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Abstract

As a part of the SSC maln
sagnet development progras, a
pagnet thermal model has been constructed and |ts
thermal performance opeasured. Presented are the
detalls of the cryostat design and the thermal model
construction experience and Its evaluation, The
methods for and the preliminary results of the
thermal performance seasuresents are presented and
compared with the predicted performance.

ring superconducting
full length dipole

Introduction

As a part of the S5 superconducting magnet
development program, a Series of full length dipole
nagnet models has been designed by BNL, Fermllab and
LBL, and s being constructeZ. As a precursor to the
construction of the actual wmagnet models, a full
length (17.5m) thermal model was bullt.

The objectives of the nermal model program were
te utilize and improve he cryostat production
facility and manufacturing procedures, to evaluate
the cryostat design froc a roduction standpoint, to
gain experience ln handling and transportati{on, and
to measure the heat leaks tc the thermal shields and
the cold maas.

The thermal aoodel is identical to magnet models
except that the cold xass assembly contains a
simulated collared coil assexbly, The c¢ryostat has
been instrumented to evaluate thermal and structural
performance. Included are temperature asensors to
wonitor cooldown, warsmup and steady state conditions
and strain gauges to monitor the performance of the
suspension system during onsite tranait, cooldown and
operation. Conatruction of the thermal model employs
the fabrication facility, procedures and the
components for the actual models.

Crycstat Cesign
The crycstat design has been described in detail

previously'*®* and thus only its major features are
presented herein.

The cryostat cross section

is as shown by

Fig. 1. The major elements are the cold mass

assembly, cryogeni¢ piping, thermal shields,

suspension systes, insulation, vacuum vessel and
interconnections.
Cold Mass Assembly

The cold mass assesbly conaists of the beam

tube, correction elewents, collared colls, laminated
iron yoke and cuter hellum contaimment shell joined
together to provide a leax-tight and structurally
rigid welded assembly. The helium contaimment shell
is the principal structural element and provides
rigidity between suspension points.

tOperated by Universitles Research Assn. Inc., under
contract with the U.5. Deparizent of Energy.
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Cryogenic Plping

The cryostat ccntagns all  piping that
Lnterconnects the wmagnet refrigeration systes
throughout the circumference of the ring. A system

consisting of five pipes was selected for cryogenic
and magnet safety reasons, The plpes are the cold
mass assembly, the helium fluid return and recooler
supply pipe, the hellum gas return plpe, the 20K

helium shield cooling pipe and the 80X 1liquid
nitrogen shield cooling pipe.
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Flgure 1. Dipole magnet cross sectlon at a suppor:

location.
Thermal Shields

Thermal shields maintained independently at 20
and 80K surround the cold mass assembly. The shields
absord the radiant heat flux and gprovide heat sink
stations for the suspension sysatem., The shields,

constrycted of alumimmm, are supported Dby and
thermally connected to the cold mass assambly
supports.

The liquid and gaseous helium return pipes are
supported fram the cold mass assembly by hangers.

Suspension System

The cold mass and shields are supported relative
to the vacuum vessel by the suspension system.® The
system functions under conditions that include
assembly, transportation and installation, magne:

cooldown and warmup, and magnet steady-state and
transient conditions.

The cold mass and shields are supported at [ive
points. The number and location of the support
points were determined by cold mass deflecticn and by
the need to ainimize the number of support points for
reasona of rabrication and heat leak.

The suaspension incorporates a reentrant type
pest support. The augport's insulating sections are
fiber reinforced plastic (FRP) tubing with metallic
connections and heat intercepts.

Junctions are made by shrink fitting. Control of
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{nternal thermal radlation
sultilayer insulation. A support sounted %o the cold
sass with shield thernal connéctions during
construction i3 as shown by Fig. 2.

1s 97 the uwse of

Figure 2, 1Installation of support assembly on cold
mass assembly. Cables provide sihermal linkage
between shields and support Intercept stations.

The support post 18 fixed at the warm é#nd and
incorporates a slide at the cold erd to allow ax‘al
differential contraction Dbetween the apid-3pan
anchored cold mass and vacuum vessel,

T3 permit the support to survive the lateral
handling loads withoul Incurring a severe operatioral
heat leak penalty, the support post (Ircorporates an
{ntegral, coaxial, removable ahipping reatraint.

Efficient thermal connections beiween the 20 and
80K intercepts and the shields are essential to
reduce heat leak. A 5K temperature rise at 30K and a
1K tecperature rise at 20K are budgeled.

The cryostat employs removable axial shipping
Testraints whith provide strong axial  connedtion
between the cold mass and the vacuum vessel,

Insulation

Insulation is installed on <he 20 and 80K
surfaces. The {insulation conasists of prefabricated
blankets of flat, reflective pradlation ahields of
aluminized polyester fila with mat spacers of
randomly oriented fiberglass. Each blanket contains
13 reflective layers and has a thickness of ~0.68ca.

One blanket {3 Installed on the 20K surface and four
are instalied on the 80X surface.

Vacuum Vessel

The vacuum vessel provides the insulating vacuum
space and the connection of the suspension system to
ground. Since the vessel has no magnetie
requirenents, candidate materlals we~e carbon steel,
stajnless steel, 9% nickel steel and aluminum.
Carbon steel was selected on the basis of cost.

Interconnections

Mechanical and #lectrical interconnections are
required at the magnet ends, It is esaential that
the connections be straightforward to assemble and
disasseable, compact and relfable. The
interccnnection design facilitates assemply and
disassenbly operations in the SSI tunnel. The
gecmetry permits the use of automated welding and

cutting equipment that is essentia’ for installation
efficlency and interconnection reliability.

Thermal Model Conatrustion

The cryostat thermal sodel 1s identical to an
actual sagnet wWith the following exceptiona:

+ The collared coil assembly {a s:mulated,

. The ends are configured for open cycle heat leak
asasursment,

Instrusentation s added for temperature and
strain measursment and for calidation.

The cold sass assembly durlng construction (s as
shown by Fig. 3.

Figure 3. Cold mass assembly duwring conatruction.
The simulated collared coil assembly is equipped with
temperature 3ensors and calibratior heaters.

The construction procedure involves parallel
construction of the interpal assexbly and the vacuum

vessel assembly followed by insertjon of the fnternal
assembly into the vacyuum vessel.

Internal Assembly

The cold mass asaemdly is lorszted on an assembly
station. The suspension system alide cradles with
attached support subassemdlies are installed as shown
by Fig. 2. The axial achor subassemd)ly and hellum
return linead are attached as shoun Py Fig, A, The 20
and 30K shields are installed in sections to the
support heat intercepta. The heat fonduction astraps
are connedted to the shields followed by the
insulation blankets. The ccomplete internal assembly
18 ready for insertion into the waciue vessel.

Vacuum Vessel Assembly

The vacuum vessel has preciz:=n mounting feet
which provide the aligmment o %he cold mass with
respect to the vacuum vessel. End rings to hold
ashipping restraints and reinforc:ing segments at the
support points are attached.

1nsertion

The completed vacuum assembly is t—ansferred to the
final assembly station and seczred. A allde and
winch system 13 used to pull the cold-3ass into the
vacuum vessel. Precision fixtu-e points together
with the precise location of the s:pport feet locate
the {nternal assembly relative tz <he vacuum vessel.



The cold a3 assembly (s bolted to the vacuum vessel
at the bottam of the Support posts and the support
poat shipping restralnts are {nstalled. The aagnet
is tnapected and the end axial shipping restralnis
ars installed., The completsd center section of the
thersal aodel 1s shown by Fig. 5.

Flgure 4. Mldspan support polnt with support poat and
anchor asseablfes, Helium return piping 18 1o the
bhackground.

Figure 5. The ccmpleted thermal model center section
being 1loaded [ror shipment to the heat leak
seasurement facility.

Conclusions

The construction of the thermal model progressed
smoothly using the "as designed™ components, tocling
and procedures, The assembly experience resultesd :'n
an improved understanding of the production process
as it would be applied to the construction of an
actual SSC dipole magnet. The major conclusions

resulting from the {nitlal production experience are
as follow:

. The constructlon of the wmodel was, at times,
impeded by complicated subassemblies, inadegoate
clearance between components, distortion due o
welding, ete., The design ia belng improves in

these areas with regard to functlon xd
produceability.

. The design lends itself to mass production:
- Components from a varlety of sources
- Subsystem preassembly and inapection -
- Subsystem iransfer between work stations
- Asseably, alignment and inspection with
apeclalized tooling

. High quality can be achieved with "as rocurec”
casponents, production assembly procecures and
toollng and production travelers.

The "slide \n" assembly method works well.

Thermal Perforaance Measurements

Test Method

The measurements were sade (n an open cyzle aoce
with 1lliquid heliun and liquid nitrogen supplied by
reservoirs at each end and the inner shield cooled by
aeans of an independent Thelium Jdewar. The
measurmtent system schematic Is shown by Fig. &.

Figure &§. Thermal model measurement schemati:.

The 80K heat leak was determined by pmsasuring
nitrogen boiloff,

The 20K heat leak was determined by measuring
the mass flow rate and temperature rise of 4 helium
gas flowing through the inner shield cooling pipe.

The 8.5 heat leak was determined b5y two
tethods; by measuring the helium boilof? and by
Beaswring the temperature rate of rise the
simulated cold maas.

The background heat leak to 80K of 23.7W, was
measured with the two end vessels connected together.
The background heat leak to 4.5 of 865w, was

measured with the lnner shield oooled with 5K liquis
helium,

The operation of the system with the exception
of the gas flowmeters, pressure gauges an? vacuum

monitors was monitored with an on line compuier based
data acquisition system.

Cooldown

Cooldown was gradual due to the opex cycle
nature of the apparatus and the low essures
egployed. The cold mass was cooled and filled with
ligquid nitrogen, evacuated and then fiiled vith
liquid helium, The total time required to *il the
¢old mass with 1iquid helium was 294 hrs.

The post bending loads due to different:zl anial
thermal contraction were low with the exception of
the downstrean end post which indicated a Zpad of
KBOON. The most probable cause for such a .oad Is a
nonoperational cold mass slide.



The ‘temperature distribution of the support
posts agreed well with that of an (dentical post
seasured in & heat leak 2easurement dewar.®

Random wsechanical noises occurred in the
cryostat during cooldown and through the entire
seasurement period which lasted several months. A
probable cause of such nolses is relative motlion
between the cold mass and/or shields and support
posts that result fros vacuum vessel motions due to

aodient temperature variations and/or settling of the
concrete test pad.

Predi{cted Heat Leaks

The predicted heat leaks to the B0 and 20K
shields and c¢old mass at the cryocstat design point:
1.e0., lnner shield at 20K, are given by Table 1. The
predictions were analytical in nature and in the case
of the supports were verified by measurement.™'®

Table 1. Thermal Model Predicted Heat Leak

Heat Leak to Temperature''?[w]
Heat Leak Component BOK 20K 4.5K

. Cold Mass Supporta 5.66 0.610 .065

. Cola Mass Anchor 0.83 o.M .015

. Thermal Radiation 16,47 1,982 .005

. Residual Cas 0.7 Q.11 003
Conduction

23.27 2.774% 0,128

1. For center section only.
2. With inner shield at 20K.

Results

The heat leak measurement data taking has been
recently completed and the Initial screening of the
data performed. Final screening and corrections are

underwvay and will be ctmplemented by an error
analysis.

The heat leak values are the results of many
data points taken over several geasurement runs. The
raw data has been screened on the basis of center
section thermal equilibrium time, end vessel
stabllity, transfer operations, etc. The resulits
were derived by averaging the screened data points.
The preliminary heat leak measurements are presented
in the following paragraphs,

Preliminary 80X Heat Leak Measurement

The preliminary 80K heat leak at the cryocstat
design point was 20.3W as compared to the predicted
23.3W. The preliminary 30X heat leak va lnner shield
temperature data is given by Figure 7. The predicted
BOK heat leak 1s plotted for reference.

Preliminary 20K Heat Leax Measurement

The preliminary 20K heat leak at the cryostat
design point was 4.98W as compared tg the predicted
2.7Td. The 20K preliminary heat leak vs inner shield
temperature data is given by Fig., 8, The predicted
20K heat leak is plotted¢ for reference.

An approximate corroboration of the 20K heat
leak aseasurement was provided by shield bwoilofr

deisuraments that occurred during the cold mass

"background™ seasursment, With the shield eooling
tube filled with liquid helium, the heat leak as
measured by bdofloff was 5,68 W, The Ddoilofr

BseAsuresent includes end effects.

The approximate factar of two difference In
measured over predicted heat laak (s falt to be due
to thersal shorts between the 80 and 20K systems and
by locally compressed insulation between the shields.
Shielc ad support teaperature sonitors {ndicate the
posaibility of shorts., The existence of such shorts
is bellevable due to close fits between the 80 and

20K components in cartain areas of the cryoatat croas
saction.
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Figure 7. Preliminary measured 80K heat leak vs lnner
shieid temperature,
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Figure B. Preliminary measured 20K heat leak vs inner
shield temperature.

Preliminary Cold Mass Heat Leak Measurements

The preliminary cold mass heat leak, by bolloff
at the cryostat design point vas 172mi as compared to
the predicted 128oW. The cold mass preliminary heat
leak w3 inner shield temperature is given by Fig. 9.
The precicted cold mass heat leak is plotted for
reference.

Az shown by Flgure 9, sizeable discrepancies
exist between the measured and predicted heat leaks
at seve—al experimental points, The factors that
contribute o these discrepancies are as follow:

+ The center section heat leak is small relative
To the balance of the apparatus; l.e., «172mpW



vs 86SmM, which results in an amplification of
effects that ocouwr In the end vessels,

. Thersal comsunication exiiats between the 20K
cooling clircult and the end vesssl helium
reservolrs.

. Lavel instabllity occurred occcasionally in the
end vessels which resulted in sloshing.
Sloshing adds anergy tc the lliguid. The
sloshing was wsast often assoclated with
changes in the 20K circuit operation.

. The predicted sensitivity to insulating vacuum
is high; 1.e., at the 20K systea operating
point, the residual gas (helium) conduction at
10-* torr 13 W3imi and at 10-' torr is 430um¥.
The measured insulating vacuum at the vacuum
veassl asidspan port ranged from 1.3 x 10-* to
2.9 x 10-* torr during the span of the
seasuresents. The location and installation
of the vacuum gauge was demonstrated Dby
seasurspents to not accurately relate changes
in the insulating vacuum that could correspond
to changes in the outgasing rate of the amiid
stesl vacuun veasel as a result of changes of
asblent temperature, The vacuum was not
monitored frequently during meat of the data
taking.
Varlations in aisospheric pressure result in
temperature changes of the 1ligquid which
influence the apparent heat leak. Atmospheric
pressure was not sonitored frequently during
most of the data taking. The end to end cold
mass temperatre varlations during running
were character:stiically :30mK.

.
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Figure 9. Prelisinary measured cold mass heat
leak va {nner shield temperature.

Calibration heaters on the aimulated collared
coll assesbly were employed to evaluate the accuracy
af the measureament of the heat leak to the cold mass,
The heaters were energlzed with the inner shield at
=20K. The measured hea: leak increases corresponding
to heater power levels of 200mé and 3984 were 197mW
and 376oW, respectively.

The cold mass Heat Jeak measurement ocan be
improved in several wvays:
. Reduce backgramd by using low heat leak end
vessels,
. Reduce the t-ermal communication between the
20 and 4.5K circults In the end vessels,
. lncrease throughpyt to the vacuum space,
{mprove vacum and pressure mounting, and
revise data acquisition protocol.
Measure the heat leak of a string of
magnets,

.

The measuremert of the cold mass heat leak by
the temperature rate of rise method resalns to be
done.

Conclusions

. The cryostat oomponenta, with the probable
exception of the cold sass slides, performed
vell during cooldown and steady state
operation. The <¢old mass slides have been
{aproved far subsequent Bodels a3 a result of
this sxperience.

. The sesasureaent sethods for 80 and 20K  are
appropriata.

. With the sxception of 20K, the wmeasured heat
leaks were within Ddudget. The model's
tampersture aonitors indicated possibdle shorts
between the 20 and 80K systems. These shorts
ars associated with close fits in certain
areas of the shield assembllies which compreas
the insulation and could cause direct contact
between 20 and B0K components. Theses
conditions are being improved In sudsequent
nodels.

. The measurement of the cold mass heat leak by
boiloff aethods for a single cryostat was
difficult due to its amall sagnitude {172mW)
as compared to the large background heat leak
(865mW) asscciated with the end vessels, etc,

. The thersal weasurements Indicate that the
superconducting msagnets for the SSC can be
bullt within the heat leak budgets as required
by refrigeration system capital and operating
costs of the accelerator.
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