blanket. ’

The 80K blanket consists of 28 layers of 0.00l-inch mylar, Type-S,
aluminized on both sides. The 20K blanket mylar is the same, but
consists of 18 layers. Between each mylar sheet is a 40-denier
Dacron net made of nominal 53 mesh/square inch, 0.0066-inch thick,
and 0.18 o0z./sq. yd. The net is scoured with heat-set resinless

finish., This type of insulation is an efficient radiation barrier
and keeps the heat load on the magnet at a low level.

VACUUM VESSEL. The 55«foot long, 22.0-inch outside diameter

vacuum vessel is made of 0.312-inch 6061-T6 aluminum alloy plate
and is joined by welding.

The vacuum vessel is constructed with an upper and lower half.
The upper portion consists of a half-cylinder with plates butt
welded as required to produce a 55-foot length. Figure 3.1-1
shows a cross section of the cryostat and the vacuum vessel. The
lower portion of the vacuum vessel is a half-cylinder, with eight
(8) circular cans to support the cold-mass gravity loads and four
(&) circular cans to react cold-mass side loads.The cold mass
support struts are bolted to the cans. The support cans are
welded to the vacuum vessel shell. The upper and lower vacuum
vessel halves are welded after installation of all the cryostat
components. The welds run the entire length on each side of the
vacuum vessel.

An all-welded 6061-T6 aluminum alloy structure provides an excel-
lent structure for the vacuum vessel, The structure is leak

~ proof, readily welded, and has good corrosion resistance. Should

a liquid-helium leak occur in the cold mass, or a leak appear in
the radiation shields and/or plumbing, the aluminum selected has
good cryogenic properties which would minimize possible damage.
Due to ductile-to-brittle transition below 220K (-65°F), carbon
steel was not selected for the vacuum vessel.



3.1.7 MAGNET INTERCONNECT REGION., The liquid-helium supply and return
Tines are made of 304L stainless-steel tubes employing bellows at
the interconnect region between the magnets. These tubes have a
2.0-inch outside diameter and 3.0-inch outside diameter. To
accommodate tube contraction, each tube has two bellows connected
in line. The bellows have an internal liner with the downstream
end of the liner free to slide. The liner provides smooth flow of
the liquid or gaseous helfum in the tube, reducing pump losses.
The bellows will be made of stainless steel or inconel 625. Final
material selection 1is dependent upon the bellows manufacturer,
deflections, pressure, etc, The bellows material will be com-
pat%ble for ue?ding to the stain}ess steel tubing.;

The shfe}d‘s Xiquié»nitrogen supply and return Iines are made of
extruded 6061-T6 aluminum alloy. Two bellows in line at the
inter-connect region are required to accommodate deflections
between the shields. The tubes and bellows are constructed of
different materials and require a transition joint. The transi-
tion joint is explosively formed from two plates, one of stainless
steel and the other of aluminum alloy with tantalum as a binder.

The joint is machined to match the tubes and bellows and welded in
place. . ,

The stainless steel bore tube has two bellows in line to accome
modate thermal deflections at the interconnect region. The
bellows are 1.,375-inch in diameter and are made of 321 stainless
steel, There is a bleed line from the bellows to the vacuum
portion of the cryostat outside of the cold mass. This exhausts
helium to the vacuum chamber in the event of a small leak.

The 10.5-inch inside diameter, 304L stainless-steel helium vessel
has one 9.0-inch diameter bellows between magnets, The bellows are
made from Inconel 625, Since the bellows diameter is smaller, two
transition reducers are required between helium vessels. Becausa
of cold-mass deflection between the supports, the helium vessel

wall thickness has been increased from 0.188 inch thick to 0.250
inch thick. ; o

The vacuum vessel joint in the interconnection region has a sleeve
that slides over the vacuum vessels, The sleeve has a 22.06-inch
inside diameter, a 0.25-inch wall, and a length of approximately
28.0 inches. It is made of 6061-T6 aluminum allow and is joined
to the vacuum vessel with a circumferential fillet weld at each
end, Bellows are not required for this joint since deflections

can be readily accommodated at fewer locations, such as the spool
regtons. ~ .
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3.2 STRUCTURAL ANALYSIS

3.2.1 INTRODUCTIGN.n This section presents the structural analysis of
the SSC magnet companents.' These components include the cold
mass, the vacuum vessel, the LHe tubing, the bellows around the
expansion joint region, and the support struts. For the cold-mass”
vertical support des1gn, various materials and ‘configurations were
analyzed in order to optimize the design, Titanium support
struts, positioned at four stations along the magnet axis, were
‘selected for further refinements. A detailed analysis of this
support configuration is also provided fn this section.

3.2.2 DESXG& CRITER{A. The preXiminary design criteria for the LBL SSC
~ magnet is shown in Tables 3.2-1 through 3.2-3. The loading fac-
- tors used in this study are similar to those provided in Reference
3.2-1; however, the maximum loading factor (5g) is classified as a
handltng load in the reference document, uhile in this document it

is applied to the transportation 1oads. ;‘, -

Table 3.2-1. Design Criteria for the LBL SSC nagnet
Support_System and Vacuum Vessel

. LOADINE

= Pressure (Vacuum Vessel)

- Operating nm?f . See Table 3.2-2
Fau%ted ’1 f .

Temperature Gradients

Supports 4°K to RT

: Support Load1ng -   31;  See Table 3.2-3
'i ENVIRONMENTAL CONDITIONS
= Radiation Requxrements ’ None
Ambient Temper't;r CondxtlonS'w  "‘1 ~ Up to 120°F

.o @,;Emon Lin

Vertxca¥ Deflection

‘InxtiaW alxgnment“of supportf??ﬁﬂ'

panels. £ TBD
Cold mass deflection between  m: - ,
supports ”,1, - < 020"

. Ax1al Beflection -
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3.2.3

3.2.4

Due to cold mass temperature 1.0"
change (relative to midlocation
fix point)

MATERIALS PROPERTIES. The properties of the various materia1§

used for the magnet components are ¥1sted in Table 3 2-4

COLD MASS = HELIUM SUPPORT VESSEL AND SUPPORT ANALYSIS. The cross

‘section of the cold mass geometry used in this study s {llus-

trated in Figure 3-2-1. A solid iron laminate was assumed in
developing the cold-mass deflection potential as a function of the
number of supports. Figure 3.2-2 illustrates the deflection
characteristics of the cold mass based on equalizing deflection in
all spans (i.e,, deflection of the cantilever ends equal to an
intermediate midspan deflection). This support spacing, based on
equalizing deflections, is considered to be optimum.

The wall thickness required for the helium vessel allowing for a
0.020-inch deflection relative to suspension points (again assum-
ing equal deflection of the cantilever and midspan) is:

N = 4 supports
L = length of magnet = 55 ft = 660 in e

<2 2 cantt t (N- 1) = 660 in

midspan
WIth: tmidspan = 2°632 geanti
(for equal deflection)

Leanti = 66.67 in

L = 175.54

midspan’
R - : 2
cold mass: Al oo section = 7(5.25 « t )

weight:  w= pAc; = (.283 1b/1n ) m(5.25 + twail)
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Table 3.2-2. Operating Pressure Conditions

Pressure, A

‘ : tmospheres ¢
Pressure T.3/5'8 | 1.5 | 2.0"§ 'I“‘"‘Jsg 0" ¢ 9.0" ¢ 22.0" ¢
Condition | Bore Tube | 80°K Shield | He Lines | He Lines e Vessel Vac., VYessel
Gpgtgting‘ ,; 35 W,¢  *S H - UJf3§7“;‘ l " 1 (vac)
Back Press|  --  95 ' <5 -5 +5
Operation ~ . - |
Quench -20 %20 +20 +20 +20 -

where: external pressure (+)
internal pressure {-)

Ref. 3.2-1, SSC Design "D* Cryostat Design Criteria Initial Release, FNAL

Memo dated‘ls February 1985
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Table 3.2-3. Cold-Mass Support Design Loading

P Loading
Load Condition - Temperature Vertical Horizontal Axiail!)
i gy - F
(Z)Manufacturi&g~ Ambient +26 |} %16 t 16
4o - ~ - 36 (W/DW)
(3)Transpaf¢atienck '"§f"gg ‘e e
Storage: | . ;
Dead Weight Ambient 1 =16 (DW) $ ¢
{up to 120°F) | .
Dead Weight + “ + .76
Seismic -1.76 (wow)| *0-76 t 0.76
(4)C00¥down
(Operation) |
DW + Temp 4°K-80°K-RT - 16 ¢ Amax=0.9“
{w/Intercept)
(3)9w+7 * o o
emp+Seismic + .76
RETaTnE LR 0.8
, max - °

(})Axia1 "G" loading effects will be taken by an axial restraint system
(not by the cold-mass support).

(2)Yransportation and handling loads shall not be considered with seismic.

(3)Seismic - single axis only.

(4)ﬁa additional load due to operation.
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I bk T
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0D = 10.5 IN

STAINLESS-STEEL VESSEL

IRON LAMINATE;

g that a solid iron cross section
conservative) the weight is:

Assumin

(

26.29 1b/in

Cold-Mass Geometry

Figqure 3.2-1,
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Figure 3.2-2. Cold-Mass Deflection Between Supports

and Load at the Supports
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Using the helium vessel wall only:

i o e

and .
‘ ‘wgc
ycanti 1/8 EI

using trial by error

= 0 020“ et

wall

0.22“ mintmum

ytanti

W ﬂ%f“(;.zsa)« (s 47 ) . 26.6 wm

weight/srupport . (25 6) (175 54) |

'~= 4570 Ib

For the,ana]ysis,of the cold maSs support struts, an HP hand
calculator program was used, The program computes the axial

compressive working 1oad for columns.

,*Equatxcns

- - .
mx K |° TP, -P)
P ‘ ,,“ZE}';
. )

For circular columns:

‘6”3;16'



where
A is the section area.

a fs the initial crookedness of the column;
assume & = 0,03, .

c is the distance from the minimum neutra] axis to
. the edge of the cross section.

L

yé' ;a the yield point stress of the materia\. e
B 1s the modulus of e\asucny of the material
FSf' 1s the factor of safety for the column; used FS = 2.

K is the effective !ength factor for the column;
for pinned connect at both ends K=1,

L 15 the 1ength of the column.
1 is the minimum moment of inertia of the column.

is the column working load.

max 1S the maximum stress in the column.

° w» v

P is the Euler load for the column.

r is the radius of a circular column,

Three modes of strut failure were investigated in the analysis:
(1) tensile capacity based on 2/3 F__, (2) column buckling
(Euler), and (3) cylindrical axial buckig% The column buckling
load is controlling in all geometries investigated as shown in
Table 3.2-4. The length listed is based on pin-to-pin length.

A four-support configuratiau using a compression strut support
system as shown in Fxgure 3.2-3 was considered in this analysis.
The results are given in Table 3.2-4,

S If a spec1al fixture is desxgned for supporting the cold mass
during transport, the diameter of the struts can be decreased from

1-3/8 inches to 1-1/8 and the wall thickness can be decreased from
.058 to .049 inches. This is a result of changing the design

driver loadtng from transportatton 1oads to manufactur1ng loads,
as shown 1n Tables 3 2—5a and 3 2-5b.
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Table 3.2-4. Material Properties

Material

WS TiE [ YIELD-KSI
RT &K In/In/°F RT 4K

ULTIMATE - KS1

RT

4K

304L
6061-T6
A-286
Fiberglass

Titanium

lg'cf“r‘a}1f1 ‘ o $'8~ 47" . ;355 45

8.2 | 300 | 57 | o 65

29 :.;' . 505 - 85 -
4‘9~6 o ;~,, i : e .

15.5 - 4.6 120 --

70

42

130

100

130

170

63

38




. COLD MASS SUPPORT TUBE
19 THICK

ot

22.3 0.D. x.312 THICK

VACUUM VESSEL

6AL-4V TITANIUM STRUT
304L ST STL ROD ENDS
(3 PLACES)

80°K
THERMAL
- SHIELD

 Figure 3.2-3. Compression Strut Supports
. for the Cold Mass
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Table 3.2-5a. Summary of Loading Conditions -

Titanium - 4 Supports

Horizontal Strut

Vertical Strut
L= 12"

TRANSPORTATION
Coe/tie)

-

tsaocn

+10000 1b
-12500 1b

TITANIUM

ty

(Vert. Strut)

oF, =120 ksi |

¢ Operating Stréss /

0.5ksi | 3) 63661

Dia = 1“,‘ wa}lao.ess  f
“Area = 0.108 in

2

1) 9200 1b
2) 5242 1b

‘ﬁﬂia %,"3l3"’ wa}1=0.058“
;Area‘= 0.24 ina

1) 20808 1b

initial
2) 12300 1 {Initial
3) 28800 1b

])Tensile capac{ﬁyﬂﬁased 06 2/3 Fty”for Titanium and 1/3 fﬁu for Fiberglass

Z)Euler Column Buééﬁing‘(@'F,Sgié‘z.e)

3)¢ylindrical Axial Buckling (@ F.S. = 2.0)
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Table 3.2-5b. Summary of Loading Conditions

L =85 in

Horizontal Strut

VYertical Strut
L © 12“

MANUFACTURING
+26 , 4
(C3¢ / %16)

£500016

+5000 1b

- =7500 1b

TITANIUM | ‘See.TabTe 2;2;123 o

Dia = }']/83 twa11=.049
Area = 0.1656 in?

1) 14361 1b
2) 7515 1b
3) 19880 1b
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Caleulations for sizing the axial support strut using titanium
alloy are proviéed be%ow' |

660 Tb

,+
@

26 29 lb/in (669 in) = i? 352 1b,
The strut is 12 inches long.

Axtal Compression Load is

Paxial 17, 352 Ib/(cas 17. 3 ) = 18 174 1b

Checking Euler Column Buckling using the HP-41 hand calculator
program described previously:

Per = 20,085 1b for a tube having an
0.0. = 1.375 in and a wall thickness = .083 in.

The Factor of Safety for the above calculation is 2.0. (see pg. 3-16, 17)

3.2.5 BELLOWS ANALYSIS. This study considers a cold-mass length of 55
feet with the axial restraint located at the cold-mass midspan.
This geometry configuration produces a relatively large axial
displacement at the junction between the two magnets during the
cool-down/warm-up operation., The design cyclic life used in
approximately 1000 cycles (240 design thermal cycles x 4). The
pressure loads on the bellows are given in Table 3.2-2. The
preliminary bellow sizing was performed for the following tubes:

1) 1.375" e, stainless-steel bore tube.
2) 1.5" e, aluminum - 80°K shield,

3) 2.0% e, stainiesé*steei - He line.
4) 3.0" g, staintéss-steeI'- He line.

5) 9.0" e, stainless-steel - He vessel,
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3.2.6

The summary of reSu%ts are 1isted in Table 3.2-6 and a discussion
follows: s :

e 1.375" ¢ bore tube - 2 bellows

The internal design pressure loading condition for this tube
45 a vacuum conditfon, therefore, a bellows with a low-
stability pressure is adequate. The length of each bellows
could be reduced from the 6 inches listed to 4 inches with a
__bellows material change to Inconel 625; however, this change
would not reduce the length of the interconnect region,

@ 1.5" @ 80K shield - 2 bellows

It is believed that aluminum bellows would not be capable of
_ handling the large axial displacements. Therefore, a steel
bellows was used, requiring a bi-metallic weld or a flanged
joint. Both types introduce problems and will effect costs
significantly. The preferred structural method would be the
bi-metallic weld. This could be performed with the use of a
transition joint. The transition joint would be explosively
- formed from two plates, one of them stainless steel and the
other aluminum (using tantalum as the binder), and the final
assembly machined to the tube size. This is the only bellows
that requires two plies in order to handle the high internal
pressure (squirm). ~ :

® 22" @ vacuum vessel

The low design pressure and thermal loading of the vacuum
vessel would indicate a small relative motion between adja-
“cent vessels., This would suggest that a welded sleeve be
used for fabrication purposes instead of a bellows.

VACUUM VESSEL ANALYSIS. The vacuum vessel was sized per the

requirements of Section VIII of the ASME Boiler and Pressure Vessel
Code (Reference 3.2-6) for shells under external pressure.
Results are provided in Table 3.2-7. :

Aluminum was considered for the vacuum vessel primarily because of
the loss-of-coolant faulted event. Under this event it is postu-
lated that there could be a cryogen leak onto the vessel. The
aluminum alloys do not exhibit a marked transition in fracture
resistance as do the carbon steels, thereby reducing the risk of

~ catastrophic failure.
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Table 3.2-6. Summary of Bellows Confiqurations

£

¢
1.375' 8 1.0 ¢ 2.008 | 3.008 -] 9.00 ¢ 3T ¢
Bore Tube 80K Shield He Lines | He Lines | He Vessel Vac. Vesse

Tube Matl. | Stainless | Aluminum ss ss Alumi num

Axiai‘;“ %25;)§$2§) '%35')§1z;§

Therma L9x10~ 8x10~

Movement { “452,(70;} {,3}5,(73}] | 2.03 2.03 2.03 Small

(Cooldown/ | = 2.03" = 2.49"

Warmup) T -

e . - i

No. of Ry s ABY s (4) 5 (4) (4) (3)

Bellows 2 \ 2 g?ies 2 - 1 1

want 0 lemv 0.014 0.018 0.031 -

Thickness : ' ‘ * o * ‘

| Length of i | 8 i

Convolutiong 6 4 3 ; 4 8 o

Maximum

Pressure

{Not incl. 390 “ 940 348 368 393 -

squirm) - s e ;

Stability

Pressure g -

(PST) ;,49, | 310 295 370 523

-Squirm ‘ .

Axial

Spring Rate | 141 592 423 706 2000 -

{1b/in)

(1) peference 3.2-5, EJMA Standards, S5th Edition.

(2) Type 321 stainless-steel bellows.

(3) Will require vendor information on aluminum bellows (if bellows is required).

(4) Inconel 625 bellows.
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Table 3.2-7. Vacuum Vessel Wall Thickness Required

Material T reqd (in)
Al 6061-T6 (Welded condition) © 0.3
Al 5083 0.313
304L Stainless Steel- 0.25
Carbon or Low-Alloy Steel 0.25

(YS = 33 ksi to 60 ksi)

¢ Design driver is the vacuum load.

® Code F.S. = 3.0,
® 1.D. of Vessel = 22 in, Length 55 ft.

Backup sample calculations for the vacuum vessel wall thicknesses

required are given below. Thicknesses given in Table 3.2-7 are
for standard gage sizes.

Al 6061-T6 Vacuum Vessel

Vessel Dimensions: Di = 22 in

t = 0.313 in

L = 660 in (55-ft)
Do/t = 22.626/.313 -= 72.288
L/Do = 660/22.626 = 29,17

from Figure 2-AGe , 28.0 in Appendix 2, ASME Boiler and Pressure
Vessel Code, Section VIII.

Factor A = ,00022
from Figure 2, ANF - 28.3 for welded Al 6061-T6,

Factor B = 1080 (up to 200°F)

Pa'nw = 48 = 19.9 psi

Do/t

The modulus of 5083 is about the same as that for 6061-T6, there-
fore, the required wall thickness using 5083 Al is the same.
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3.2.7

304 Stainless-Steel Vessel

Vessel Dimensions: Di = 22 in
t = 0.2 in
L = 660 in (55-ft)

Do/t . 22.4/.,2 = 112
L/Do = 660/22.4 = 29.46
Factor A = ,00009 (from Figure 2, AHA - 283)

Fa}30w = 4B = 2(.00009)(28x106) = 15 psi
S (uo/t) s{il¢)

Again, the modulus of the carbon steel is the same as that for

304L Stainless-Steel, therefore, the required wall thickness is
the same,

VACUUM VESSEL/CLEVIS ANALYSIS. The vacuum vessel and cold-mass

support configuration uses the three-strut/location support system
as previously illustrated in Figure 3.2-3. The vacuum vessel has
three penetrations at each cold-mass support location allowing the
support struts a pass-through. The clevises are made from 304L
stainless steel. The clevis pins are to be made of A-286 because
of the low-temperature application and to avoid gauling.

The ground rules used for the clevis attachment relate to safety
factors. The service load for each load type is calculated and
the component sized to carry this load times it appropriate safety
factor. The following safety factors will be used.

OPERATING LOADS include dead weight
YIELD, SF = 1.5; ULTIMATE, SF = 3.0

DESIGN LOADS are operating loads plus seismic
YIELD, SF = 1.25; ULTIMATE, SF = 2.5

ABNORMAL LOADS include dead weight and transportation
or manufacturing loading
YIELD, SF = 1.0; ULTIMATE, SF = 1.67

The developed loading is listed in Table 3.2-8,

A preliminary clevis and pin sizing was performed and a summary of
the results are listed in Table 3.2-9. The margin for the pin
could be increased by changing the clevis material. That is, if a
higher strength material is used for the clevis the wall thickness
could be reduced, thus shortening the moment arm on the pin,
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Table 3.2-9. Summary of Margin-of-Safety Values

on the Strut Clevis and Pin

MARGINS OF SAFETY

CLEVIS SIDE ROD END SIDE
304L @ RT Titanium @ RT
MATERIAL Fty = 25 ksi ‘ Fty = 120
Ftu = 70 ksi Ftu = 130

GEOMETRY t = 0.375, width = 2 t = 0.25, width = 1.625
CLEVIS BEARING .

- Ultimate +).66 +{,057

- Yield +(,24 +0.876
CLEVIS TENSION

- Yield +0.78 +0.92
CLEVIS WELD

- Tension, Ult. +0.12 N/A
PIN MATL. 286 Fty = 130 ksi @ RT

= Shear

- Bending (peak)

F = 186 ksi (x1.7 bending
bend section factor)

+ 0.915
+ 0.0

3-28




3.2,8 ANALYSIS OF THE HELIUM SUPPLY AND RETURN LINES. The helium supply
and return lines consist of two 2.0-inch 0.D. liquid helium and
two 3.0-inch 0.D. gaseous helium lines running axial along the
length of the magnet. The lines are fabricated from 304L stain-
less steel tubing. The design driver for sizing tubing wall
thickness is the faulted loading condition of 20 atmospheres
internal pressure.

For the 3«Inch Tubing:

(Reference ASME V111, Table UHA-23)

Maximum Allowable Stress = 15,7 @ T = -20 to 100°F
=13.4 €7 <200

20 atm (14.7 psi) < 0.385 SE using the lower
294 psi < 0.385 (13400 psi) value of maximum
294 < 5159 allowable stress
Therefore, i
P = SE t Assume t = 0.083 in
allow RiUET
= (13400)(.083)
(2.834) + 0.6 (.083)
Pal1ow 385.7 psi > 294 psi o OK

For the 2-Inch Tubing:

P (13400)(.065)

1.87 + 0.6 (.065)

allow

= 456.26 psi o 0K
The following calculations provide the support spacing for the
helium lines. The supports for these lines are fabricated from
G-10CR material and are located on top of the helium vessel,

The design driver is the same as that used in supporting the cold
mass, that is, the midspan deflection of the tubing < .02 inches.
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3.2.9

For the 3=-Inch Tubing

*

. 3 3 3
S

A=u/4 (D% - d2) = /4 (3.0° - 2.834%) = 0.76 in®
3 2
W= pA=.31b/inS (.76 in?) = .23 1b/in

1= w64 (0 - d*) =0.81 5
*(p = density (1b/in”)
Assuming tubing is simply supported

A = .02 .§ﬁ£ﬁ. (5 G's)*
max = "°¢ 384 E1 s
*5G handling load

4
o7 = 3023 (5)
384 (28x10°) (.81)

Solving for L,
L = 6.18 ft

For the 2-Inch Tubing:

L = 5.018 ft

THERMAL SHIELDS ANALYSIS. There are two thermal shields shown in

Figure 3.2-3, a 20°K stainless-steel inner shield and an 80°K
aluminum outer shield. Both shields have a wall thickness of 0.10
inches. Between the shields, and also between the outer shield
and ‘the vacuum vessel, spacers are provided to hold the various
surfaces in place and prevent contact. As such, the thermal
shields are not structural components, they are self-supporting
with respect to dead weight and seismic load. One area of
structural concern, however, is the moment imposed on the 80°K
shield resulting from the electromagnetic eddy currents. The
magnitude of the eddy current load was substantially reduced by
slotting the shield circumferentially every 16 inches.
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The following is the analysis of the bending stresses imposed on
the 80°K shield due to the eddy current,

80°K THERMAL

SHIELD
| O‘D‘shieid = 22,0"
Al . 0® Assume:
Pmax +
(.19 1b/in) o Free-standing shield
o Eddy current loading
is a cosine function
o p = 0,19 1b/in.
n{z max

Ref. 3.2-7 Convair Report AZS-27-276, Rev. A, “Rigid Ring Frames =
Load and Deflection Summary."

The analysis uses Case 24 of Ref. 3.2-7 and applies superposition
" to arrive an an equivalent loading.

4 ¢in /4 .
Pmax = 0,19 = R P =0.0818°P
P = 2,32 1b
Case 24:

M = Ky, PR
P = P Cos @
max max
Pmax =4 sin /&4 P
ki
Factor Location Formula
0-w2  sinn/a L0232 +1/8) cos 6~ 4F) - 1/
Ky w2 - 3 /& sin /4 [sin e + (1/4 - 1/27) cos o - 4/ 2] - 1/n
3/4 - 1 sin w4 [-(3/4 + 1/27) cos & - 4/ 2] - 1/
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Moment Factor

n/8
©n/4
3 n/8

n/2
5 u/8
3 n/4
7 n/8

-0.09050
+0.06200
+0.00884
+0.09183
+0.10222
+0.02382
-0.15030
-0.01095
+0.03799
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applying superposition as
shown above, the max.
moment factor will be
0.10222 + 0.10222 =
0.20444 @ /2

M = .20884 (2.32 1b)(22.5 in)
= 10.7 in-1b

o = MC/I

3 3
1 = %%~ = L7 _ g o33x107% 4nd
o ={10D(0.05) . g429 ps;

8.33x10
Fuy = 35000 psi for AT6061-T6 at RT
0 110w = 2/3(35 ksi) = 23.3 ksi
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3.3 THERMODYNAMICS ANALYSIS. This section 1is a summary of the thermal
analysis calculations, The objectives of the analysis are two-fold:
first, to establish a rational criteria for determining certain signi-
ficant thermal design parameters; and second, to estimate the heat loads
of the design to the point that they may be compared with alternate

cryostat designs and to provide a preliminary capacity requirement for
the cryogenic plant, :

The criteria to determine the thermal design parameters is cost; speci-
fically, the cost of refrigeration associated with a given element of
the design. The first part of this section shows how the total lifetime

cost of refrigeration required to remove a watt of heat from the cryo-
stat is determined.

There are two primarily thermal design parameters that are addressed in
this study: the location of the thermal intercepts on the cold-mass
supports, and the thickness of the MLI blankets. In each case, a cer-
tain choice will produce a minimum cost. These analyses are reported in
the second and third parts of this section,

Finally, the details of the calculations made to determine the cold-mass
support heat leak, the heat leak through the MLI blankets, and the
thermal shield support heat leak are documented. In addition, analyses
to determine the thermal shield thickness and intercept effectiveness
are presented. A summary table of heat leaks for the LBL S$SC cryostat
design concludes the section,

3.3.1 LIFE CYCLE COST OF REFRIGERATION., The cost of refrigeration
impacts the choice of ‘the support concept for the SSC, the loca-
tion of the thermal intercepts on the supports, and the number of
layers of MLI used to insulate the thermal shields. In order to
properly evaluate the relative costs of an option, when part of
the costs are distributed over a period of years, the time value
of money must be accounted for. In the following analyses, the
present value of the cost of refrigeration of an option is deter-
mined so that it may be compared on an equal basis to the material
and manufacturing costs of that option. What is meant here by the
present value of the cost of refrigeration is that amount of money
which, when placed in a bank account at a given interest rate,
will buy the necessary refrigeration equipment and pay the annual
electric bill for the lifetime of the accelerator, leaving nothing
left at the end of the lifetime. The cost includes both operating
cost and capital cost of the refrigerator.

3.3.,1.1 Operating Costs. There are two components to the cost of
refrigeration: the operating cost, which is the cost of
electricity required to run the refrigerator compressors;
and the capital cost, which is the price of the refriger-
ation plant. The operating cost is directly proportional
to the amount of work required at the compressor which in
turn is directly related to the refrigeration heat load.
For the SSC, it is anticipated there will be three levels
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of refrigeration, occurring at 4.5, 10-20K, and at 80K.
It is assumed that, from the point of view of the re-
frigerator, the capacities at these three temperature
levels are independent., This is true for the 80K load,
since this will be handled by a separate refrigerator.
The low-temperature and 4.5K capacities are not truly
independent. The assumption of independence is based on
the assumption that the low temperature (10-20K range)
will be chosen to optimize the overall efficiency of the
refrigerator, and that small excursions from the optimum
load distribution will not affect the performance signi-
ficantly.

Given that the refrigeration capacities are independent
at various temperatures, the total compressor work (roome-
temperature work input) can be determined by summing the
loads at each temperature divided by the refrigerator
coefficient of performance at that temperature:

g} - Z Q(Tf)
c W
i i

The value of coefficient of performance (COP) at a given
temperature is based on accumulated operating experience
with cryogenic refrigerators. Sources of data include
References 3.3-1 and 3.3-2, which are surveys of refrig-
erator performance, and Reference 3.3-3, which is a
computer analysis of a particular refrigeration cycle.
Representative values are listed in Table 3,3-1 for tem-
peratures of 4.,5K, 10K, 20K, and 80K. Two low-temperature
values are carried because- it is unclear at this time
what the final cold-shield temperature will be. The COP
values actually used in the following analyses are taken
from the first reference: 1/430 w/w @ 4,5K, 1/170 w/w @
10K, 1/85 w/w @ 20K, and 1/12 w/w @ 80K. These values

were chosen since they weight the 4.5 heat load the
most., ‘

Once the required compressor power is known, it is easily
converted into an annual electric bill:

A = 8760 dcH S

Here d is the average duty cycle of the load, ¢ is the
cost of electricity in $/kw-hr, and 8760 is the number of
hours in one year, In the refrigeration cost studies
reported in the following sections, the cost of elec-
tricity has been assumed to be $0.06/kw-hr. An opti-
mistic 100 percent duty cycle has also been assumed.
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Table 3.3-1.

Representative Values of Cryogenic Refrigerator

Coefficients of Performance (COP)

Temperature Ref., 3.3=1* Ref. 3.3-2 Ref. 3.3-3
4.5K 0023 .0028 .0029
(430 W/W) {360 W/W) (345 W/W)
10K 00589 . 0069 N/A
{170 W/M) {145 W/¥)
20K 012 .014 .0081
{85 W/W) {70 W/W) (123 W/W)
80K .083 069 047
(12 W/W) (14 W/W) {21 W/W)

*Chosen design values.
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3'3'1.2

The life cycle refrigeration operating cost for a pare
ticular component has been taken to be the present value
of the annual electric bills paid over the lifetime of
the SSC. It.is determined from the formula:

Ve A [(m“«ni] .3
i (1+1)

where 1 is the prevailing annual interest rate, and n is
the lifetime of the machine in years. For these studies
i has been taken as the current T-bill rate of 8.2
percent. The refrigeration load has been assumed to have
2 10-year life. (Note that the analyses need to be
updated to reflect the true situation of a 50 percent
duty cycle over a 20-year economic life,

When the above calculations are carried out for unit heat
loads at the various design temperatures, the results

are: $1500/watt at 4.5K, $594/watt at 10K, $297/watt at
20K, and $42/watt at 80K.

Capital Costs. The capital cost of the refrigeration

system can also be estimated for SSC. Reference 3.3-2
yields a correlation between refrigeration cost and
installed compressor capacity:

¢ = 6000 ()’

Note that installed compressor capacity, W. (in kW) is a
little different than the required coﬁbressor power
computed above, it includes the margin m, or excess
capacity, incorporated into the cryogenic plant:

&

wi = (1+m) uc

When computing the capital cost of refrigeration attri-
butable to one relatively small element of a large

refrigeration load, the incremental cost should be used.
This is defined as:

= 9
accap dé AQ
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which, when combined with the above correlation, becomes

®

- '0&3 A
Mgy = 4200 (1em) (W0 ool

where W, is in kW and the incremental heat load A§ is in
watts. From Reference 3.3-3, the nominal baseline
capacity required for the l-in-1 reference design “D* is
12 x 928 kW at 80K, which includes a margin of 140
percent, and 12 x 2100 kW for combined 4K and 20K (or
10K} refrigeration, including a 50 percent margin. Using
these values, at 80K

..%%... = (4200)(2.4)(928)"°*3 (.012)

= $15.6/watt

while at 10K,

..%.. = (4200)(1.5)(2100)°%*3 (.170)

= $108/watt

and at 4.5K

_%%_ = (4200)(}.5)(2100)'0'3 (.430)

= $274/watt

The total combined refrigeration costs are $57.6/watt at
80K, $702/watt at 10K, and $1774/watt at 4K. With this
relation the impact of a change in heat leak of a com-

ponent on the capital cost of the refrigerator can be
fairly assessed.

Likewise, the total life-cycle cost (capital plus present
value of operating) of a change in heat leak of a compo-
nent can be fairly assessed against the material and/or

manufacturing cost of making the associated design
change.
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3.3.2 THERMAL INTERCEPT LOCATIONS., There is an optimum location for a
thermal intercept on a cold-mass support strut. For example, a
4 .5K heat leak can be made to essentially vanish if a 20K inter-
cept is placed “far enough" away from the cold end. This is done
at the expense of increasing the heat load into the 20K intercept.
The object of this analysis is to find the locations of the inter-

cepts that minimize the total room temperature compressor work
input.

The cost function in this case is the total compressor work,

PR (L) N {4 1) I (1)

To get a general result, a general support must be analyzed. Such
a support, together with the pertinent nomenclature, is defined in
Figure 3.3=1, The key assumption is that the inverse area inte-
gral is linear in x, i.e., constant area. The following analysis
will be valid for supports that have essentially a constant cross
section. If an 80K intercept is located at x,, and a 10K inter-
cept at Xy s the 4.5k, 10K, and 80K heat leaks are

q, . = -2(10) - o(4.5)
) A
Y - 80) - &{10) °
0 = —= - Q
10 ( :3.. - .ﬁ )f dax 4.5
£ £ A '
n 300) - 8{80) * °
Qg = o = (Qyq *+ Qy ¢)
80 xl f dx 10 4.5
L A
Cross-Sectional . .
\{:ea A tha 1‘319
i 2 '“**'94 5
T = 300K b T = 80K DT = 10K .
T=4.%

!
]

Figure 3.3-1. Generalized Support for Intercept Location Analysis
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respectively, where e(T) is the thermal conductivity integral
of the support material. These can be incorporated into the
cost function, rearranged, and the result generalized to yield

© ofax (11 2(10)-- o(4.5)
e Jx | COP(4.5) CUNIUS] { =%,/

SR U S [3(80) - e(IO)]
| COPTI0) m} Xyl = X, T¥

- :coplso ] [a(zooil;ge(SO)]

The cost for any support with a given length-to-area ratio will
depend on the thermal conductivity integral of the support mater-
jal, the refrigerator COP at the intercept temperatures, and the
location of the intercepts relative to the total length. Given
that the intercept locations are the only free design variables,
the cost can be minimized by finding the values of Xy and Xo that
simultaneously satisfy

) [& ‘d"ng
511 o A

4

3 . dx ]
X, [uc f T
The solution of this system of two equations is

;fi_ . [1‘, \I(CO? 80) _ ) (2(80) - 010)
2 COP(10 ] -8
-1
Vi, i) (bt

o
X

0 : %
oD VOEER - o) (=it
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3.3.3

For this study, the COP for refrigeration at 4.5k has been taken
to be 1/430 w/w, at 10K 1/170 w/w, and at 80K 1/12 w/w. Two
materials were considered, 6A1-4V-Ti{ and G-10CR. The apfrepriate
thermal conductivity integrals for these materials are listed in
Table 3.3-2. When these values are inserted into the above
equations for %y and Xos the results are, for titanium supports:

0
X
1
— B 040
L
0
X
2 =
) .92

and for G=-10CR:

o
b S
1 =
—— = ¥
o
b 4
2 =
—— = .88

These values were used on all support concepts analyzed in the

trade study described in Section 2.0, and for the baseline design
analyzed in Section 3.3.4,

MLI TRADE STUDY. In this section the thermal design details of

the proposed MLI system is described and the method of computing
the heat leak through a blanket is defined. A basic trade-off
between the cost of refrigeration and the capital cost of a
blanket is established as a function of the number of layers in
the blanket. The results are plotted to determine the optimum
number of layers in the SSC MLI blankets, and to establish recom-
mendations for further work during detailed design.

3.3.3.1 DAM/Dacron Scrim. The multilayer superinsulation blank-
ets are made of double-aluminized Mylar film reflectors,
with Dacron scrim cloth separators. The aluminum coating
on the one-mil thick Mylar film is vacuum deposited to a
thickness of roughly 200-300 angstroms. This yields a
surface total hemispherical emittance of less than 0.035
for the virgin surface. The "installed” emittance may be
as high as 0.07 after handling, aging, etc. The nominal
design for the scrim cloth is a loose leno weave, which
creates a lockstitch in the weave., The result is a
flimsy, lightweight, open cloth that does not tend to
unravel and hence is sturdy and easy to work with. The

reflectors and scrim layers are held together with full
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Table 3.3-2. Thermal Conductivity Integrals for
Titanium and G-10

B(T) (W/cm)
Temperature 6A1-4V-Ti G-10CR
4.5 0 0
10 .0236 .00615
20 - .08%0 0228
80 1.63 .195
300 13.9 1.54
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3.3.3.2

penetration fasteners, typically made of nylon, The
fasteners degrade the 1insulating performance of the
blanket, but offer structural dintegrity primarily for
ease of handling during manufacturing., Added strength is
provided by the reinforcing threads glued to the two
outer sheets. The adhesive {is rated for cryogenic
service, This type of system has been used on numerous
space flights to insulate cryogenic fuel tanks.

Effective Conductivity. Several studies have experi-

mentally evaluated the effective conductivity of MLI
blankets of this type. Two extensive investigations are
reported in References 3.3-4 and 3.3-5. The typical
approach is to divide the effective “k" into a conduction

~component and a radiation component. The radiation

component depends on the number of reflectors in the
blanket and on the emissivity of the surfaces, and can be
calculated with standard radiation heat transfer tech-
niques. The conduction component depends on the contact
resistance between the various elements in the blanket,
and is determined empirically. The significant parameter
is the layer density of the blanket: layers compressed
together yield a much higher heat leak. In the following
heat transfer calculations, the MLI effective “k* is
computed from (Reference 3.3-4):

T+ T
k = 3.007x072% o8-8 _h ¢

N

o 2
N -1 e Th

re

2
MRPRAMIRPY

where k = effective conductivity, BTU/hr«ftz-R
N = number of reflector layers in the blanket
n = layer density of the blanket, layer/inch
€ = emissivity of reflector
o =  Stefan-Boltzmann constant, BTU/hroftz- 4
h= hot side boundary temperature, R

T =
Tc = cold side boundary temperature, R
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GDC standard practice is to multiply the resulting value

by a factor of four to account for degradations due to
seams, penetrations, etc. in the blanket. For an appli-
cation such as SSC, where the surface-to-volume ratio of
the “tank" is very large, the degradation is probably not

this serious. However, the factor has been used to pro-
vide conservatism in the caleulations.

For -an unconstrained thickness blanket, i.e., one that is
not compressed except by its own weight, the layer densi-
ty is a parameter of the blanket itself. The only design
variable affecting the heat leak of the blanket is the
number of layers. A basic trade-off exists between the
cost of refrigeration, which is reduced by adding more
layers, and the cost of the blanket, which increases with
more layers. The object of this study is to determine
the optimum of layers, and therefore the minimum total
cost, of the MLI blankets for the SSC. The analysis is
done for a unit area of blanket.

The first step is to determine the cost of the refriger-
ation attributable to the heat leak through the blankets,
In the following, "warm® blanket will refer to the blan-
ket insulating the 80K shield from the vacuum vessel
{i.e., the blanket boundary temperatures are 300K and
80K), and “cold™ blanket will prefer to the MLI between
the 80K and low-temperature shields. Note that in the
actual analysis done, the low-temperature shield was
assumed to be at 4,.5K. The layer density in either
blanket is nominally 75 layers per inch. The effective
conductivity for the warm blanket is, then:

k, ® 4 [(3.007)(10‘25)(75)8*5 ( 54@;144 )

. _(1.718x107%) (540% + 144%)(540+144) N ]
(12)(2/7-03-1)(75) N-1

5.49x10°° + 2.32x107° ﬁ% , BTU/hr=ft-R

i

while for the cold blanket is

= -25 8.6 14448
ke = 4 [(3.007x10 1(75) («w~?r—-)

. _(1.714x107°%) (146% + %) (144 + 8) N ]
(12)(27.03-1) (75) N1
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= 1.22x00 ¢ a.08x1077 (Ao BTU/Rr-feoR

The blanket heat leak, per square foot, is

L

Q. kel
A t

where now t is the thickness in feet through the blanket,
equal to N/12n. The heat leak through each blanket can
now be expressed in terms of the number of layers in the
blanket:

iy k
Q. _®  (12)(75)(540-144)
A N
= 1.96 . 9.73 2
04 2 BT/t

for the warm blanket, and

k
9. . _¢ 144-
- = (12)(75)(184-8)

= L149 0.496 2
. N + H‘l $ BTU/hP-ft

for the cold blanket.

This heat leak is converted to an operating 1life cycle
cost as outlined in Section 3.3.1. For 80K refrigera-
tion, the operating life-cycle cost is $42/watt, and for
4 .5k refrigeration is $1500/watt. Therefore, the re-
frigeration costs attributable to the blankets, per
square foot, are

2
ref, N IR AL
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3.3.4 BASELINE

Tonger the pump-down time due to increasing outgassing
and a higher flow impedance through the blanket. Thus
there s a cost penalty associated with a large number of
layers in the blanket. This tends to shift the optimum
layer number to the left. At present, GDC has no data to
quantify this effect; it may or may net be significant.

With this study, the pertinent parameters that influence
the optimum number of blanket layers have been identi-
fied., Estimates of the appropriate values have been made
to determine a preliminary optimum (minimum cost) design.
To advance to a detailed design level, the real unit cost
of the blanket must be better defined. Refrigerator
operating efficiencies for SSC should be better defined,
as well as the cost associated with pump-down time, With

these inputs, a minimum-cost MLI system can be estab-
lished.

DESIGN THERMAL ANALYSIS

3.3.4.1

Support Heat Leak. The chosen baseline design for the

cold mass supports is a set of three titanium struts (two
vertical and one horizontal) located at four stations
along the magnet length. The struts are anchored at each
end with a pin through a bushing in a “rod-end.* As in
the heat leak analysis for the support trade study, the
heat leak analysis for the baseline design assumes 1)
one-dimensional heat conduction only; 2) the warm and
cold boundaries of the support are located at the pin
centerlines and are 300K and 4.5K, respectively; 3) the
struts are heat sunk to 80K and 10K shields which are
located to minimize the total required compressor work;
and 4) required compressor work is 430 w/w @ 4,5K; 170
w/w @ 10K, and 12 w/w @ 80K.

The significant geometry parameters of the struts are
shown in Figure 3.3-4. The pin-to-pin length of the
vertical struts is 30.5 cm, the 0D is 3.51 om, and the
wall of the tube is .147 om thick. The rod ends are not
completely defined at the time of this analysis, but are
assumed to be made of titanium, penetrate the end of the
tube to a depth of 1.27 cm, and have a .635-cm thick
tongue, The end of the tube is assumed to be 1.27 cm
away from the pin centerline. For the horizontal struts,
the only differences are a 21.6-cm pin-to-pin Tlength,
2.54 cm 0D, and a .0889-cm thick wall.
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3.3.3.4

and

23.4 2
ref N Nl » $/12

respectiv@ly.

The capital cost of the blanket is less well defined,
Logically, the cost should be composed of the material
costs, which should be directly proportional to the
number of layers, and a fixed cost of assembly. The
available data is sketchy and does not provide this
information. What was done was to take three estimates
of blanket costs and divide by the blanket area and
number of layers to get an apprqfimate unit cost., The
resulting costs are $.10/layec-ft° (judged to be a real-
istic minimum), $.26/layer-ft° (ROM estiq?te for accel-
erator state of the art) and $.80/layer-ft® (judged.to be

a .-reasonable upper limit, based on other GDC magnet
experience,

Results. The results are plotted in Figure 3.3-2 for the

warm blanket and in Figure 3.3-3 for the cold blanket.

The most significant result is that for,the unit blanket
capital costs of less than $.25/layer-ft™, the cost curve
has a shallow minimum and the number of layers in the
blanket has little impact on the total cost. At higher

unit costs, getting the right number of layers has more
significance.

Although it cannot be seen from the plots, a comparison
of total costs was made assuming different refrigerator
COP's. At 23W/W for 80K refrigeration, the curves of
Figure 3.3-2 shift upward and to the right by roughly 30
percent on each scale. The shape is the same.

The cost curves for the cold blanket are qualitatively
the same as for the warm blanket, but due to the higher
cost of refrigeration at the lower temperature, the
optimum number of layers shifts to the left. This means
it is cost effective to save a little money on the
capital cost of the cold blankets and use it to pay the
electric bill for refrigertion over the life of the
magnet, Note that the total cost of the warm blanket is
roughly half again the cost of the cold blanket.

There is one factor that will influence the results of a
study of this nature which has been ignored. There is an
operating cost associated with the effort required to
pump down the vacuum space. This is dominated by the
outgassing rate of the MLI. The more layers of MLI, the
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A1l dimensions in centimeters

—1.27 1.27}._ it

o o
b e e am

. £ -
Vertical Horizontal
D 3.51 2.54
t 147 .0889
30.5 21.6

Figure 3.3-4. Thermal Parameters for Baseline Support
Analysis

The 1inverse area integrals for the struts are computed
assuming heat is only conducted parallel to the strut axis.

For the vertical strut:

[ L R N 25.4

(3.51)(.635)  (n/4)(3.51)2  (n/8)(3.512 - 3.20%)

(n/4)(3.51) ) :

For the horizontal strut:

AR . 1.27 R 16.5
A (2.58)(.635)  (1/8)(2.58)%  (1/8)(2.542 - 2.362)

1.27 1.27 ] .
) (n/4)(2.54)% Y EEh e 16.9 cm
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The optimum location for the 10K shield is at 90 percent
of the total f{inverse area integral, measured from the
warm end. This requires the intercept to be located 4.19
en from the cold pin centerline. The rod end dominates
the thermal resistance between the 10K shield and the
cold mass, therefore the 4.5K heat leak is really only
known as well as the rod end is defined. Given that the
thermal conductivity integral for titanium between 4.5K
and 10K is ,0236 w/cm and the 4.5K heat leak is conducted
over 10 percent of the total inverse area integral, the
vertical and horizontal titanium strut heat leaks are:

.0236

. 0236 _ .
Q4'5h = TI0EST ° .00911 W/horizontal strut

The optimum 80K shield location is at 40 percent of the
total inverse area integral as measured from the warm
end. This puts the 80K intercept at 12.4 cm from the
warm pin centerline. The design of the rod ends does not
contribute significantly to the location of the 80K
intercepts. For a titanium thermal conductivity integral
of 1.62 w/cm from 10K to 80K, the vertical and horizontal
strut 10K heat leaks (conduction over 50 percent of the
total inverse area integral less the 4.5k heat leak) are:

%5, - TEegy - 0140 = .178 W/vertical strut

%Y, - ST9esT  - 00911 = .116 W/horizontal strut

Finally, the 80K heat leak is determined for a conduc-
tivity integral of 12.3 w/cm and conduction over 40

percent of the inverse area integral, less the combined
4.5k and 10K heat leaks.

Qo =73 Tegy - (.178+.0140) = 1.63 W/vertical strut

12.3 .
ngh T (9T - (.116+.,00911) = 1.06 H/?g:azontat
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3.3.4.2

The totals per magnet, g¢iven eight vertical and four
horizontal supports, are:

Qq5 = (8)(.0140) + (4)(.00911) = .148 W/magnet
Qo = (8)(.178) + (4)(.116) = 1.89 W/magnet

Qg = (8)(1.63) + (4)(1,06) = 17.3 W/magnet

These heat loads can be translated back to an equivalent
room temperature compressor work requirement. At 430 w/w
for 4.5K refrigeration, 170 w/w for 10K refrigeration,

and 12 w/w for 80K refrigeration, the total compressor
power required is:

@

W, = (430)(.148) + (170)(1.89) + (12)(17.3) = 593 W

For 8,760 hours in a year and at an electric rate of
$.06/kw=hr, the annual electric bill to refrigerate one
magnet 1is $306. The operating cost of refrigeration
attributable to the titanium strut support concept, i.e.,
the present value of 10-year series of annual payments of

$306, is $2,038 per magnet, given an interest rate of 8.2
percent.

MLI Blankets, The heat loads and associated life-cycle

costs for the two MLI blankets are determined using the
methods and results Q?tiined in Section 3.3.3. A unit
cost of $.26/layer-ft™ is selected as being most repre-
sentative of true blanket costs. The optimum number of
layers for the warm blanket is taken from Figure 3.3-2 to
be 30 layers. For the cold blanket, from Figure 3.3-3,
the optimum number is nominally 20 layers. The warm
blanket has an estimated thermal conductivity, jfcluding
the factor-of-four degradation, of 5.82 x 10 ' watts/
cm-K., At a thickness of .953 cm, the heat flux through
the blanket is

*®

Q . kAT . _(5.82x10"7)(300-80)
ATt 953

1.34x10"% W/en?

L]
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3.3.4.3

The cross-sectionl %rea of the warm blanket is approx-
imately 2.78 x 10° em®, given an average blanket diameter
of 52 cm and a length of 17m. Therefore the total heat
leak through the MLI to the 80K shield is

Qg = (1.34x107%)(2.78x10°)

= 37,3 watts/magnet

Likewise for the cold blanket, the effective conduc-
tivit%, including the factor-of-four degradation, is 2.85
x 10°° watts/cm-K for a 20-layer blanket between 80K and
4 5. Assuming a 20K cold shield temperature, the heat
flux is

Q0 (1.85x10°%)(80-20)
i 635 “
= 2.69x1078 w/en?

through the .635 cm thickness. The inner blanket average
diameter }s 45,7 cm, so the total area per magnet is 2.44

x 10° e¢m®., The 20K heat leak through the cold blanket
is, then,

Q,, = (2.69x107%)(2.44x10°)
= 657 watts/magnet
From Section 3.3.1, the life-cycle cost associated with a
watt of refrigeration at 80K is $42, and with a watt of

refrigeration at 20K is $297. Therefore the life-cycle

refrigeration cost of the warm MLI blanket is $1567, and
for the cold blanket is $195,

Shield Analysis. It has been implicitly assumed that the

thermal shields have no circumferential temperature
gradient. In fact, there will be a finite temperature
difference between the cryogenic fluid which cools the
shield, and the point on the shield most remote from the
coolant 1ine. The necessary shield thickness required to
keep *the temperature rise within an allowable range can
be determined by treating the shield as a fin subject to
a uniform heat flux. The concept is illustrated in
Figure 3.3-5, Along the shield circumference, the
temperature is described by the differential equation
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d 1 ] " .
‘a"f‘[“dx + e =0

dT7
dx ‘L

=0

T{o) = To

{(Variables are defined in Figure 3.3-4.) For temperature
ranges small enough that the thermal conductivity is
constant, the solution of the above predicts the shield
maximum temperature as

2

| ]
L
Tm * Te * gkt

The desired relation between the thickness of the shield

and the allowable circumferential temperature rise is
thus obtained.

- The BOK shield is made from 6063 aluminum, for which the
thermal conductivity at 80K is 2.3 w/cm-K. To keep the
temperature rise to less than 2K over the 75 cm half-
circumference, the required thickness is

(1.35x10" 1) (75)°

Lo ¢ Y 25T ¢

= 0834 cm (.033 in)

given an average heat flux of 1.35 x 1074 w/cmz (from the
blanket analysis above.

The 20K shield, for manufacturing reasons, is made from
304 stainless steel. At 20K, the thermal conductivity is
0173 w/em-K. The thermal constraint on minimum thick-
ness is, then

(2.69x10°%) (64.4)2
210N )

= 161 om (.063 in)

t =

for an average heat flux of 2.69 x 1076 w/cm? {blanket
analysis) and a maximum temperature rise of 2K.
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3.3.4.4

303 -405

"These thicknesses are thermal requirements only. Stress

analysis may show & thicker section {s required for
structural integrity.

Shield Supports. At the time of the analysis the shield

supports are only conceptually defined. Only a rough
estimate of the heat leak can be made. The area 1is
estimated by scaling the required G-10 cold mass support
area by the ratio of the weight of the shields to the
weight of the cold mass. ﬁfan Section 2.0, the total
G-10 support area is 42.2 cm~, which supports the 17000
1bm cold mass. The 80K shield weighs approximately 400
1bm and the 10K shield weighs about 1000 1bm. The shield
supports must be capable of supporting both shields at
once, so the total required area is

400 + 1000 2

The average gap between shields is estimated at 3.8 cm,
The conduction heat leak to the 80K shield is

0 bogoh  (1.35 wem)(3.5 and)
80 L I8

L]

1.24 W

Similarly, the heat leak to the 10K shield through the
standoffs is

=
-

e, A
_ o Beh  (195)(3.5)
Q0 ) 3.8 -180 W

Thermal Intercepts. It was also implicitly assumed that

the thermal intercepts on the support struts were 100
percent effective, which is not the case in reality.
There will be some contact resistance between the strut
and the intercept, and between the intercept and the
cryogen thermal sink on the shield. The net effect is
that the support is subjected to a higher intercept
temperature and will have higher heat load as a result.
The locations of the intercepts can be adjusted somewhat
to account for the added resistance, and the design of
the intercept can be adjusted to improve the efficiency.
The analysis approach is to treat the finite length of
the support in contact with the intercept as a fin with
boundary conditions at each end relating the end temper-
ature to the end heat fluxes. This is an analysis task
which 1is straightforward but tedious and must be
addressed during a detailed design phase.
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3.3.5 SUMMARY. The cost of refrigeration at various temperatures has
been developed for the SSC to support the various trade studies
that have been done for this preliminary design study, and to
provide a rational means of choosing among alternatives, MNominal
costs are $1774/watt of heat leak to 4,5K, SBSI/watt of heat leak
to 20K, and $58 of heat leak to 80K.

These costs were used to evaluate the thermal performance of
several cold-mass support concepts. They were also used to
optimize the location of the thermal intercepts on the supports,

and to determine the optimum number of layers of reflectors for
use in the MLI blankets.

The heat leak for the cold-mass supports, the MLI, and the shield
supports were computed for the baseline design. The results have
been summarized in Table 3,3-3. The totals are .178 W/magnet at
4 5K, 3 W/magnet at 10K, and 56,0 W/magnet at 80K. The format of
the table has been taken from the FNAL Reference D Design Criteria
Document (Reference 1.0-1). Life-cycle refrigeration costs are
included to provide a basis for comparison with alternative
designs. For this baseline design, the refrigeration costs are
higher than what is established by the heat leak budget, but this

must be weighed against the manufacturing costs of any alternative
designs.
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3.4 EDDY CURRENTS ANALYSIS. Eddy currents are induced in conducting compo-
nents due to magnet fast discharge following a quench. Components which
are primarily affected by the eddy currents are the thermal radiation
shields. Eddy currents are calculated in this report for design purposes
using two different analytical models. First, the case of having a
shield of a given width and infinite length is considered to determine
eddy currents upper limit. A computer program has also been developed to

determine eddy currents for a two-dimensional surface subject to applied
field given as B(x,y,a).

3.4,1 INFINITELY LONG CONDUCTING PLATE. For a shield of a width as
shown in Figure 3.4-1 and subject to magnetic B we have

Bx
E f o (3.4-1)

where E is the electric field and B is the rate of field change
with respect to time,

Equation 3.4-1 gives the current distribution as

J = _%_ (3.4-2)

The above analysis is valid as long as the field produced by
the eddy current is small compared to the applied field.

Assuming that the field component normal to the shield is given by
Bx = B¢ cos a x (3.4-3)

gives the current density J as

= ..BS
J o2 sin a x (3.4-4)
Note that a = —%— , where D is the diameter and thus J is
given by
B D
= 0 s 2x
J -2-5—-' sin ( D) | (3.4-5)



3.4.2

Radial and tangential forces can be calculated as

BB ¢ ‘
- «. _00 ol 2%
FP B sin 8 tJ -—-'-2-5—"- gin T (3.4-6)

where t is the shield thickness and

é B .t cos (2x/D)
o0 2
Fo = B cos 8tJ = - T sin g" (3.4-7)

Note that the radial forces are acting inward as the magnet is
being discharged. The tangential forces are pulling away from the

centerline, The maximum radial force on the two thermal shields
is given in Table 3.4-1:

Table 3.4-1, Maximum Possible Radial Pressure
on Thermal Shields

Maximum Prsssure

{N/m°)
Resistivity B=1.0T/s, B =20.1T/s
Shield Material uid/m B=0.1T7 B=0.05T7
1020k St. Stl. 0.5 1064 55.2
80K Al 0.03 17733 886 .6

High pressures will thus be induced in the 80K shield & 3.8 psi)
if fast discharges occur, For the present design the discharge

rate is given in the last column and the calculated magnetic
pressure is negligible.

EDDY CURRENT IN TWO-DIMENSIONAL SURFACES. For a two-dimensional

surface subject to applied field we have

‘_}:__ - dB (3»4"8)
o ™ T

Again assuming that the field produced by the surface current is
negligible (dB/dt) can be taken as the applied field rate of
change with time. The above equation is used for the numerical
calculation, where Kirchoff's Law is used., The surface is divided
into a grid as shown in Figure 3.4-2 and thus we have
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3.4.3

J(1,J)

L]

(B AxAY + J(i-1,0) Ry_;

+ J(1+1,0) Ry, 4+ 9(i,d-1) Ry ,9-1
F O Ry 5018 Ry g Risy
PR, Riged (3.4-9)

An IBM computer program was used to calculate the current distri-
bution in the shield using the above equation. Using the program
for the case of having shield slots 15 inches apart, the maximum
pressure given in Table 3.4-1 for the different shields:

Table 3.4-2. Maximum Radial Pressure on Thermal Shields
(with Radial Slots)

Maximum Pressure

{(N/m™)
Resistivity B =1.0T/s, B =0.1T/s
Shield Material uid/m B=0.17 B =007
10-20K  St. Sti1, 0.5 2500 125
80K Al 0.03 41667 2083

It can also be shown that the maximum pressure is proportional to

the square of spacing and lower pressure can be obtained by
further reducing the spacing.

DISCUSSION. The magnet discharge rate of 0.1 T/s and external

field of 0.05T7 result in magnetic pressure which can be easily

tolerated in the thermal shields design. Higher dB/dt and B may
require having slots in the shields. The slots, however, cannot
be made along the entire circumference of the shield. As long as
the length of the part connecting the shield segments, which is
left after slotting, is small as compared to the slot spacing, the
current will be the same as predicted for a finite rectangle. If
the connecting parts are equal to the spacing, the infinite length
analysis can be used to determine the effect of the width, Shorter
spacing will not be as effective in this case.

3-61



i, J¢1
®
?
AY ® ® ®
} i-1,4 41,4
&
i ’J-]

Figure 3.4-2,

Two-Dimensional Surface for
Eddy Current Calculations

3-63



3.4.2

Radial and tangential forces can be calculated as

BB t ,
“F.=Bsin 0t = - “‘Q‘z%“ sin’ —%5- : (3.4-6)

where t is the shield thickness and

é B_t cos (2x/D)
= 2 = o O 2 Wz x
Fe B cos 8t 75 sin 5 (3.4-7)

Note that the radial forces are acting inward as the magnet is
being discharged. The tangential forces are pulling away from the

centerline. The maximum radial force on the two thermal shields
is given in Table 3.4-1:

Table 3.4-1, Maximum Possible Radial Pressure
on Thermal Shields

Haximum Prsssure
)

(N/m
Resistivity B=1.0T/s, B=20.1T/s
Shield Material uQ/m B=0.1T7 B=005T7
10-20K  St. Sti. 0.5 1064 55.2
80K Al 0.03 17733 886 .6

High pressures will thus be induced in the 80K shield & 3.8 psi)
if fast discharges occur. For the present design the discharge
rate is given in the last column and the calculated magnetic
pressure is negligible.

EDDY CURRENT IN TWO-DIMENSIONAL SURFACES, For a two-dimensional

surface subject to applied field we have

1 . _dB (3.4-8)
5 Ixd -

Again assuming that the field produced by the surface current is
negligible (dB/dt) can be taken as the applied field rate of
change with time. The above equation is used for the numerical
calculation, where Kirchoff's Law is used. The surface is divided
into a grid as shown in Figure 3.4-2 and thus we have
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3.5.1.3

3.5.1.4

suitable for cryogenic service include solid-solution-
strengthened 5000-series alloys and the precipitation-
hardened 6000-series and 2000-series alloys., Preferred
alloys are: (i) A1-4,5 Mg (5083), a weldable alloy
generally used in the annealed condition; (ii) Al-1.0
Mg-0.61 -Si (6061), a versatile alloy available in a
variety of product forms and heat-treatments; and (iii)
A1-6 Cu (2219), a high strength alloy used in the pre-
cipitation-hardened condition.

Fepritic Fe-Ni Steels, The nickel steels have a pre-

dominantly Dbody-centered-cubic crystal structure and
consequently undergo a ductile to brittle transition as
the temperature is reduced., The transition temperature
decreases with increasing nickel content and may be
further reduced by special heat treatments. Of the
commercially available steels suitable for cryogenic
service (minimum service temperature 77K), are alloys
with 5,5 Ni and 9 Ni. A 12 percent Ni family and a 13
percent Ni family of experimental alloys have been
developed for service below 4K. This has been achieved
by reducing the grain size by special thermal cyclings.
High purity components have been used to reduce the
interstitial content and, in addition, Nb, Ti, or V are
added to serve as a getter for interstitials as well as a
grain refiner. These alloys are not available in com-
mercial quantities. The welding of nickel steels is
complicated by the fact that the low-temperature tough-
ness of the base material is achieved, in a large part,
by thermal treatments. Nickel-based austenitic weld
filler metal is used to ensure satisfactory toughness in
the as-deposited weld. The tensile properties of the
nickel base weld metals are generally lower than the
base-metal properties, The fracture toughness of the
heat-effected zone (HAZ) tends to be lower than that of
base metal or the weld metal., Ferritic Fe-Ni steels are

magnetic and need protective coatings for corrosion
protection.

Titanium Alloys. Titanium alloys are not generally

preferred for cryogenic applications. Their use is
Timited to applications where the strength/weight ratio
is of primary concern. Two alloys of titanium, Ti-5A%1-
2.5 Sn (an alpha alloy) and Ti-6A1-4V (an alpha-beta
alloy) have been used, To improve ductility and tough-
ness at low temperatures, extra-low interstitial (ELI)
grades are specified and the alloys are used in the
annealed condition. Even with these improvements, they
are not considered candidates for applications where
satisfactory performance can be obtained with austenitic
stainless steels, nickel steels, or aluminum alloys.

They are considerably more expensive than the previous
materials,
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Table 5.3-1, Structural Material Selection for LBL Cryostat

Component Material Specification
1. Vacuum Vessel Al 6061-T6 QQ-A250/11E
2. 80K Radiation Shield Al 60U61-T6 QQ-A250/11E
3. Al 6061-T6 QQ-A200/16A

9.

LN, Tubes for 80K
shield

20K Radiation Shield
LHe Tubes

Side and Vertical
Struts

Fittings for Struts
a) Cold Mass Side

b) Vacuum Vessel Side
Bolts and nuts

Insulation Standoffs
and Supporting Blocks
for LHe Tubes

Steel Type 304L-CRES
Steel Type 304L-CRES

Titanium-6 Al-4V EL1I

Steel Type 304L-CRES
Al 6061-T6

Steel A-286

Fiberglass-Epoxy
G-10CR

ASTM A240-84a

ASTM A269-84c

MIL-T-81556 A

ASTM A276-84
QQ-A200/16A

NAS 6308 & 6310

ASTM D709-82
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3.5 MATERIALS AND PROCESSES

3'5-1

INTRODUCTION. One of the major considerations and an important

guiding factor in the selection of structural materials for the
LBL cryostat, has been to identify the materials with the lowest
cost consistent with the materials properties requirements for the
application. We have considered and evaluated the major struc-
tural alloys that have been used in commercial quantities for

cryogenic applications. As a class or group, these alloys fall
into the following categories:

0 Austenitic stainliess steels
0 Aluminum alloys
0 Ferritic Fe-Ni steels

o} Titanium alloys

Before going into the specific criteria used in the final selec-
tion of materials, characteristics pertinent to this application
are briefly described for each of the alloy groups.

3.5.1.1 Austenitic Stainless Steels., Austenitic stainless steels
are Fe-Cr alloys with sufficient (8 to 24 percent} nickel
and manganese and sometimes nitrogen to stabilize the
austenitic (face-centered-cubic f.c.c.) phase. Chromium
(16 to 20 percent) provides corrosion resistance. The
most typical austenitic steels are variations of 18 Cr-9
Ni alloys. Some of these alloys (type 304L/316L}) have
been widely used in a variety of cryogenic applications.
Low-carbon grade alloys have better weldability. Austen-
itic stainless steels have excellent fracture toughness
down to 4K, a nonmagnetic behavior, are readily avail-
able, have ease of fabrication, weldments that are as
strong and tough as base metal, good service experience,
and design code coverage, They are more expensive and
have lower yield strength than ferritic Fe-Ni steels and
aluminum alloys. Their machinability is poorer than that
for aluminum alloys. However, precipitation-hardened
austenitic grade steels (like A-286) are high-strength

alloys and have been considered as the material choice
for nuts and bolts,

3.5.1.2 Aluminum Alloys. Aluminum alloys have a face-centered-
cubic crystal structure., They retain their strength,
ductility, and toughness at cryogenic temperatures. They
have 1low density, nonmagnetic properties, excellent
machining, forming and forging characteristics. Disad-
vantages are low strength in weldments, low elastic
modulus, and high thermal expansion, Aluminum alloys
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3.6-4

3.6.5

The shield supports/standoffs can be economically manufactured by
more than one method. The predesign concept shows an epoxy/
fiberglass shape from a pultrusion or extrusion, subsequently
router profiled to develop the develop the standoffs., Depending
on final spacing, individual injection moldings might be more
economical, The standoffs are installed at the shield subassembly
level, thereby reducing labor at the final assembly station.

FLUID LINES., Subassembly of the cryogenic fluid transport lines

can be accomplished using state-of-the-art techniques. Tubing can
be joined into the required lengths using automatic orbital arc
welding equipment, followed by thermal shocking and leak testing.
The grouping of the helium lines within the cryostat has been
developed in such a way that the four lines, with their common
support blocks, can be subassembled and then attached to the cold
mass either before or after it is located in the lower vacuum
vessel,

MULTILAYER INSULATION. The multilayer insulation (MLI) is a very

producible material that will undoubtedly be produced by a spe-
cialty house and delivered in “ready-to-install" blankets. Our
experience on other magnet programs has provided a number of
options for low heat leak and economical joining and fastening
methods. The cryostat assembly sequence has been established so
that there will be one longitudinal splice in each blanket, near
the top of the magnet. Circumferential splices will be located
based on handling considerations and other economic factors.

VACUUM VESSEL AND FINAL ASSEMBLY. The vacuum vessel, from a

producibility point of view, is one of the most straightforward
fabrication tasks on the cryostat assembly. Cost studies, as
summarized in Table 3.6-1, have been made with respect to the
vessel material, comparing structural steel, stainless steel, and
aluminum, and the basic material cost is indeed a significant cost
driver. However, the basic fabrication processes are the same
regardless of the choice, and the fabrication costs are not
expected to vary widely due to material. The vessel halves are
roll-formed and weld back-up bars are tack welded in place. The
cylindrical extensions for the support struts are welded to the
Tower half of the vacuum vessel at the subassembly level,

At the final-assembly station, the half of the vacuum vessel,
together with precision tooling at the four support locations,
becomes the assembly jig. The vertical support strut clevises are
precisely located, with the struts pinned to them, and are welded
to the tubular extensions. The MLI, lower thermal-shield halves,
and the-cold-mass assembly are sequentially lowered into position,
The tooling accurately establishes the location of the cold mass
with respect to the base, and the cold ends of the struts are
drilled and pinned in place. With the cryogenic plumbing in-
stalled, the upper thermal shields and MLI are installed. Finally,

the upper half of the vacuum vessel is positioned and welded in
place with automatic GMAW welding.
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3:5.2 SPECIFIC CRITERIA USED IN SELECTION QF MATERIALS., Having des-
cribed the cryogenic characteristics of the four classes of
alloys, we decided to leave the ferritic Fe-Ni steels for further
consideration, The reasons are the following: The less-expensive
commercially available, low Ni alloys undergo a ductile-to-brittle
transition as the temperature is reduced, Even if these alloys
are used in the outer vacuum vessel structure, which in normal
service is not exposed to cryogenic temperatures, there will
always be a potential risk of a brittle fracture in the event of a
cryogen spill from inside of the vacuum vessel. The high nickel
and specially processed experimental alloys having ductile-to-
brittle transition temperature below 4K will cost more and this
would offset the cost advantage the low nickel alloys have over
austenitic stainless steels or the aluminum alloys. The addi-
tional cost of protecting their surface from corrosion also works
against the selection of ferritic nickel steels for this
application,

The following specific criteria were used in the selection of
structural materials for the LBL cryostat:

0 Excellent mechanical and physical properties at room and
¢ryogenic temperatures,

0 Large data base and ASME specification coverage.

o Reliability established by service history.

(o] Proven fabrication methods and processes.

0 Availability in required shapes and sizes,

0 Previous team member design and fabrication experience,
0 And, finally, the cost.

Based on these considerations, the list of structural materials
chosen for the major components of the LBL cryostat and their
specifications are shown in Table 5.3-1.

As can be seen from an examination of this table, the structure
material selected are either austenitic stainless steel type 304L
or Aluminum 6061-T6. Both of these materials meet the require-
ments of the criteria mentioned above. The bottom line has been
the cost. Selection of Ti-6A1-4V ELI for the vertical support
struts is a very special case. This choice has been influenced
largely by the superior creep properties combined with low thermal
conductivity and higher yield strength of the titanium alloy. The
design allowables for all these alloys are given in MIL-HDBK-V,
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4.1

4.2

4.3

4.0
CONCLUSIONS AND RECOMMENDATIONS

STRUCTURAL ANALYSIS. ~ The beneficial aspects of the SSC structural
design include: (1) In order to minimize the required bellows length,
the material used in the bellows is specified to be Inconel 625 instead
of 304 stainless steel, (2) The use of Al 6061-T6 to fabricate the
vacuum vessel. In case of the loss-of-coolant faulted event, the
aluminum alloys do not exhibit a marked transition in fracture

resistance as does carbon steel. (3) The use of titanium struts which
exhibit high strength and relatively low conductivity.

A development progfam for testing an alternate low heat leak support
should be implemented. Fiberglass/epoxy composite struts should be
considered and tested to investigate the creep characteristics of the

fiberglass. Compression and tension tests should also be run to provide
the mechanical properties.

THERMODYNAMIC ANALYSIS. An algorithm to determine cost of refrigeration
has been deveioped for the SSC to support the various trade studies that
have been done for this preliminary design study. Refrigeration costs
were developed to evaluate the thermal performance of several cold-mass
support concepts, The locations of the thermal intercepts on the
supports were optimized with respect to refrigeration costs, as were the
number of layers of reflectors in the MLI blankets. The heat leak of
the cold-mass supports and the MLI was computed for the baseline design.
The refrigeration costs are higher than what is established by the heat

teak budget, but this must be weighed against the manufacturing costs of
any alternative designs.

One area of fruitful development work is MLI performance and cost
improvement, MLI blanket designs developed for spaceflight applications
accommodate a weight penalty that does not exist for the SSC. It is

probable that heat leak and/or cost reductions can be realized by
investigating heavier designs.

MANUFACTURING/PRODUCIBILITY. All elements of the cryostat assembly have
been examined for producibility. As the conceptual design evolved, each
part and assembly was considered from a cost effectiveness standpoint,
both in fabrication of the detail parts and in the related effects on
the overall assembly sequence. Many changes resulted from these
considerations and are reflected in the preliminary design shown in this
report. Many more produciblity refinements can, and should, be made as
the design is solidified. One development project that would be most
beneficial in improving producibilty would be the construction of two
full-size mock-ups, one of the cold-mass support area, and one of the
magnet interconnect region. This would give early visibility to the
effect of spatial contraints of design of the parts in these areas.
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3.6 PRODUCIBILITY ANALYSIS

A key consideration in the selection of a design concept is its analysis
from a producibility standpoint. This is especially true when the number
of units to be produced is relatively large, as is the case with the
cryostat assembly. Qur objective was, once all design parameters were
set, to examine alternate fabrication and assembly methods in order to
arrive at the most cost-effective and straightforward approach, One
aspect of the objective, due to the relatively high production rates
dictated by the schedule, is to incorporate features into detailed parts

and subassemblies that will minimize tasks in the final assembly of the
cryostat.

3.6.1. COLD-MASS SUPPORTS., Some of the producibility considerations
contributing to the selection of the baseline support system are
discussed in Section 2.0 of this report. Once the baseline
support concept of titanium compression struts was selected,
additional efforts were made to optimize the design from a
producibility standpoint.

The struts were originally conceived with adjustable rod-end
bearings. It was quickly recognized that more sophisticated
tooling to control cold-mass location could eliminate the high
recurring cost of the adjustable rod ends. Efforts were then made
to reduce the amount of machining required for the fixed rod ends.
Castings appear attractive, but consideration has been deferred
until fracture toughness data at this temperature can be fully
evaluated. The most cost-effective approach at this time appears
to be a simple blade welded into the slotted titanium tube.

The clevis fittings into which the rod ends are pinned were also
studied from a fabricability standpoint. Again, casting will be
considered, at least for the room-temperature aluminum fittings on
the vacuum vessel.

3.6.2 THERMAL RADIATION SHIELDS., Both of the radiation shields are
fairly straightforward from a producibility standpoint. The CRES
20K shield and the aluminum 80K shield are both made in halves
using the same basic processes: slots are punched in the flat,
semicylinders which are formed and welded circumferentially to the
required lengths.

Longitudinal welding of the 20K shield is accomplished with

automatic Gas Metal-Arc Welding (GMAW) and is facilitated by a

back=-up bar tack welded to one of the shield halves. The longi-

tudinal joint in the 80K shield is simplified by an extruded shape

incorporating the LNg line. The shape is welded to each half of
s

the shield as a subaSsembly; only tack welding is required at the
final assembly station.
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Table 3.6-1.

Vacuum-Vessel Material Cost Comparison

3 . $/Lb ‘
Lbs/In T (R.OM.) Lbs/Unit $/Unit
304L CRES +290 250" 1.08 3021 3172
6061-T6 Alum .098 313" 1.87 1278 2390
Mild Steel .283 250" 0.22 2948 ! 649
| |
] ¥
Savings on 7,740 Units: Alum, vs. CRES == § 6.1M
Steel vs. CRES -- §19.5M
Forming -  Comparable
Welding - Comparable
Finishing - Comparable
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ULD FOR USAGE LIST REQUIREMENTS REQUIREMENTS
GR ENGR CONVAIR DIVISION OF GENERAL DYNAMICS
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PROD. ENGR 4=
) S SIZE | CODE IDENT |DRAWING NO. *
e A | 14170 ['SSC 850327

PACKAG

SCALE NONE |REL SHEET / OF [

f‘ }DOC {DiSTR 'FGRM 6522
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APPENDIX B

EDDY CURRENT DURING
MAGNET DISCHARGE

Report Number SSC-LBL-306-RWB
1 May 1985
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B.1

B.2

INTRODUCTION. Eddy current analysis is presented in this report in
Section 3 and this appendix contains the listing, a sample of data
input and a sample of data output. The analysis is based on the
assumption that shield self-field is negligible to the magnet exter-

nal field.
PROGRAM LISTING.

10 CLS

20 DI B(S0,50) ,CURI(DB0,50) SAFE (S0 ,30)
30 DIN KURH{DS0,350) (KURV(30,50)
40 REM read plate width and length

50 HEADS=" I NPUY paTaAa -
&0 PRINT:PRINT:PRINTIPRINT

70 HEADI S Enter Bhield Width =

80 HEADZS=" Enter Bhield Length =

20 HEADAS=" Enter Shield Diameter =

100 HEADSS$=" ENTER BHIELD THICKNESS =©

110 HEADLS=™ Enter Shield Resistivitys~

120 PRINT MEAD1$;: INPUT® " WEDTH

130 PRINT HEAD2%;3: INPUT"“;LENTH

140 PRINT HEAD4S$;: INPUT“"; DIAMETER

150 PRINT HEADSS;: INPUT"“3 THICK

160 PRINT HEAD&S;: INPUT"“3;RESIS

170 INPUT*"; DUMMYS

180 READ BA

190 REM READ NUMBER OF GRIDS

200 CLS

210 HEADER$= - *  x y J(x)

220 PRINT HEADERSS

230 LPRINT HEADERSS

240 PRINT

250 READ MW,ML: DW=WEDTH/MW: DL=LENTH/ML

260 RW=DW*RESIS/DL/THICK : RL=DL*»RESIS/DW/THICY
270 READ ERRR

280 FOR I=i TO MW:FOR J=1 TO ML:GOSUE 830:E(1,J)=DLsDWeEE
290 SAFE(I,J)=1

300 NEXT JLNEXT I

310 REM

T20 CUR(L,11=(B(1,1}+CUR(1,2) sRWCUR(Z,17#RL) 7 (1. SeRL+1. SaRW)

I3C FOR [=2 TO MW-1
I40
IEC NEUT I
I60
Z70 FOR J=2 TO ML-1
380
I90 FOR 1=2 TO MW-1
{0
LerL+ZaRW)
410 NEXT 1

Ru)
430 NEXT J

Jlys Fr

Ftheta

CUR(I, D =(B(I,D+CUR(I+1,1) #RL*CUR(I~1,1) #RL+CUR(I ,2) #RW) / (1. SeRW+2&RL)
CUR (M, 1) = (B (MW, 1) +CUR (MW, 2) *RW+CUR (MW=1 , 1) RW) / (1. S#RL+1. S#RW)

CUR(L J1=(B(],J)+CUR(Z,J)2RL4CUR (1 {J- 1) sRW+CUR (1 (J+ 1) *RW} /{1 . GeRL+2#RW)

440 CUR(L MLI=(B(1 MLY+CUR(] ,ML-1)eRL+-CUR (2, ML) =RW) / (1.5eRL+1.52RM)

450 FOR 1=2 TO MW-1

L
470 NEXT 1

480 CUR(MW ML) = (B (MW ML) *CUR (FMW~1 , ML) sRLSCUR (MW, ML~ 1) eRW) / (1., SeRW+ 1. SeRL)

490 SUM=0

B-2

Fz*™

CURCL > =(B(] JI+CUR(I-1,J) eRWSCUR(I+1 ,J) «RW+CURC(I (J-1) 2RL+CURC(I , J+ 1) =RL) /7

420 CURMMW JIi=(B (MW, J)+CUR (MW-1,J) sRW+CUR (MKW J~ 1) *RL+CUR (Ml J* 1} 8RL) / (1 . SeRL+2¢

460 CUR(I MLY=(BII MO +CURII+1 ML) 2RL-CUR(I-1 FMLISRLSCUR(] ML-1)2RW) / (1. SeRW+2s



B.3

S80
S90

FOR 1=1 TO MW:FOR J=1 TO WML

SUMSSUMe (CUR LT ,J) ~SAFE (1,31 1 21 SAFE L] (J1=CUR(T  J)
NEXT 3

NEXT I

SUM=SOR (SUM/ MW /ML)

1F SUM > ERRR BOTD 310

REM shield currents

FOR I=1 TO

KURV(L, 13=CURCE, 1) s NEXT I

FOR Ie=i TO MUTKLRMOL, Drscun{l, D eNEXT 1

6600 FOR J=0 YO W

&i0
&20
&30
&40
&350
660
&70
&80
&90
FO0
710
720
730
740
T30
7H0
770

FOR 1=i TO MM .

KURV (1 ,J+1) sCUR(L ,J 1) -CUR (T (J)

NEXT I

NEXT J

FOR J=i TO ML

FOR I1=0 TO M

KURM (141 ,J)=CUR(T1+1,J) =CURCE ,J)

NEXT 1

NEXT J

FOR J=i TO ML+l

X= (J-1)eDL

ANGEL =, Se {, SeLENTH-ARS (J~. 5eML) #DL) /DIAMETER
BR=BASCOS (ANGEL )t BTH=BA®SIN (ANGEL )

FOR I=1 TO MW+

Yu (I=-1)DW

FR=BTHEKURV (1,J) s FTHETA=BReKURV (1 (J) s FI=BReKURH (1 ,J)
PRINT USING™ #8.8%8 ##. W8  WEESRE. B8  SREREE, 88 BREE. 68

$ X, Y KURKH (1,31 ,KURV (T ,J) FR,FTHETA,F2

780

£
ER

70
800
810
gzo
80
B840
850

LPRINT USING” S®8.84 %8, 8%  GHAR0E. 68  SEBENE. 68 SR8, 88
Y KURHCI,J) KURV (T ,J) ,FR,FTHETA,F2

NEXT I

PRINT

NEXT J

END

ANGEL=. S (, S#LENTH-AES (J~. S+ML) #DL) /DI AMETER

BE=EA«COS (ANGEL !

RETURN

DATA INPUT SAMPLE.

Enter Shield Widin

Enter Shield Length
Enter Shield Diameter =7 .4
ENTER SHIELD THICENESS
Enter Shield Resistivity=? Se-7

% o

T & vk {;‘
-~

4 LI

IR

i

T LO0RS

REne. un

#Buve. a9

BuER. 8

nHRe, ¢



AN QUTPUT SAMPLE.

® v Jdixy J tyd Fr Fiheta Fa
Q. 0 0. 00 23.57 23.87 1.2 23.5% 23.8%
0.00 0,04 8.23 31.80 1.51 31.76 8.22
0.00 0. 08 S. &0 37,40 1.78 37.356 8. 60
Q.00 .11 5.51 40.91 1.94 40.86 3.50
G.00 0. 1% 1.70 &42.60 2.02 42.56 1.70
4. QO 0.19 0. 02 42,62 2,02 42.58 0.02
Q.00 .23 -1.66 40G.96 1.94 40.91 =1,66
.00 Q.27 -2, 4B 37.48 1.78 37.44 -3. 48
Q. Q0 .30 ~-%. 5% 31.89 1.51 31.8% -5 59
.00 0.4 -8.24 23. 6% 1,12 23. 62 -8.23
W 00 U 38 a3 65 Q. GG 3. 00 .00 -23. 62
we U4 0. 00 31.76 8.1% .78 8.15% 21,62
e OR .04 11.42 11.28 1.08 11.37 11,37
[ENY 2 0. 08 7.8% 12,67 1,30 13.61 7.86
w04 .11 4. 97 15.14 1.44 15.07 4.95
Q.08 0. 15 2. 42 15,86 1.50 15.79 2.41
O, U8 D. 19 D03 15,87 1.51 15.80 0.02
e U4 0. 23 Lo o7 1S. 16 1.44 15.10 -2 36
Do 1) V.27 -4 .54 13.71 1.30 13.64 -4, 92
.04 Q.30 -7.88 11.42 1.08 11.57 -7.84
PP .34 -11.42 8.22 0,78 8.1% -11.38
e d 0. 38 -21.87 e O G LD Q. O -31.72
D08 Q.00 5. 54 .79 . &7 56.97
. uB . U4 15,70 7.8 1.1 7.74 13.56
B. 08 0. 08 5. 59 9.52 1.35 F.42 9. 4%
0, 08 Q.11 &. 0% 1G. 02 1.51 10.50 6. 03
e 08 0. 15 2.57 11.19 1.8% 11.07 2. %4
0. 0B Q.19 Lo U 11.1% 1.59 11.08 0. 02
Q.08 U. 23 -2.91 10,65 1.51 10.54 -2, 86
.08 Q.27 =&, 05 9.54 1.36 9.45 =T TG
.08 Q.30 -%,38 7.88 i.11 777 -9, 48
0. 08 Q.34 ~15.71 5. 56 0. 79 5.51 -13.58
Q.08 Q.38 -37. 44 0.00 .00 G.00 -37.06
0. 13 0.00 40,74 3. 44 0. 65 3.37 40.01
Q.11 0. 04 15.15 4.89 0.92 4.80 14.88
G. 13 0. 08 10,70 6. 00 1.13 5. 90 10. 83
.11 Q.11 &, 83 &6.7% 1.27 &. 63 &.71
.11 0C.15 3.34 7.12 1.34 &. 99 3.28
0,11 0. 19 Q.04 712 1.34 6. 99 ©.03
0.1% .23 -3, 28 b6.76 1.28 6.63 - ~3.22
Q.11 G 27 6. 79 6.02 1.14 5.91 ~&o 66
0. %1 0.30 -10.69% 4.91 .93 4.82 -10.49
G.11 Q.34 «315.47 3.43 0. 63 3.39 =~314,.90
Q.11 Q.38 &40, B89 0.00 0.00 0. 00 ~&0. 15
Q.15 Q.00 42. 40 1.66 0.39 t.62 41.21
0.1% Q.04 15.87 2.37 0.58 2. 31 15.42
Q.15 0. 08 1i1.26 2.92 Q. 69 Z2.84 10.94
0. 13 0.41 7. 20 3.30 0.78 3. 20 7. 00
0,15 Q.15 3.83 3.48 0.82 3.39 3.43
0.15 0. 19 C.04 3.48 0.82 3.39 0.04
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