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Report of the "Second Workshop on Testing
of SSC Magnet Cryogenic Performance"

Quan Sheng Shu, Scott Peck, and Donald Franks
Held at GD/San Diego, June 29, 1992

A second workshop on testing of the SSC CDM cryogenic performance was held at
General Dynamics in San Diego on 6/29/92. There were 12 participants from SSCL,
FNAL, GD, and BNL. Attendees included Bill Boroski, Moises Kuchnir, and Peter
Mazur (FNAL), Margareta Rehak (BNL), and Quan-Sheng Shu, Adnan Yucel, Igor
Syromyatnikov, John Weisend, Bob Smellie, Jon Simmons, Phil Kraushaar and Don
Franks (all from SSCL). Nine presentations were made to review relevant development
plans and calculations related to the thermal performance of the CDM cryostats. Three
other presentations on cross-flow cooling calculations were made. An open discussion of
issues related to a string test of GD prototype magnets was held, followed by a working
group meeting. The working group proposed that a string test be pursued, with a parallel
effort to define a heat leak test facility that might emulate a string test. We also recommend
that Accelerator cryogenics develop tolerance bands on magnet heat leaks as a first step
towards quantifying an acceptable sample size of magnets tested for heat leak.

Review of the P [ the Works} i

(1) Review the progress in plans, calculations and R&D test results of the magnet
cryogenic performance and the cryogenic test instrumentation since the first workshop in
Feb '92. (Our discussion all dealt with testing of the GD CDM Production design. We
have not addressed any plan for CQM testing. This CQM testing may turn out to be quite
different from that for the CDMs.)

(2) Discuss the status of ASST at SSCL and the GD Master Test Plan

(3) Discuss the work on magnet cross-flow cooling calculations and experiments and the
issues related to possible String Tests of GD prototype magnets.

Brief S f the Workshop P .

Scott Peck of General Dynamics opened the meeting with a presentation of the GD
approach to assuring the thermal performance of the CDM cryostats. The approach
consists of a combination of analysis, test, and process control at the individual component
level and at the cryostat assembly level. The point was made that thermal performance
assurance consists both of design verification and "as built" performance verification.

Ted Hardy of GD then followed with a review of the development plans for the helium
adsorber module, support post, and thermal shields. These components are key players in
the thermal performance of the cryostat. The key point here was that testing will verify the
thermal performance of these components at the component level.



Next was Don Franks of SSCL, who summarized the testing that will be done on the
MLI in the cryostats installed in the ASST. Temperature profiles through the blankets will
provide insight into how the blankets perform installed in a string compared to the sample
tests done at FNAL.

Quan-Sheng Shu of SSCL then presented results of an analysis of cooldown of a single
magnet on the MTL test stand with variaties of cooling procedures using the MTL
cryogenic system. Peter Mazur made a comment concerning the history of the cooldown
rate, mentioning that actual testing has alleviated early concerns over cryostat warpage and
adverse affects on quench behavior and recommends that future cooldowns be done as fast
as possible.

A status of the ASST test was then presented by John Weisend of SSCL. There
appeared to be no problems with the test and it was proceeding as planned.

Bill Isaacs of GD (substituting for Bob Churchill) followed with a review of the GD
test stand instrumentation and relevant portions of the master test plan. There were

questions related to aspects of the magnet interface that differ on magnets that are cold
tested.

The final presentation related to the thermal performance of the cryostats was made by
Igor Syromyatnikov of SSCL, on the MTL Cold Test Stand Cryogenic instrumentation.

Three presentations on cross-flow cooling calculations were then made by Scott Peck
(GDSS), Adnan Yucel (§SCL.), and Margareta Rehak (BNL). All three presented similar
models with similar results which indicate that cross flow cooling is effective in removing
heat introduced at the beam tube before it raises the conductor temperature and reduces
margin.

Key Thoushts Developed Durine the Meetine About Magnet Testi
Magnet Cryogenic Testing

(1) Are we going the right way to be sure the cryostats are doing what they should - as
regards heat leak ?

(2) The need for testing is driven by the Collider Ring requirement that magnet heat leak to
the 4 K Helium does not greatly exceed the budget allocation. This allocation is based
on the refrigeration system limit which, in tum, is largely driven by the Synchrotron
heating - which is a big heat load in comparison to that of the magnet by itself.

Thermal testing needs to be done of the GD Prototype magnets. This is to ensure the
thermal design is acceptable. Such testing also needs to be done of an "on going"
sample of the Production design magnets. This is to assure they are being built in
keeping with the Prototype design.

Concern is that if thermal design / assembly problems develop in the Production
magnets, that without sample testing, these magnets might very well get all the way



into Collider Ring installation First indication of heat leak problems would then be
from measurements of the cryogen flows through them. This is a long way down
stream on the process. Furthermore, a lot of magnets could have been built by then
with inherent problems.

It was agreed that unless all magnet are tested then there will be some risk of thermal
problem magnets slipping through and getting installed. Since this is not feasible,
some risk must be expected on magnets with thermal problems getting installed in the
Collider Ring. Possibly some visual inspection may catch the worst of these.

(3) A related question, then, is how bad does magnet heat leak have to be before it would

have to be removed from the Collider Ring? This appears an Accelerator Cryogenics
determination.

(4) Consensus on magnet thermal acceptance testing was that the Production magnets need

to be tested for heat leak in either a String or something that "emulates” a String. This
is for reasons of “end effects” heat leak.

The problem here is that the 4 K heat leak to be verified is very small. In comparison,
in a test fixture, such as FNAL MTF or even the planned SSCL MTF, the end effects
heating can be formidable. At the First Workshop (Feb '92), Tom Peterson reported
that he measured some "3+" watts heating into the 4 K Helium through the CDMs at
FNAL MTF. In comparison, their budget value is 0.36 watts.

(5) About using the ASST String for such magnet testing, John Weisend said it was his

(6)

experience that it took a long time to install magnets into such a String, and is no easy
thing. Also, there is a mechanical fit problem, too. The ASST magnets are 600 mm
longer than the standard CDMs.

What got discussed as an alternative to ASST was to develop a test fixture that
"emulated" - for the test magnet - the adjacent magnets and their temperatures. This
would eliminate end effects heating.

This fixture could be in a separate, "Heat Leak Test Facility”. Desirability perceived
for this is that incoming magnets could be tested in this facility for meeting the heat
leak requirements. After passing this testing they would go to the magnetic testing.

Rationale here is that the requisite thermal testing can be done much faster and simpler
than the magnetic testing. Also, no electrical connections would be involved here;
these are a possible source of heat leak. Ideally, the thermal test could be structured to
supply specified cryogenic flow rates and inlet temperatures to the test fixture. If so,
the thermal test could then become a "Go / No Go " test, depending on heat leak
measured from the test magnet.

Unresolved issues seen on the above measurement include:
A) How precisely can the heat leak into the test magnet be measured ?
It was reported (? by Peter Mazur) that FNAL MTF had problems on measuring the
3 watt heat load that went into the test magnet 4 K Helium, there. Also related to
this are concerns about "stratification” in the single-phase he at low flow rates.



B) What is an allowable tolerance on the test magnet heat leak acceptability ? We
need to develop a "tolerance band” - how much "over” the limit can the magnet go
and still be OK ?

(7) About the test magnets, unresolved issues include :
A) How many magnets do we want to sample test ? GD said the production rate is
10/ day.

B) What amount of time is needed for test magnet thermal acceptance testing ?
About this, GD (Bill Isaacs) said they had planned "60 hours" for the time for the
magnet thermal testing. It seemed this time is roughly in keeping with what Peter
Mazur cited for getting magnets into test at FNAL MTF, too. We need further sure
whether the thermal equilibrium is reached in such a period of time.

C) Are special instrumentation / sensors needed on those magnets planned for
testing?

(8) About the thermal testing (5.A), above, discussion developed on the possibility of
trading the cost of the accuracy on the test magnet heat leak for some increase in the
Collider Ring cryogen refrigeration system.

What is the cost for measurement accuracy ? Do we want to spend a lot of money and
get the best possible accuracy ? or do we want to investigate the cost (and problems /
control issues) involved in increasing the refrigeration capacity of the Collider Ring
refrigeration system to accept the possibly somewhat higher heat associated with this
magnet testing uncertainty ? Where is the money better spent ?

(9) An Interface Issue that got brought up, but not resolved, was that of the flanges to be
used on the GD magnets. These flanges need to mate with SSC hardware for test
purposes. It was agreed to defer this issue to Rich Bailey to work out with SSCL,
separately. Maybe use flanges that remove for magnet installation into the Collider
Ring.

ASST Status at SSCL and the GD Master Test Plan

In this part of the meeting John Weisend and Don Franks presented on their respective
involvements with ASST. GD presented a little on their test schedule.

On ASST, John showed pictures of the String magnets and the building. Don presented
on plans for RGA measurements of the Half Cell vacuum and also thermal test data
reduction.

On the GD testing, they said they had contracted to build two more test stands at
Hammond. This would increase their capacity to four stands. Don Franks told GD of his
concerns for conducting thermal tests at these stands. The concemns being that they would
experience “end effects” heating such as at FNAL MTF and the resulting impact would
overwhelm whatever heating flowed through the magnet thermal insulation. Upshot being
they would not get any detailed thermal data - just as there are none from the FNAL MTF
tests.



Magnet Cross-Flow Cooling Calculati

Three people presented on this. Adnan Yucel presented on his recent modeling work.
Also, Scott Peck and Margarita Rehak.

Models involved were all theoretical. There were no test data, yet, to substantiate
anyone's models. GD had used some limited test data, though, to show, apparently, there
was some change ( Reynolds Number effect ?) to be expected on cross-flow 4 K Helium
pressure drop versus flow rate through the magnet. Previously, they had not been sure
such an effect existed - flow rates though the magnet being in the "turbulent” flow regime
where friction factor depends primarily on surface roughness.

Margarita Rehak said BNL had been working on cross-flow cooling for several years,
now. Ron Schutt had started the effort. She had now taken it over. She said they saw
"mole heating" as the "driving need" for such. Said they saw problems on this cooling
arrangement if there was internal leakage in the 1/4-inch laminations.

M  Decisions Required

The following are seen to be management decisions, per the above discussion;

(1) Whether to build a test fixture ("heat leak test facility" ) that emulates a String,

(2) If a test fixture is to be built, where? It needs to be in close proximity to the magnetic
test area,

(3) Who's to build (pay for) and operate (people) such a test fixture ? Is this a GD task
since they are responsible for guaranteeing performance ? If GD, only test GD
magnets ?

(4) If it is decided to pursue such a facility, a realistic budget cost of such is needed.
Who's to do this? Associated questions include : refrigeration system needed and its
controls, vacuum pumps and controls, the fixture that the test magnet will mount into,
flow system instrumentation, etc.

(5) Getting Accelerator Cryogenics to identify what the cost / problems are in increasing

the Collider Ring 4 K Helium refrigeration system capacity.

Recommendations
Recommendations regarding magnet testing per the above include:

(1) Conduct "reduced flow rate” tests of 4 K Helium in ASST. See how low flow rates
can go before an indication of stratification. This should give good data on magnet
system level heating. This is a String. Consequently, no " end effects” heating.

(2) Make a decision to determine if a Thermal Test Facility is needed. If so, what testing
is needed there and with what accuracy ? If a decision against such a facility is made,
determine what the alternatives are.

Issues associated with such a facility include: Where do the cryogens come from, what
controls and sensors are needed for the cryogen system, vacuum pumps and their
controls, thermal sensors needed, etc.
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4)

&)

If a separate test facility (Thermal Test Facility) is to be built, where? Is this to be at
the subcontractors or is it to be at SSCL. If at SSCL it could be used for testing
magnets from the various magnet subcontractors. Also, it would permit testing
magnets after they had been shipped.

If a decision is made to build the test facility, a conceptual design needs to be
developed. From this an assessment needs to be made of how much time is to be
allotted to magnet testing, there. This would determine how many magnets can be
tested during Production.

Accelerator Cryogenics should determine heat leak limits on the Collider Ring

refrigeration system. Also, assess of cost / work to increase system capacity (4 K
Helium, in particular).
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Superconducting Super Collider Laboratory
2550 Beckleymeade Avenue, MDL, MS-1002
Dallas, TX 75237-3946

Magnet Systems Division

Test and Data Management Department

MEMORANDUM

To: Distribution N

From: Quan Sheng Slm%étl.), Scott Peck (GD) MTO04
Date: 6/23/92 92 5830 R M #*e»

Subject: The Second Workshop on Test of SSC Magnet Cryogenic Performance

You and your representatives are invited to attend "The Second Workshop on Testing of SSC Magnets
Cryogenic Performance”. The Workshop will be held at San Diego, California, on June 29, 1992, and be
hosted by General Dynamics.

The Workshop will review the progress in plans, calculations and R&D test results of the magnet cryogenic
performance and the cryogenic test instrumentation since the first workshop at SSCL in February 1992. The
status of ASST at SSCL and the GD Master Test Plan will be discussed. Also, calculations and magnet
cross-flow cooling experiments and the issues related to possible string test of GD prototype magnets will
be discussed at the Workshop. The titles of these presentations are listed in the preliminary agenda
(attachment 1). The Workshop will be held at General Dynamics, from 8:00 am to 5:30 pm, in the Century
Park Building 1, X-Ray Conference Room. There will be a working group meeting after the presentations.

One hard copy of each presentation sheet should be submitted to Scott Peck or Quan-Sheng Shu by Monday
noon, June 29, 1992,

Attachments:

Preliminary agenda of the Workshop.
Aksel, B, MS 1001 Prodell, A. BNL
Boroski, W. Fermilab Sanger, P. MS 1001
Bush, T. MS 1000 Rehak, M, BNL
Coombes, R. MS 1000 Schermer, R. MS 1000
Devred, A MS1002 Snitchler, G. MS 1001
Franciscovich, 3.  MS 1005 Syromyatnikov, I. MS 1002
Franks, D. MS 1005 Taylor, C. LBL
Jayakumar, J. MS 1009 Tompkins, J. MS 1002
Kuchnir, M. Fermilab Weisend, J. MS 6000
LaBarge, A MS 1001 Yucel, A. MS 4003
Martin, D. MS 1005 Zbasnik, J MS 1001
Mazur, P. Fermilab
McAshan, M, MS 4003 FYI: A separate memo is being
Meinke, R. MS 1040 sent to all magnet product managers.
Nicol, T. Fermilab
Peterson, T. Fermilab

Pletzer, R. MS 1005
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08:00 am - 08:10 am
08:10 am - 08:50 am
08:50 am - 09:10 am
09:10 am - 09:40 am
09:40 am - 10:10 am
10:10 am - 10:20 am
10:20 am - 10:50 am
10:50 am - 11:20 am
11:20 am - 11:40 am
11:40 am - 12:00 pm
12:00 pm - 12:50 pm
01:00 pm - 01:20 pm
01:20 pm - 01:50 pm
01:50 pm - 02:10 pm
02:10 pm - 02:40 pm
02:40 pm - 02:50 pm

02:50 pm - 05:30 pm

PROPOSED AGENDA
FOR
SECOND WORKSHOP
ON

SSC MAGNET CRYOGENIC TEST

General Dynamics, San Diego, CA

June 29, 1992
Remarks

Presentation of Cryostat Performance Assurance Plan

Review Relevant Development Plans: Helium
Adsorber Module, Post, Thermal Shield

Cryogenic Performance of CDM MLI in ASST

Cooldown Simulation of Single SSC Magnet with

MTL Cryogenic System
BREAK

Status of ASST at SSCL

Design of GD Cold Test Stand Instrumentation
Review Relevant Portions of Master Test Plan
MTL Cold Test Stand Cryogenic Instrumentation
WORKING LUNCH

Status of GD Cross Flow Cooling Calculations
SSCL Cross Flow Cooling Calculations

Cross Flow Experimental Results

Open Discussion of Issues Related to Proposed
String Test of GD Prototypes

BREAK

Working Group Meeting

S. Peck

S. Peck

T. Hardy

D. Franks, et al

Q.S. Shu, et al

J. Weisend
R. Churchill
R. Churchill,

D. Gaughen
Q.S. Shu,

I. Syromyatikov
S. Peck

A. Yucel
M. Rehak

All

Working Group

10 min.

40 min.

20 min.

30 min.

30 min.

10 min.

30 min.

30 min,

20 min.

20 min.

50 min.

20 min.

30 min.

20 min.

30 min.

10 min.

140 min.

Total time for presentations plus working group meeting: 9.5 hours (including Working Lunch of 50 minutes)
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Cryostat Performance Assurance Plan and
Review of Relevant Development Plans

S. Peck
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Cool Down Simulation and Experimental Results
of SSC Superconducting Magnets with
Difference Cryogenic Systems

Q.S. Shu, D. Orris, A. Prodell, 1. Syromyatnikov, and A. Yucel
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Cryogenics Department

COOLWARM CODE

Finite-difference code

Spatial and temporal distributions of iron temperature, helium
temperature, helium mass flow rate and helium pressure

Single magnet
Magnet strings with detailed cell structure

Helium and Iron properties incorporated

Input:
Magnet length, channel diameter, other geometrical information
Iron mass per unit length
Entrance helium pressure and temperature
Entrance helium mass flow rate
Initial ramping period
Total simulation time
Time and distance steps
Control information for output

Output:
Files for post-processing

TOPDRAWER files: iron and helium temperature profiles, and mass
flow rate profiles at selected times; exit iron, helium, mass flow rate
and pressure vs time, etc.
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Cryogenics Department

COOLDOWN AND WARMUP ANALYSIS

One-dimensional channel flow of single-phase helium
Lumped model for iron; distributed model also available.

Helium mass conservation:

Aﬂ_{_a_w_g_:()
ot ox

Helium energy:

aT oT
Tthg- + Ang& = Ti-Tg

Helium pressure:

22 4P

Iron Tem péra ture:

Tla—i = Tg'Ti

at
Parameters:
Cpo A C
g = ~pg~Pg and Ag = ~pg Vg
hP hP
Cpi m';
% = pimj

hP
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LEAD ENDO OF MAGNET -

TEST STAND #5 THERMOMETRY
FEEDCAN SIDE NEW s0mm MAGNET SIDE
' R ¢ — '
OLD 40mm / UPPER 140 /
INTERCONNECT CO=CH1 $BaCHIZ
?m | =3 UPPER
| A
COLLARS
y 4
=2 LOWER
CO=CH13
;'s-a-m g-ﬂﬂ ™
CG=CHIp CO=CHP
PTalH PT-CH2O
MAGNET SIDE cPT RETURN ENDCAN

CARD FOR LIO. ATN.
oy

RETURN END e

OF MAGNET
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MD-TA-189

A Method to Quickly Estimate The Cool Down Time
of a Single SSC Magnet

Q. S. Shu (Magnet Test Department)
8/1491

ABSTRACT

The author developed an approximate method to quickly estimate the cool down time of an
SSC single magnet with relatively simple calculations. As examples, the cool down times for an
SSC single dipole were calculated following a proposed cooling procedure close to the collider ring
operating condition, but with cryogen (He) flow rates respectively of 8, 25, 50 and 100 g/s, which
cover the region of the flow rates used at Fermilab, BNL, LBL and the future MTL. at SSC. The
results are in agreement with Fermilab's test results as well as the results from a numerical
method. In principle, this method can be used for other magnets having similar geometrical design
to the SSC magnets. The other issues about the effects of cooling procedures and cryogen flow
rates on the magnets will be discussed later.

Cooling Times, hrs

- " \a‘\ [l Shuls approsimation wetod
- /
y : /'A:"'--. R e
N e At ——e =z
‘ mr&n: —%-[ : T _+
¢ T20 40 [ ] L 1] 100 120

Fiow Raste, g/s

Fig. 7. A i of the cooling times predicted by the three differest discussed
s mm:"&mmn«m. '
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THE APPROXIMATION METHOD
L Basic Ideas of The Method

The SSC magnet consists of the coil, collars, yokes, shells bonnet/end plates and
interconnect region. Since the collars, yoke and shells contribute the largest fraction of the cold
mass [3], one can use the enthalpy of stainless steel to represent the cold mass during the
calculation of cool down and warm up. The cold mass of the SSC dipole magnet is about 9910 k
(652 kg/m). The enthalpy of the cold mass is calculated as a function of temperature from 300
to 3 K, shown in Fig. 1.

In order o approximate the situation of a magnet cool down with a fixed temperature
difference across the magnet, one cooling procedure is proposed as an example for the calculation,
shown as Fig. 2. Inidally, the temperature of the He gas entering the cold mass is linearly
decreased from 300 K to 80 K within 4 hrs. Then, the 4.2 K single phase He is introduced
through the cold mass cooling passage until the temperature of the cold mass at the outlet reaches
4.2 K. The magnet thermal insulation is designed to be so efficient that the heat leak from the
outside to the iron yoke is negligible during the time interval of the magnet cool down.

Fig. 3 shows the cross section of the SSC dipole magnet. The ratio of the diameter of the
cooling passage to the length of the magnet is << 1. Also, the cold mass is much larger than the
mass of the He inside the cooling passage. So the heat exchange is very good between the cold
mass and the He flow.

In my approximate method, ! ignore the details of the space-time variation of magnet
temperature and treat the cold mass as a lumped thermal element with equivalent temperature Teg.
The temperature of the liquid helium that contacts this element is allowed to vary with time; Fig
shows the variation that will be assumed in the numerical examples. The ideal cooling model
assumes that complete temperature equilibrium occurs between the entering helium and the cold
mass, so that the temperature at any time may be calculated simply from an energy balance. This is
not true at the flow rates of interest; all the cooling enthalpy in the helium is not used before the
helium exits the magnet. By comparison with numerical calculations, however, I find that this
inefficiency can be represented to sufficient accuracy by a simple correction factor.

To carry out the computations I make the following detailed assumptions:

1. During the initial ramp period, and only during this period, all the cooling enthalpy of
the He is totally absorbed by the cold mass. This approximation becomes less satisfactory as the
length of the amp period is increased beyond 4 hours, and as the flow rate increases beyond 100

g/s.

2. For a linear ramp, the entering He has an enthalpy corresponding an average
temperature Tay = (300 + 80)/2 = 190K.

3. At the end of the initial ramp the magnet has an equivalent temperature Teq that can be
computed from the H-T plot of Fig. 1. This occurs at time t], which is always set equal to 4 hours
in this note. '

4. After the initial ramp, even with ideal cooling, only the cooling enthalpy of the LHe
between 4.2K and Teq is available to cool the cold mass. an ideal cooling time t2 can
for this part of the process.
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5. Because of inefficiency in heat ransfer, only a part of the ideal cooling in (4) is utilized,
and the process takes an additional time ®2. By comparison with numerical calculations and the
measured cool down time at FANL, y= 0.36.

6. The total time t for magnet cool down is given by t =(t1+ 12 + ®2)
IL. An Example of the Calculation of Cool Down Time
In the case of a constant flow rate of 25 g/s:

The cooling enthalpy of He at 5 atm (4] with its temperature linearly ramping down to 80 k
from 300 k in 4 hrs at a flow rate m = 25 g/s can be calculated.

"H(He)1 = [ H(at 300 K) - H(at Tay = 190 K.)] x flow rate x time
=571 J/gx25g/sx3600sx4
= 2.06x 1087

The total enthalpy of the dipole cold mass at 300 K is,
H(mass) =804 x 108 ]
and the total enthalpy of the dipole after ramp equals,

H(mass)1 = H(mass) - H(He)1 . .
=598 x 108 ]

mmmnmmd\edipoleisnotuniformMmMcompliened.' However, we can
find an equivalent temperature Teq for the cold mass from the H - T graph of the cold mass.

T(mass)eq =244K
The cooling enthalpy H(He)2 of He from 4.2K 10 244 K is 1281 J/g.
The enthalpy change AH(mass) of the magnet from 244 K to 4.2 K is about 5.98 x 1087
“Fhe nominal time needed to cool down the magnet from 244 K t0 4.2 K is,

t2 = AH(mass) / H(He)2 x flow rate
=598 x 108 /(1281 x 25 x 3600) = 5.2 hrs

The total time t needed to cool down the dipole from 300 K10 4.2 K is,

t=t] +82+ (2D =4 +52+(52x0.36)
= 11.07 brs

Following the same procedure, I calculated the cool down times also respectively with the

cryogenﬂownmdS 25, 50 and 100 g/s. The calculated cool down times are 26,11, 6.5 and
4.5 hrs, ﬁm4showsﬂ:ecooldownnmeuaﬁmcuonofﬂ:emenﬂowm
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ASST PROGRESS

J. G. WEISEND H
6/29/92
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THE ACCELERATOR SYSTEM STRING TEST
(ASST ) CONSISTS OF :

5 GD / FNAL DIPOLES
1 LBL / SSC QUAD
3 PROTOTYPE SPOOL PIECES

THE TEST WILL INCLUDE POWER AND
CRYOGENIC TESTS.

HEAT LEAK MEASUREMENTS WILL BE MADE ON
THE 20 K AND 80 K SHIELD AND ON THE COLD
MASS. HEAT LEAKS DUE TO INTERCONNECTS
MAY ALSO BE MEASURED.
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Current Status

(7/19/92)

¢ All String Components Installed.
e All Leak and Pressure Tests Completed.

¢ Refrigeration Plant has been
commissioned.

¢ All Instrumentation has been checked
and is functioning.

e String Insulation Vacuum has been
established.

e String Cool Down began 6/ 28 / 92.
String at Operating Temperatures
by 7/6/92.
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SCHEDULE

* POWER TESTS WILL BEGIN IN JULY.

* HEAT LEAK MEASUREMENTS WILL TAKE
PLACE IN LATE JULY / EARLY AUGUST.
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R. Churchill

. D ,
General dynamics Sa- Prege Dvo

—_—

Design of GD Cold Test Stand
Instrumentation.
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Cold Test Stand Cooling System Sensors

Quantity Location | Measurement Sensor |Range Accuracy
Type
6 T6,9,11, Temperature Platinum 80-300K 05K
14-16
7 T3-5,8,12, | Temperature Carbon 1-80 K 5mK for
13 Glass T<10k
2 77,10 Temperature Vapor 13-10K 05K
Pressure
2 T1,2 Temperature Thrmocp! or{ 80-300K 2k
Carbon
Glass
6 P1,2,4,6,8, | Pressure (warm) | Strain Gage | 0-20 atm 0.05 atm
9
2 P5,7 Pressure (cold) Strain 0-20 atm 0.50%
Gage*
1 P3 Pressure (warm) | Strain Gage {0-2 atm 0.5%
2 F1,2 Mass Flow TBD 0-1g/s 0.1¢g/s
2 F3.4 Mass Flow 8D 0-100 g/s 0.50/5
2 F5.6 Mass Flow TBD 0-10 g/s 0.05 g/s
1 L1 Liquid He Level |Supercond. 10-1 m 1cm

* Keller PSI, semiconductor bridge
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Table Il Prototype Magnet Wiring List
Circuit .| Gage [Conductor] Wire Molt RtglVoit Rtg| Total No. Wires Exitin
.| No. | Config. | Form [of Insull to Gnd | of Devices |Lead\Return
Coil Protection V Tapd 1 | 28 | 19\40 | T™™ | 2.5kv Skv 3 O\g
1/4 Coil Taps 2 122 | 19\34 | ™M | 2.5kv | b5kv 4 4\0
Aux V Taps 3 (128 | 19\40 | T™™M | 2.5kv | 5kv 52 28\24
Expan Loop V Taps 4 1 28 19140 ™ | 2.5kv Skv 4 0\4
Spot Heater V Taps 5 | 28 19\40 ™ | 2.5kv 5kv 2 2\2
[Quench Heater VTaps| 6 | 28 | 19'40 | ™ | 2.5kv | S5kv 4 4\4
Collar Gages 7 | 30 7\40 TQ 250v 1kv 28 56\66
Bullet Gages 8 | 30 7040 TQ | 250v 1kv 10 0\40
Collar Hoop Str. Gages) 9 | 30 7040 TQ | 250v 1kv 2 4\4
 Thermometers {spare) 10| 30 7\40 TQ 250v 1kv 8 16\16
Fress. Transducer 11} 30 7\40 TQ | 250v 1kv 2 4\4
[Gpot Heater Power 12] 22 | 19\34 | TP 1kyv 5kv 2 0\2
Quench Heater Power | 13| 12 | 19\27 | TP 1kv 5kv 4 oM A
Thermometers 14| 30 7\40 TQ | 250v 1kv 6 12\12
Support Post Gages 15| 30 7\40 TQ 250v 1kv 25 100\0 *
Shell Gages 16 30 7740 TQ | 250v 1kv 38 o\is52
Thermometers 17| 30 7\40 TQ | 250v 1kv 46 10084 °
Deflection Sensors 18] 28 7\40 TQ | 250v 1kv 4 12\12°
T - Twisted total 3311416
Q - Quad single phase| 131\180
P - Pair vacuum spac 200\236
M - M[ultiple
The following are not part of magnet instrumentation wiring,
but are part of the test stand
Vapor Coof Lead V' T 4 0\8 A
Bus Protection V taps 2 0Md A
NOTES
1. All insulation ETFE Kapton
2. All wires exit through the lower single phase helium lines uniess noted
3. Magnet return end connects to test stand distribution box.
* Exit through vacuum_space, not single phase fluid line
A Exit through upper single phase fluid line |

A Quench heater power and coil protection voltage taps remain for production magnets
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Series CGR Carbon-Glass
Resistance Temperature Sensors*

An excellent choice for accurate
measurement at low temperature in the
presence of a magnetic field

Features

« For use in magnetic fields to 19 tesla or higher

CGR Series
« Good reproducibility in the range from 1.4K to 100K
» Monotonic in R vs T and dR/dT* * Usable sensitivity over the broad range 1.0K to 325K

= With high sensitivity at helium temperature it is useful for
sub-millikelvin control at 4.2K and below

» Good resistance to ionizing radiation

The CGR series carbon-glass resistance temperature sensors
are still the best choice for a highly reproducible sensor that
can be used trom 1.0K to 100K and above in magnetic fields up
to 19 tesla or higher. Because of the sensor's extremely high
sensor gain at helium temperatures, it is very useful for sub-
miliikelvin control at 4.2K and below. Carben-glass sensors are
monotonic in resistance temperature characteristics between
1.0K and 325K, but their reduced sensitivity above 100K makes
their usage near room temperature somewhat limited. (See

tables bel
ables below) Resistance and Sensitivity (dR/dT) Values for
Carbon-Glass Resistance Temperature Sensors

CGR-1-500, S.N.C4628 GER-1-1000, S.N.C4730
R. ohms dR/dT.ohmvK T(K) Bnvue. dR/dT, ohmvK
70,392 -312,319 1.40 120,805 -485,568
468.76 -267.11 4.20 1,011.5 -706.6
68.483 -10.681 10.0 148.09 -23.55
16.235 -0.268 40.0 32.889 -0.590
11.167 -0.069 77.35 21.765 -0.151
9.9302 -0.0429 100.0 19.092 -0.092
7.6092 -0.0132 200.0 14.175 -0.027
6.6350 -0.0073 300.0 12.181 -0.015
Resistance and Sensitivity (dR/dT) Vaiues for Sample 500 ohm and 1000 ohm CGR's.
CGR-1-1500, SN.Ca7a1 CGR-1-2000, S.N.C4849
R. ohms dR/dT.ohm/K T(K) R.ohms dR/dT, chm/K
- —n
209,608 -804 ,439 1.40 260,963 -1,039,128
1.591.3 -914.5 4.20 1,828.1 -1,337.2
217.36 -35.75 10.0 242.23 -40.42
45,985 -0.845 40.0 50.265 -0.933
30.143 -0.213 77.35 32.828 - -0.234
26.367 -0.130 100.0 28.704 -0.143
19.461 -0.038 200.0 21.143 -0.042
16.687 -0.020 300.0 18.107 -0.022

Resistance and Sensitivity (dR/dT) Values for Sample 1500 ohm and 2000 ohm CGR's.

Note: Specific sensor data is provided in the tables above to illustrate the effective range of use for each
model. Actual dR/JT values will vary from sensor 1o sensor, but sensitivity characteristics within each model
type will be simiar. The graph on page 34 illustrates this point.

32 Lake Shore Cryotronics, Inc. (614) 891.2243 139
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Sensors

A

Typical Responss Curve for Carbon Glass Resistance
Temperature Sensors

LI | II"III[ T LI} Ill’ll] -
10000 -
1000 =
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o -
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g 100 -
s =
L} ]
é ]
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cl 1 | Ll_LLl ) L L 1 lIllI 1 L1 4 111l

1 10 100 1000

Temp.({K)

Htustration of the similarity of temperature versus resistance
curve characteristics within each carbon-glass resistor modet
type. Shown are the plotted resistance-temperature curves
for four Model CGR-1-1000 sensors.,

[ . S i a mma mmoam

CGR-1 Series Conastruction Detail

N ¥

8.5mm
N (0.335")

NN

NN

Gold-piated copper enclosure

Current contact zone

Phosphorus-bronze leads
0.20mm (0.008" dia.)

Sensing element

Gold leads 0.05mm (0.002" dia.)

Epoxy heat sink

. Beryliium oxidebase

oGmMmo O@»

Ordering Information

Typical Recommended
Model Basistance at 42K  Useful Aange"
CGR-1-500 350-750 ohms 1.0K10 77K (325)
CGR-1-1000 750-1300 ohms 1.4K to 100K (325)
CGR-1-1500 1300-1750 ohms 2.0K to 200K  (325)
CGR-1-2000 1750-2400 ohms 2.5K to 325K

* All carbon-giass resistors can be used up to 325K
with reduced sensitivity.

Carbon-Glass Resistor Callbration Options

Madel Iype Banoe(K Ivpe

CGR-1, 1.48 1.4 to 40 4B 41040
-500,-1000  1.4D 1.4 10 100 4D 410 100
-1500, -2000 1.4L 1410325 4L 410325
Robust package option available:

CGR-1 series resistors can be mounted in a relatively large.

rugged copper bobbin 14.3mm diameter by Smm thick, with
QUAD-LEAD (QL-36) 36 AWG, 4-wire leads.
Order mode! BOBBIN-CGR

For detailed information on Calibration Services. see pages 47-48.
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Temperature Sensor
Calibration Service

Lake Shore provides calibration services for virtually all
types of cryogenic temperature sensing elements. We

maintain a low temperature calibration facility capable of Callbration Data Points and Printouts
performing calibrations from 0.05 kelvin (-273°C) to 473 .
kelvin (200°C). Jm Interpolal
Range (K) of Data Points Printout interval
All Lake Shore calibrations are based on the new | =
temperature scale, the International Temperature Scale of 0.050-0.100 6 0.005
1990 (ITS-Q'O). The ITS-20 scale became the official 0.100-0.200 9 0.010
international temperature scale on January 1, 1990; it
supersedes the International Practical Temperature Scale 0.300-0.500 > 0.020
of 1968 (IPTS-68) and the 1976 Provisional Temperature 0.500-1.00 7 0.050
Scale (EPT-76). ITS-90 covers the temperature range 1.00-2.00 18 8.10
above 0.65K. For temperatures below 0.65K, a cerium 2.00-5.00 18 020
magnesium nitrate magnetic thermometer is used in ?bog:;g-g :g 230
conjunction with NBS superconducting fixed points 30.0-40.0 40 2.0
SRM768 to generate a scale. 40-100 40 50
100-300 28 5.0
+ Each scale is maintained on a set of germanium or 300-380 ® 50
platinum resistance standards. These standards are m Diodes) 10 )
routinely checked by intercomparison with, and periodic .
calibration by, the U.S. National tnstitute of Standards e end 15
and Technology or Great Britain's National Physical Rhodium-lron Resistors
Laboratory. - ~ (400K upper mit)
480-800 2 5
- All sensors (two-lead or four-lead elements) are Platinum sensors only

calibrated in a four-wire configuration. A comparison

calibration is performed by measuring the resistance or * Above room temperature, three paints resoived to a curve through

forward voltage of both the sensor and the Standard. interpolation.

{the tabie below right shows the typical number of data

points taken for selected temperature ranges) Resultant calibration accuracy varies with bOth temperature
ranige and sensor type. The above table profiles the accuracy

The accuracy of Lake Shore calibrations is a function of of raw calibration data for selected sensor types.

temperature stability, instrumentation precision,

temperature and sensor signal. Basic uncertainties in Accuracy of Lake Shore Calibrations (mk)
traceability of a scale must also be taken into account. T awem,“ Carbon-GlassiPlatinum | Silicon &
(ketvin) 10000 10000 1000 GaAlAs Diodes
———
typ' max | typ max |typ max| typ max
< 10 4 ) 4 5 . e 12 20
10 4 5 4 5 .. aem 12 20
20 8 15 |1 20 |5 25| 15 25
30 12 25 20 as 10 20 25 45
50 20 kL] 30 55 19 20 30 5%
100 45 90 65 125 0 20 25 50
300 - - 250 450 20 35 25 50
0 - 480 — — - e - 100 B 100
800 - - e - - 100 -

1 A summary of the calibration accuracy for selected Lake Shore
sensors at specific temperatures. Errors in each case are expressed
in millikelvin deviation from ITS-90. Shown are (1) the typical (typ)
error of a given calibration, and (2) the maximum (max) aliowable
deviation, the vaiue for which could occur only in the unlikely event
that ail standards and instrumentation fall simultaneously at the end
of a recalibration cycle, and all arror sources are linearly added.

141
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Sensors

Sensor Calibrations
Ordering intormation

1.

2

Calibration prices do not include sensor.

Calibrations for GR-200 serigs germanium resistors above
100K are not available.

. DT-470 saries silicon diodes coupled with mounting adaptors

are calibrated to an upper limit of 325K with one excaption.
Diodes packaged with the -CO adaptor can be calibrated to
475K,

. PT-100 series PRTs are calibrated 10 a lower limit

of 14K,

. Calibration documentation is maintained in an active data file

for a period of one ysar. It is accessed by sensor mode! and
seral number.

. All precision measurement instrumentation requires periodic
recalibration to assure continuing conformance to specification.

Sansor calibrations are certified for six month periods.
Depending upon the sensor type, and how it is used, itis
recommended that sensars be processed through Lake
Share'’s Re-Calibration Service Department periodically.

All Lake Shore calibrations incorporate the following
documentation:

Cartificate of Calibration

Test data

Plot of test (raw) data versus temperature
Polynomial Equation(s)

Interpolation table

Low Temperatura Calibration Service Data Sheet
Calibration Report Description

142
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DT-470 and DT-450 1408 1.4t0 100
Siticon Dicdes 1.4L8 1.4t 325
4DS 4010 100
4L 4010325
TS 75 to 325
-28° 2-point SottCal™
-38* 3-point SohCam
DT-470 Silicon Diodes only 1.4HS 1.4t0 475
4HS 4 t0 475
DT-471 Silicon Diodes 10L 1010 325
10M 10 to 425
-25* 2-point SoftCai™
TG-120 Gallium-Aluminum- 1.4B 1.4 1o 40
Arsenide Diodes 1.4D 1.4 to 100
1.4L 1.4 o 325
4B 4.0 to 40
4D 40 to 100
4, 4.0 to 325
77L 75 to 325
GR-200 Germanium Sensors (Low Temperature)
30 ohm only 0.05A g.05t0 5.0
50 ohm only 0.1A 0.1 0 6.0
100 ohm only 0.3A 03 to 6.0
250 ohm only 0.5A 0.5 to 6.0
For all Germanium Sensors 1.48 14 to 40
(except 30 ohm, S0 ohm) 1.4D0 1.4 to 100
4B 4.0 t0 40
4D 4.0 to 100
CGR Carbon Glass 1.4B 1.410 40
Resistance Sensors 1.4D 1.4t0 100
1.4 1.410 325
48 4 to 40
4D 4 to 100
4L 4 1032%
PT-100 Ptatinum ) 140 14 to 100
Resistance mnnometers 14L 14 to 325
14H 14 to 475
14) 14 to 800
77 75 to 325
TIH 75 to 475
774 75 to 800
RF-800 Rhodium ron 1.4G 1.4 to 400
Resistance Sensors
4G 40 10 400

Expanded Callbration Report interpotation Tables
Specity desired temperature intervals

Printouts of old calibrations (1 year or less)

Calibration data is kept on file for one year only. Specify sensor
model and serial number.

* Sae SotCal™ and the DT-470 application note on pages 24-
25 for more information.




Sensors

Series PT-100 Platinum
Resistance Thermometers

An excellent, wide range, stable
temperature sensor for use from 30K to
873K (-243°C to 600°C)
Features

PT-111

« High reproducibility
« Low magnetic field dependence above 40K

« Conform to DIN 43760 and IEC 751 Standards

PT-100 series platinum resistance thermometers (PRTs) are an tolerated. PRTs are interchangeable. The use of controlled-purity
excellent choice for use as cryogenic temperature sensing and platinum assures uniformity from device to device.

control elements in the range from 30K to 873K {-243°C to 600°C). PRTs experience rapidly decreasing sensitivity below

Over this temperature span PRTs offer high reproducibility and approximately 30K. Like many other cryogenic sensors, they
nearly constant sensitivity, dJR/dT (see tabie below). Platinum shouid be calibrated in order to achieve desired accuracy in use
resistors are also of use as control elements in magnstic field below 100K. The table below illustrates platinum sensor
environments where errors approaching a degree can be conformance to the DIN curve.

- . Characteristics of Laks Share Platinum RTDs
Temperaturse in keivin, Resistance in chms and Slope in ohms/
keivin Temperature Cosfficlent (237.15 to 373.15): 0.00385 ochms/
ohms+KConfosm to Din 43760:1980; IEC 751:1883; BS 1904:1984

dR/dT Class B
T(K) R{ohm)* {ohm/K) K +ohm
Characteristics PT-102 | PT-103 [ PT-111 =J 14.0 1.797 40035
20.0 2.147 +0.084
Resistance at 0°C (273.15K) 100 £ 0.3 ohms 30.0 3,508 +0.190
40.0 5938 +0.291
Type encapsulation Ceramic Glass 50.0 9.228 +0.361
70.0 17.128 +0.414 1.32 0.55
Tempaerature range (°C) -256 to +800 -259 10 +400 100.0 29.987 +3.411 117 0.48
150.0 50.815 +0.405 0.92 .37
Seif-heating Coefficient’ 200.0 71.073 +0.399 0.67 0.27
(K/mW, 1nvsec flowing air) | 0.25 0.4 0.4 300.0 110.452 +0.388 0.43 0.17
400.0 148.616 +0.376 0.93 0.35
Dimensions: mm (inches) .. 500.0 185.035 ° | +0.364 1.43 0.52
Body diameter #12.0(0.08) 1.8(0.07) 600.0 221.535 +0.353 1.93 0.68
Gooporn = fososo o] Som | | g0 | 2 | %3 | 38 | o2
Lead length - 15(0.60) _|_ 10(0.4) £00.0 322.176 +0.318 2.43 1.09
Lead diameter 0_2_5‘0101 0) 1000.0 353.402 +0.306 3.93 1.20

* R {0°C) = 100 Standard 751 IEC 1383 from 70K to 1000K.
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Sensors

Specifications

Temperature reproducibility: PT-100 series platinum series
sensars are tested for use at low temperature (below

-200°C}. Under thermal cyciing from room temperature to
liquid nitrogen temperature the sensors are reproducible to
better than +10mK at 77K.

Temperature range: Model PT-102: 14K to 873K (-259°C to
600°C).PT-103: 14K to 873K (-259°C to 600°C), PT-111:
14K to 673K (-259°C to 400°C)

Materials and construction

High stability of the PT-100 seriss PRTSs is achieved through
production techniques that provide nearly strain-free, securely
mounted elements rigidly encapsulated in ceramic or gtass.
Leads are platinum. All davices are carefully annealed after
assembly.

Use in magnetic fisld: Because of their relatively low
magnetic field dependence, platinum sensors are of use
above 40K as control elements in magnetic field applications
when errors as large as a degree or more can be tolerated.
See table below.

Calibrations: PT-100 series PRTs conform 1o the DIN
standard from 70K to 850K. When used at low temperatures,
errors approaching a degree or more may be experienced.
When greater precision is required, individual calibraticns are
available, with accuracy to +0.01K above 77K (-196°C}. For
details of L.ake Shore’s Sensor Calibration Service, refer to
pages 47-48.

Iinstallation: Refer to the installation Application Note on
pages 8-13.

Typical u.gmnc Fieid-Dependent Temperature Error*

ATIT (%)
at B (magnetic fleid)
B (tesia uniie)
T(K} jas 5 Comments
20 120 - Recommaended
40 05 | 1.5 for use when
87 0.04] 0,14 Tz30K
300 <0.01] 0.001

* Long axis parallel to B: orientation effects exist. B.L. Brandt,
L.G. Rubin and H.H. Sample, Low-temperature thermometry in
high magnetic fields. V. industriai-grade Pt resistors above 66K;
Rh-Fe and Au-Mn resistors above 40K, Rev. Sci. Instrum. 59, 642
{1988).

36 Lake Shore Cryotronics, Inc. {614) B31-2243

e L LI TR

Ordering Information ¥ 3 ¥ uuean
Nominal Resistance Temperature

Moadel anec Bange (K}

PT-102 100 ohms 14 10 873K

PT-108" 100 ohars- 14 to 873K

PT-111 100 ohms 14 o 873K

Nate: PT-100 series sensors are not useful below 14K for metrology
and are of imied use below 30K or temperature control because of
the rapid decline in sensitivity below that point.

Up to five platinum resistors can be matched with one another to
within £ 0.1K at liquid nitrogen temperature. For farger quantities, or
for ditferent requirements, consult Lake Shore,

Maiching platinums at 77K: Add suffix -LN (Exampla: PT-103-LN)

Platinum Calibration Options
Aange. K*

Range. °C
140 L7 1410 100 -259 w0 173
14L 1410 325 -259 10 52
14H 14 to 475 -259 to 202
14 14 10 800 -259 to 527
m 75t0 325 -198 0 62
77H 7510 475 -198 to 202
774 75 to 800 -198 to 527

* Sensitivity near 14K is very low

For detailed information on Calibration Services, see pages 47-48.
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R. Churchill, D. Gaughen.

General dynamic.

Review Relevant Portions of Master
Test Plan.
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Table 2.2.1-1 Support Post Test Requirements
Test Property Test Condition Measured Spec./
Identification Level Element Dev. Plan
Structural Stiffness, Material 80K, Composite M3A-100049
Coupon Test Uhimate Incremental Cylinders of
| Strength Compression to FairureCanhidama Materials
Tharmal Thermal Material 80K Test Coupons M3A-100049
Coupon Test Conductivity ~ Thermal
Conductivity
MeasiLrements
Structural Stiffness, Component |Ambient, 3 Support Post M3A-100049
Component Uttimate ~ Lateral Loading (5 cycles)] Assamblies
Test Strength - Comprassion - Lataral Defloection
Proof Loading (5 cycles) |- Deflection Under
— Compression to Failure Compression
Thermal Heat Leak Component (10K 2 Support Post M3A-100049
Component 20K Assemblies
Test 30K — Heat Laak
40K Measurements
Slida Test Sliding, Wear Camponent [Ambient, 2 Support Post M3A-100040
Characteristics - 2/5C. M. Weight Comp. |Assemblies
— 1000 Ibs Lateral Loadin .
Long Term Viscoslastic Component |Ambient, 1 Support Post M3A-100049
Creep Responsa (Creep) = Compression (16 Month) {Assembly
Materiaf Stiffnass, Material Ambient, Incremental 30 Composite Tube [M3A-100049
Property Uttimate Compression to FailureCyligders of
Tasting Strength Selected Matetial
Magnet Vibration, Prototype Transportation Prototype Magnet [M3A-100049
Transportation | Natural Magnet No.4 |Environment No. 4, M3A-100056
Tost Freguency Support Posts

The component test program with the exception of long term creep testing will be
completed in support of manufacturing of the support posts for the No.4 prototype
magnet (Transportation Test).

2.2.2 Thermal Shields

2.2.2.1 Thermal Straps

During assembly of the string test Collider Dipole Magnets at FNAL and BNL,
considerable difficulties and time delays were encountered while installing the
thermal shields. Significant distortions of the shields and insertion of the slide rings
which provide slide surfaces between the thermal shields and the support posts
complicated the assembly effort. The shield distortions were mostly due to the
continuous longitudinal welds used to attach the cryogenic lines to the shields. To
ensure lineup of all the cryogenic lines from one magnet to the next and prevent
squirm of the connecting bellows, a spider arrangement was provided to force the
cryogenic lines to be located within their locational tolerances. However, this
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spider arrangement accounted for a large part of the total cryostat heat leak budget
and had a rather high parts count.

Based on these lassons learned, the design was changed to make the cryogenic
lines structurally independent from the thermal shields. This allows each shield
segment to be firmly attached to a support post which eliminates the need for slide
rings. It also eliminates the longitudinal welds which were the cause of shield
distortion. In addition, the cryogenic lines can now be made of stainless steel,
eliminating the use of aluminum-to-steel transition tubes and decreasing the axial
deflections of the beilows. The lines are directly supported by the shields, and
upward movement of the lines is prevented by springs which loosely hold the lines
down. Thermal contact between the shields and the cryogenic lines is made by
thermal straps. The spider assembly has been eliminated, and positioning of the
different cryogenic lines in relation to the beam tube center is now performed with
different means for the different lines.

All described design changes have been or can be established through analysis
and vendor consuitations. The construction of the thermal straps and their
attachment to the aluminum shield at one end, and to a stainless cryogenic line at
the other, requires special attention. Several methods of attachment have been
evaluated and the method selected was local brush plating of copper to the
aluminum shield at one end, and to the cryogenic line at the other, and soldering
the thermal strap to the shield and the cryogenic line at the local copper pads. This
method has been selected since it is well developed and commonly specified
according to the requirements listed in Mil-Std-865 (Military Standard for Selective
Brush Plating by Electrodeposition). The feasibility of magneforming a copper
sleeve around the cryocgenic line, and soldering the strap to the sleeve wiit be
further investigated as a backup to the selected design.

The Thermal Shields Development Plan (M3A-100046)} provides more detail about
the development program and verification approach. To verify the brush plating
process as well as successfully solder the thermal straps to the locally plated
regions, a thermal strap test plan will be implemented. Table 2.2.2.1-1 provides a
summary of the test program.
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Table 2.2.2.1-1 Thermal Straps Test Requirements
Test Property Test Condition |Measured Spec./
Identification Level Eiement Dev. Pian
Plating Cryoshock | Plating Quality  jMaterial  |80K (LN2) 50 Brush Plated M3A-1000486
Samples (304 SS)
10 Brush Plated
Samples (6061-T6 AL}
Thermal Strap Adhesion Material 80K (LN2) 50 Test Samples MB3A-100046
Attachment, 5 Cycles {Thermal Strap Soidered
Cryoshock {Ambient - 80K} |t AL and SS Samples)
Thermal Strap Adhesion Materiai 20K (LH) 10 Test Samples M3A-100046
Attachment, 200 Cycles {Thermal Strap Soldered
Structural (Lateral fo AL and SS Samples)
Movement 1)
GOSS Prototype | Cryostat Thermal | Prototype | 20K, 80K Cryostat Shield Elements |M3A-100046
Magnets Performance Magnets — 80K Shield & GDSS Test
— 20K Shield Procedure
~Cradle
— Suppornt Post

The thermal strap component test program will be completed prior to fabrication of
the first prototype magnet.

2.2.2.2 Thermal Shield Emissivity

Replacement of the MLI blankets baselined for the 20K and 4K thermai shields with
a low emissivity surface treatment on aluminum offers several advantages:
elimination of a potential source of heat leak due to the possible compaction of the
MLI during installation, elimination of an outgassing source, material cost and
installation time savings. Elimination of the MLI blankets requires the emissivity of
the thermal shields to be less than or equal to 0.05. Limited data is available for
6061 aluminum which has been mechanically or chemically processed. Testing is
required to determine a surface treatment that provides adequate thermal shield
emissivity. Table 2.2.2.2-1 summarizes the four different surface treatments that
will be tested at room temperature.
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Table 2.2.2.2-1 Surface Treatment Process Tests
Test Property Test Condition Measured Spec./
Identification Level Element Dev. Plan
Alodine 1500 Emittance Material |Ambient 6061-T6 AL Coated |M3A-100046
Coating Absorbance with Alodina 1500
Polished Emittance Material |Ambient 6061-T6 AL Polished |M3A-100046
Surface Absorbance Surface w/Plastic
Sheet (bare)
Bare Materiai Emittance Material jAmbient 6061-T6 AL M3A-100046
Absorbance No Coating
Electropolished/ [Emittance Material [Ambient 6061-T6 AL M3A-100046
Anodized Absorbance Electropolished,
0025mm Sulferic
Acid Anodize

Of the candidate surface treatments, the Alodine 1500 coating clearly represents
the optimum process. Its emissivity value is .05 at room temperature with a
substantial lower value expected at operating temperatures. A confirmatory test of
the Afodine-coated aluminum still needs to be performed at cryogenic
temperatures. This test, which will be done at liquid nitrogen temperature, shall
confirm the fact that the emissivity value indeed declines sufficiently with declining
temperatures. in the unlikely event that none of the surface treatments meet the
emissivity criteria, the alternate approach would be the use of MLI blankets in the
20K and 4K regions.

2.2.3

The GDSS cryostat design incorporates a Halium Adsorber Module (HAM) to

control excessive helium leak rates. The baseline design consists of granular
charcoal bonded to a stainless steel plate. The granular charcoal will be shrouded

in a radiation shielded cover with access holes to allow the helium to come in

contact with the charcoal. An aiternative design would replace the granular

charcoai with a charcoal cloth design. The cioth could be used if verification tests

prove it performs better than granular charcoal. The backup aiternative to the

adsorbers is to mechanically pump out the magnets at half cell intervals. The

Adsorber Development Plan (M3A-100046) provides more detail about adsorber

development and verification.

Helium Adsorber Module
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Verification testing of the HAM will consist of two test series, component level
testing performed by the vendors and magnet level testing performed by GDSS.
The vendors will perform component level testing to verify the ability of the charcoal
{(granular or cloth) to absorb a calibrated amount of helium under the normail
operating conditions (4.2K, 1x10-6 torr) demonstrate the ability of the adsorbers to
absorb helium after exposure to other gases and demonstrate the bond
performance over long term exposure to radiation. The magnet level testing will
demonstrate the ability of the adsorber in a functional cryostat. This test will
demonstrate the ability of the HAM to absorb not only the calibrated helium leak but
also any other gas constituents introduced due to outgassing from the MLI or other
cryostat components. Several thermal cycles will need to be completed to
demonstrate the ability of the adsorber to operate over repeated
absorbing/desorbing cycles. These tests will define the maintenance procedure
necessary to ensure continuous operation of the adsorber. The goal is tc put
enough of the charcoal into the cryostat to maintain the desired vacuum from one
thermal cycle to the next. This would allow the maintenance of the adsorber to
consist of warming up the module and pumping out the desorbed gas during the
planned maintenance intervals. Table 2.2.3-1 summarizes the test requirements
for adsorber development.

Table 2.2.3-1 Adsorber Test Requirements

Test Property Test Condition Measured Spec./

Identification Level Element Dev. Plan

Granular Absorption Material  |Nominal Operating | Granular Charcoal, M3A-100072

Charcoal {4.2K, 1x10*-6 torr}] Helium Absorption

Granuiar Bond Material Radiation Granular Charcoal, M3A-100072

Charcoal Performance Exposure Bond Performance

Charcoat Cloth Absorption Material Nominal Operating { Charcoal Cloth, M3A-100072
(4.2K, 1x10*-6 torr}] Helium Absomption

Charcoal Cloth Bond Material Radiation Charcoal Cloth, M3A-100072

Pedormance _ Exposure ____ 1Bond Porformance

Prototype MagnetAbsorption/ Prototype |Thermal Cycling |Absorber, M3A-100072

Calibrated Leak | Desorption Magnet Helium & other Gas

Tost Absorption/desomtion

The vendor performed component verification testing will be completed by
December 15, 1992. Upon successful component verification, the first articles will
be tested in the Lot B prototype magnets. Modifications and design changes will
follow the Lot B tests and the final concept will be tested on the Lot C magnets.
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Failure of the adsorbers to perform to specification will initiate the fall back design
using turbo pumps at half cell intervals.

2.3 INTERCONNECT

Performance verification on the bellows developed to date has been through
bellows vendors and SSCL analysis and testing of the beliows used on the SSCL
prototype magnets. Based on SSCL provided data and discussions with industry
bellows designers and manufacturers, the following concerns have been identified:

— Bellows “squirm,” a condition related to the length, diameter, and spring rate
— Leakage rates and paths

- Quick and catastrophic failure mode

- Life cycle requirements

— ASME codes

— Bellows producibility (high rate production, assembly, and installation)

— Displacement allowance

—~ Pressure drop

The GDSS Bellows Assembly Development Plan (M3A-100053) addresses these
concerns and provides a mitigation approach for the associated risks. All bellows
testing shall be compieted before the on dock need date for prototype article 1
bellows,

2.3.1  Pipe Bellows

GDSS will receive assistance from the vendor in the design of the pipe bellows.
GDSS will verify the vendor analysis and conduct bellows testing as outlined in
Table 2.3.1.1-1. AIll test units will be tested with 1.8 MPa (260 psi} maximum
internal helium pressure, with a vacuum surrounding the bellows and connected to
a leak detector. Ali test units will be tested with a fixed 6 mm lateral offset. The first
test of any given beilows (warm and cold) will be cycled until failure. If this failure
occurs beyond 10,000 cycles subsequent tests shall be limited to 10,000 cycles
(2.8 hrs at 1 Hz). For the thirty Single Phase bellows, ten shall be cycled until
failure - 5 warm and 5 cold.
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Table 3.1.2-1 Model Magnet Test Objectives (Continued)

Test/Meas. Property Condltion Measured Specitication/
Identification Element Deveiopment Plan
Magnetic Field Quality, transter | Warm and Coid Mass SSCL Test Document
Measurements | function, warm and 4,22K
cold correlation, [Bdl.
Quench Testing { Margin, ramp rate, 4.22K, 3.85K | Quench current, | SSCL Test Document
quench velocity and & 3.5K voltages, coil
location, MiITs, coid temperature, coil
mass structural stability stress
Quench Heater | Quench Heater 4.22K MiITs, Tin M3A-100068 and
Studies Performance SSCL Test Document

3.2 PROTOTYPE MAGNET TESTING

Testing during the Prototype phase of the CDM development program will evaluate
the performance of the baseline CDM design and define any changes required to
the design to meet magnet reliability, producibility and field quality requirements.
Prototype magnets will also be used for developing and refining test
procedures,and test equipment, and determining success criteria which will be
used during acceptance and qualification testing in later program phases. The
magnets will be instrumented to satisfy the test objectives of each magnet. Each of
the prototype magnets will undergo a standard set of tests, with certain magnets
used for specific design verification testing.

The 12 prototype magnets will be built in three lots, Lot A, Lot B, and Lot C, with
different objectives for each iot. Lot A will consist of four magnets, Lot B will consist
of three magnets and Lot C will consist of five magnets. Lot A magnets wiil be used
for initial design and process validation and to identify adjustments which must be
made in the design to optimize CDM magnstic, quench and margin performance.
Lot B magnets will be used to validate process adjustments macde as the result of
Lot A magnet testing and further performance evaluation. The last five magnets,
Lot C, will be used to validate CDM design changes identified as a result of Lot A
model magnet and Lot A prototype magnet testing.

3.2.1

Standard prototype magnet tests will verify CDM electrical integrity, magnetic field
quality, strength and alignment, quench performance, mechanical stability and
thermal performance. Cold mass design features which will be evaluated during

Standard Magnet Tests
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the prototype phase are similar to those discussed in model magnet testing Section
3.1.1. Cryostat design features that will be evaluated during standard prototype
testing include vacuum integrity and thermal performance. Vacuum integrity will be
performed prior to cooi-down and once the magnet has reached operating
temperature. Thermal performance will attempt to verify that there are no thermal
shorts between the 20K and 80K thermal shields. The effect thermal cycling has on
these performance parameters will also be studied. Table 3.2.1-1 lists the standard
prototype tests.

Table 3.2.1-1 Standard Prototype Magnet Tests

Test Identification Property Condition
Electrical Integrity Insulation Integrity Warm & 4.35K
CDM/Test Stand Leak Check Vacuum Vessel Vacuum Integrity | 4.35K
Quench Tests
Manually Induced Quenches Coil Protection System 4.35K
Quench Heater Studies Quench Heater Evaluation 4.35K
Field Margin CDM Fiekd and Temperature Margin | 4.35K
Ramp Rate (di/dt) Studies CDM Sensitivity to + Ramp Rates 4.35K
Quench Pertormance (Spot Heater) Studies | Quench Propagation 4.35K
Characteristics
Low Temp. Performance Collar Structural Stability, Margin 4.35K
Magnetic Fleld Measurements
Field Strength and Transfer Function CDM Structure Warm & 4.35K
Dipole Field Angle CDM Structure Warm & 4.35K
Field Quality and Stability Warm & 4.35K
Coill Prestress Monitoring Coil Stress Warm & 4.35K
Thermal Performance (Mapping) 20 K and 80K Shield Performance | 4.35K
Thermal Cycling Performance Sensitivity to Thermal | 4.35K
Cycling

instrumentation required in the CDM for standard prototype tests is listed in Table
3.2.1-2. The Cold Test Stand contains additional instrumentation that will be used
for testing; information on cold test stand instrumentation can be found in the Cold
Test Facility Test Stand Critical Iltem Product Function Specification (M8A-100202).
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Table 3.2.1-2 Instrumentation Used During Standard Magnet Testing

instrumentation Item Purpose
Voltage Taps
Coils Locating Quench Initiation Point and Propagation Velocity. Coil
Protection System
Expansion Loop Coil Protection System
Quench Protection Heater | Four wire resistance checkout
Spot Heaters Four wire resistance checkout
Strain Gatuges
Shell Cold mass shell stresses resulting from welding, cool-down and
warroup
Collar Pack Assy Monitor Coit Stresses from Collaring through Cold Test
Bullet Gauge Assy Monitor End Region Force on Coils
Temperature Sensors
LHe Lead End Measure LHe Temperature Leaving Cold Mass
LHe Non Lead End Measure LHe Temperature Entering Cold Mass
Pressure Transducers
LHe Lead End Measure LHe Pressure Leaving Cold Mass
LHe Non Lead End Measure LHe Pressure Entering Cold Mass
Spot Heaters induce Quenches in Inner Coil

3.2.2 Specific Design Verification Testing

3.2.2.1 Thermal Performance (Mapping)

Thermal performance testing will be performed to determine transient and steady
state temperature profiles for the CDM assembly consisting of the cold mass and
the cryostat. Cold mass mapping will provide the temperature variations from the
lead end to the return end. Cryostat mapping will investigate component interface
thermal resistance interactions of the support posts, cold mass cradle, thermal
shield, and cryogenic lines. Measurements will help validate analytical models
and detect any thermal shorts between the thermal shields. Measurements will be
made with instrumentation in the CDM and on the Cold Test Stand.
Instrumentation focated in the CDM is shown in Figure 3.2.2.1-1.
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Legend Jemp Sensor Symbol
PM-Prototype Magnat

55-Shield Segmant

TSSP-Temp. Sensor Support Post ===
TS80-Temp. Sensor 80K Shield = ———
TS20-Temp. Senscr 20K Shield <=

TSC-Temp. Sansor Cradle _—

morX

Feed Can End Return CanAEnd

SS1 | 882 | SS3 | 854 | SS5

e | - ] e Ld
Cryostat In Cold Test Stand A

Temperature Sensors on Cryostat Section A-A
Cryostat Shield ss1lss2f{ssalssalsss otal On PM Num.
Element 29&%12]146& 1
80 K Shield 4 0 0 4 4 12 12
20 K Shield 0 3 3 0 3 9 9
Cradle 10 /0 | 1/11 | 1,0 | 1/0 5 1
Support Post {1 4/0 | 4/0 | 4/4 1 4/0 | 410 20 4

Figure 3.2.2.1-1 Instrumentation Required for Thermal Performance
Testing

3.2.2.2 Structural Performance

Structural performance testing will be used to verify CDM structural integrity during
tunnel operation. The cold mass support posts and cryostat vacuum vessel will be
tested to verify adequate structural integrity. The ability of the support post to
support the cold mass during cool-down, operation and warmup will be verified.
During cool-down and warm up the four non fixed support posts must be free to
slide at the 300K surface, during cold mass contraction and -expansion. This will be
monitored with extensiometers mounted to blocks. The stresses induced into the
support post during cool-down and warmup will be monitored with strain gauges
mounted on the support in the section between the 20K shield and the cold mass
cradle. The ability of the support posts to handle transportation loading will be
verified in the Transportation System Test discussed in Section 3.2.2.3. Structural
stability of the vacuum vessel against deformation due to weld relaxation will be
verified by Non Destructive Test (NDT) residual stress measurements. These

159



MTP
6/26/92

3.2.2.8 String Testing

CDM prototype string testing will be required to verify PIDS requirements that
cannot be validated in a single magnet test stand due to test configuration and end
can thermal affects. All interconnect hardware performance requirements must be
verified during the string test since they cannot be tested in single magnet cold
tests. Verification of cryostat thermal performance parameters which cannot be
tested in the cold test stand must also be performed. These include heat leak and
pressure drops, verification of quench pressure relief, and verification of cool-down,
warm-up and quench recovery times and vacuum integrity. String testing will be
conducted at SSCL in an instrumented five prototype magnet string.
Instrumentation will be similar to that used in single magnet prototype testing.
Additional instrumentation will be installed by SSCL in the 20K and 80K cryogenic
lines to monitor temperature along the length of the CDM string. Test planning for
the string test will be performed by the TPWG. The TPWG will determine test
sequence, instrumentation requirements and which magnets will be used for the
String Test. GDSS support for string testing is presently not authorized by SSCL.

3.3 PREPRODUCTION MAGNET TESTING

3.3.1 Formal Qualification Testing (FQT)

FQT will be performed on a Preproduction magnet at both WMSD and GDSS in
single magnet test stands. Qualification will be performed to limits specified in the
PIDS with one thermal cycle. Requirements which cannot be verified in a single
magnet test stand will be verified during the prototype phase in the string test or
during the transportation test.
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4.3.4 Leak Testing

Where appropriate, vacuum and pressure testing will be accomplished in
accordance with ASME Boiler and Pressure Vessel Code, Section VI, Division 1
including the winter 1991 addendum. A trade study during the prototype magnet
test phase will determine the best test method, evaluating the options of using a
vacuum seal around cryostat ports and introducing helium into the cryostat for leak
detection; or performing a full cryostat pump down and injecting helium on the
external surfaces of the cryostat seals. The advantages of not pumping down the
entire system are the time and equipment cost savings achieved by reducing
overall leak test time. However, the introduction of helium into the cryostat is
considered a risk.

4.3.5 Thermal Performance Verification

Thermal performance testing will be evaluated during prototype testing. The
cryogenic flow rate will be reduced, thereby increasing the detectabie heat leak to
the 20K and 80K cryogenic lines. The optimum test flow rate wiil be determined
and the benefit of performing this testing will be evaluated during the prototype and
possibly preproduction test phases. Additional in-process testing to determine that
no thermal shield shorts exist between 20K and 80K shield is under evaluation by
Quality Assurance.

161



Bill Borosky.
FNAL

Thermal performance of 20 K
MLI systems.

163



" HEAT LEAK TEST FACILITY LAYOUT
FOR MLI MEASUREMENTS BELOW 80K

/////r-TEST VESSEL

HEL IUM RESERVOIR

LN, RESERVOIR

V/////—COPPER FLANGE

INSULATED
_—" STAND-OFF

165

ANCHOR PLATE

HEATMETER

COLD PLATE

80K SHIELD -



NOILIINNOD ON3 WHVM ¥3ddOd /

Y3LV3IH NOWUVHBIWD
QI3HS NOWLLVIQVY TWWY3IHL ¥3dd0D
JINVQ3dNI TYWHIHL T1331S SSITINIVLS

Wil HO3 0Ly WNNLLY
NS'H HOJ HOLSISIY NOBYYD
("WOIdAL) SUOLINOW 3WNLVHISWIL

NOILI3NNOD ON3 G100 ¥3ddODd

Y3LINLY

N
\
N
W
_,/

V2

N
Y,

73U

MOTS LV
40
NOILIIUG

Y

(ww)  3FWIS

HEREE
g2 0

166



ode wnupwnie gZy *oN WE = USiuld 89eHNg H0g = L :suopjpuo) Aiepunog . "

90-399°1

E 880°0

L'S)

690

(]

wiiof pedders / wees ybens
sioku| 100eds .

soisehiod pepuoqunds eidy |
opIS/Y 0E ‘WVQ s10ke) 0 '

90-3art’t

L0

L'Sh

S€9°0

4]

juof peddels / wees wbjess
siohe| J0oeds

1o1sefjod pepuoqunds ejdin w
opIs/y 009 ‘WvQ sidhe| ¢

90-39L°C

£60°0

L'Sl

81£0

uio] pedders / wees ybleals
s10ke| Jodeds

se180Aj0d pepuoqunds e[diz
opis/y 009 ‘WVQ Siehe; ¢

e —

3

Si

90-3€8°C

o 120°0

LSt

Ge9'0

ol

jujo] peddels ; wees peddels
si1eAe} Jodeds

Jasefiod pepuoqunds ejdin
opis/y 009 ‘Wvq ssehe;’

90-3.5°¢

= 450°0

pejjeisul NN ¢
ode} wnuINe SZy "ON

(uoy)

Orrwomn) Guw/m)

wnnoep  Ayaponpuo)  xnid

Bupejnsyy

jewloyy 1eoH
jueseddy

(WwI/N)

Aysueq 1yBioH

1oke

(w2)

lofe

(

s10A87

nWva
}O JoquINN

uopiduoseq weisAs

SWRISAS TTI PaTen|eAs JO 50UeWiIo)sd [eWisUL

i

.

1855



‘SON[RA paJnsesw pue pajoIpeldd uUssMlaq juouIdolde
pood oy} 931dsop aanjedall[ 94} Ul punoj asoy} uvyj 1oy
AjjaeoyTadis oJe SON[BA palnseaul 959Y3 8y} S WISOUOD

mﬁ\k 80’0 = (sesun)b
;uostredwod U .

mE\B ¥€0°0 = NE\B 100°0 + mE\E ec0'0 = (pead)b
(uoryonpuoo sed)b + (worjerpea)b = (pead)b

uey}
9 = sef jenpisal pue (g10°0 = °9 €00 = 1o
:Juransse pue

110} L0-H2L'E = aInssadd 912 = ° ‘N1'08 = 1L
:s19jowIvIed WORAS UWOAID) o

‘senN[eA peJanswour pue pejorpasd useM}eq peasIyow
st Juowsalfe pood ‘uorjonpuod sed renpised £q I9jsUBVI} 88
pUe Jojsuwa)} j89y juerped JoJ 33008 uroty suotjenbs Jurs() .

X0g Molag ouvwdlojlad I'TW

168



I'M 0U / 3083 WNLTAN[Y wemfi—

Weas

aeas

JYBLOIIS/NY( SJBART G emwempmumes  JYBTEUIS/WY] SJIART (F el

4eas

paddays/wy( SJaker () eweiems

€£0~300"1

(410}) WnnoRA

y0-300'1 S0-300°V £0-300°T
141 10°0
aam
10
T
i)
u <
~d |
1
r T

01

%02 = (P109)L ‘Y09 = (304)] :suolyipuod Arepunog

YR MoJog SWAISAS [N Jo soUeULIOfId] [eULIAY],

(2vux/H) %02 0 Xnl4 Jedy

169



_yumv_cmB JAART-()] wweaueass  1B3UE[(Q JIAC[-G enmmmighomme

(1107) wnnoep

£0-400°7 70-300"1 G0-3400" 1 90-300°V £0~300°%
4 _ T T 05070
“
= t -
u 00170
]
\
n “ “
L T
= = ¥
aEEEa ] 000}
L\\
) ]
| o :
! [ )
. P
— = — =
L 1 —_ T T L1 1 OOOO«

SUeas Wkas JySted)s / sseuyory) Burjeod y (09

90URUWLIOLIB] [T U0 SSeuydIy], 18yueiq jo 109154

(2vw/p)%0z o} xnyy je9q

170



£0-300°T

UPAS UMBS JYHIRUIG eeeeipummme  WEIS UM3S PICA0D]S el

(a10}) wnnoep

¥0-300°% G0-300°% 90-300'1

£0-300°F

1

I

1070

-—
L~

-t &

-

1

ssawjory) Furyeod y 009 / s1eue(q TR 1848101

3OURULIOLID] [TJ{ UO WeaS UMAG JO 109)]7

01

(2vua/N) M2 03 XTq Jedy -

171



‘sornjetadura) Mo

18 2AI}08[Jo1 ureurad jey} Splerys Jurrajjo L£q woIsLs oy}

Jo souwuiro)rad aseagoUr p[noys SUI[l} PazI[[ej}oW U0 SSaUNIIY}
Buryeod wnurwunie ay} Fuisearour ey} sreadde usyy §J -

‘3uryeod ayj jo ssaUNOIY} 9}
uey} J9jeald swooaq syjdsp Jureuunj} uorjelpeld s8 s958IIOUI
SUWI[Ij wnurunie ury} jo L}Alsstuisued) ayj} ‘sainjetadurs)y

MO[ ¥ ‘UOI}OLI}SaI jnoyjis yZnoay) sossed ey} joo(qo ue
Junqriys £5J10us jueIped JOo jusdJad 9y} ST AJAISSTWISURIL], o

"'SWII} POZI[[e)}oW JO LJIAISSIWID Y} UO }03})d

9]qeJapisuo? sAey [[IM Furjeod WnUIUWINie Ue JO SSdAUNOIY} 3}

‘A[reo13odo9at]], ‘'polod[jad JI0 paqJlosqe Fuieq a10j9q

wnuruwnge oy} 0jul soue|sIp swWos 9jvljouad [[Im aAem d1jouUTeW
—0J3099 Uw ‘A}IA1}SISAI [eO1I}09]9 s8(y wWnuiuIn(e adulg .

“J[§ JeaUu §9d8lINs WInuwINie
ueao JOo ey} ueyj} J9ydry yonwa st sufy Jeysakod
paziununie jo LJAISSTWS ayj} jey} st uorjeue(dxs suQp -

'seanjetoduro} mof £I9A jv LIepunoq ploo 9y} Uo I'IN
UM S90BJINS USOM}Q URY] $908JINS LJAISSTUII MO]
oJeq U2aM}9q J9MO[ SI JoJsued} jeay ey} moys eje( -

SONILV0D WANINNTV NIHL 40 ALIAISSINSNVY.L

172



E0-300°1

3PIS/SLOJISOUR (G mmeetiPunemm  BDTS/SLOUISOUR (09 eenmnigoom

(107) wnnoey

¥0-300°7 S0-300°1 90-300°7

[] 1

£0-300°7

1070

A\

-
L=

H+ -

]|

swieas umas Jydren)s / sjeque(q Kvq Lafef o]
JOUBULIOLID] JTN UO SSauyIly], mmﬂmou UuInuIwmniy Jo jo9Jiy

01

(2vta/K) 02 01 Xnd 1esy

173



WM O =0 u/M gL o =0 2uU/M €900 = b
Gd0) G-32/ € = ( =———mpe— 0} G-3/2'1 = ( eeiie— G0 (-3 F = d =—li——
Jaquiny JoeT I
1] & 8 L 9 4 14 £ c 1 0
.. f H— + + + t - — t -+ 000
Y
l\\\- - 00702
- ~3
1+
\ - 000 3
=
J 2
00°0r & -
=
@
© 0005 =
Mg
00°09
%2 = (p[03)1
- 00704
%8 = (3041
00°08

swieas umas paddays gy Sashe) 6XE/RVQ s1ehe] 01
1ojuerg Jafej—q] e ydnoxyj uonnquiisi| sanjeradwa], TN



SIode] 9AI}09[Jad JO JoqUINU 9y} 901M} pey joxquerq auo yisnoyj
usAd® aouewIojrad jeullay} swies 3y} pey spoyjowr Juruailsej
pue saT}Isuap Joafe] Je[iuals Y pojedliqe] sjayuelq
‘PeanIyuod si joque[q a9y} Moy se juelioduwul se jou st s.Iofe]
9AI}09]J8d JOo JaquInu ayj} ‘1I10} 9-H] J8aU S[9A9] wInnoea 3}y

2IqI21[Fou sewI009q souvuwiIojiad

uorje[nsul 0] UOI}oNpuUod §8d JO UWOIINGLIYUOD 8} 910Jaq
110} . —9] MoO[2q 9q jSnuUI WNNOvA Furje[nsu] ‘UOI}PNpUOD
sS85 [eNpISat 0] SAI}ISUSS AI9A ST O JeaUu UOolFal ay],

'IX0} 9—91 JO wnnoea Jurjensur ue je }93pnq udiisap
9U} sjeaw plalys J0Z 1e3s04I0 atodip DSS 9y} 10f payroads
19uelq [T Jo4Lel—QT 24} 184} LJiI9A sj[nsaJ [ejuswrniadxy

SNOISNTONOOD

175



'S8UIJBO0D HOIY} wWoI}sdue G Yim SwWfly asn

ued jes0f1o ojodip HSS 9Y)} Ul s3}9quUeIq I'IN IV ‘sfdurjeod
Moy} woJaj)sduv OGE YpM suI[l) Jo pastadurod sura)sAs JIe[iulls
I9A0 ddouewirollad ur jusurasaosdurr ou Jsjjo sdurjeod wnulwINie
JOIY} woajsdue Q9 YIM SUI] SAT}O03[Jal JO 95N Y],

‘syuswaImbaa ufsep (eulla|)}
a3y} duresw [I13s oYM jusuodurod a[3uls e se pajpuey 24 03}
sJofe] fuew oY} sMO[[® WoIsAS TIN MOZ HSS oY} 1o payjoads

A1jouwrod8 ureas umas poddols oY )02 Jesu Surpesado sjaxue|q
I'TN JO @duvurtojiad [BULISY]} [[v13A0 aYj joedwIl swWIeas UMag

"UOT}OMPU0D

sel [enpisol Surpadwr £q Jajsued} j@aYy jruIl] sIode]
[eUOINPPY 1107 9—F] 2A0QR S$9SYIIOUI WInNNnowva Jurjyensut

uaym juejroduwll SoW009q SIAB] AIJOS[JoI JO JoqUINU YL -

SNOISATONOD

176



MTL Cold Test Stand Cryogenic Instrumentation

Q.S. Shu and I. Syromyatnikov

177



MTL Cold Test Stand
Cryogenic Instrumentation.

Q. S. Shu, I. Syromyatnikov.

Superconducting Super Collider Laboratory.
Magnet System Division.

179



'2In1dNIS dIemljos wolsAs uonisinboe wiep uoneULSWINIISUY
"OTJRWIAYDS arempley wolsAs uonisinboe elep uOIIRIUIWNIISUL

'SI9JBdY [eoInod[gd (
‘uoneiuswnIISu] speoy Iamod (9

‘mof (p
aInssarg (o

‘Anowounrdy], aInssarg Jlodep (q
‘Anowoway ] (e :uoneiuownnsul o1uUa8o0LI)

"UOIIBIUdWINIISUT
OTUS30A10 puels 1891 "LLIN 29U} JO MIIAIOAQ [BIJUID

"SLNHINOD

%

S

-
—

180



\ 4
o | e | RS | " GREARAR . im0 mmmo ot
_| oosioo-oem | d ] e BT e e ) s B ) e TR )
[ ONVLS 1S31 LINOVA o w2 @ MWERG. reBIE
E o 1] Ecug
NOTLVYININNEISNI J1NIO0AYD [2E-F-F IS X0 s g neAERES (&) ..aﬁei% @
o§<mo<~o 78-4-F >G¥E§t»m o NONUITE .- - - Eiﬁ@ ki O WAL s
" W b7 F0ISHRER sy e I
eSS i D O e b% .mu * 26-v-9 | SIWZNOY

__ !
L e ]

ONY1S 1S31 JINOVHW

l l |
wdonw 803 | auva | NO | 1d 182530 =

181

SNOISTAZY
] B




\\0\\\\\\\\\\\.\\.\\
oOne0 0f R T N NN

" 00¢€-0¢ €01 - 1Ld 41y wnuneid (q
M 0V-S'T 000Z-1-4DD sse[S-uoqre) (¢ ~ "SIOSWSS JO 3UAY, ¢
Jw 05 F M00E-08 °N
Ju 00S F A 00£-08
U QS F 3 08 - OF
Jw oS F Moy - 0T
W Q1 ¥ 3 0T - 01
uw ZF MA0I-6T 9H
£seIndoy ofuey L ua8oL1)
STGURIMDIT  AJEINO0Y '

W ELICLITRELR



yu ¢

0+ qu QST : judlpes)
Nuw TF Y IS - §°E - Mosqy

‘foeande QS % ST0
‘sq pisd ¢ - 77 adf] d3j0suag :[eHUAIIJIC

£deandde OSA % S0°0

eisd (S - ALL J2dng 23)0suag :dnjosqy UeI] 2Inssalg
aing LdA
C S —
SSE PIoD
(N [ ]
W)
()
—>< da
A8 |—p<— = Ag
ARD <
1d aN A8 dN| |1
uen pug uen pea4
,H.SQEQE.-@.: dJ1ss9Jd LQQ&P

‘Sd
T

183



‘SUE) pud pue paI?dy
ay3 apisino pajersul (Koeane OSA %10 ‘Sd 1sd 007) ALL d9I0sUdg

srdynpsued) Il

J[npowl 3NOPEII
(ZE€Z-SY  ‘JUALIND UONEIIXd VYWl [ ‘spuueyd ) 12)9w0£1)0Z3ld 0067

‘wear)s-ul

pafjesur (£oeandde OSI % ST0 ‘Sd isd 0S7) 0Zv ISd oI

ERUETERE |

L |

184



‘(31 00€) Ul UINIAI PAIYS J O UL pofreIsur
aq [reys (Koemdde S %1 F ‘WATS 08F) V6SST S U0

(31 00€) sour[ winjox spea Jomod oyl ul payreIsut
3q reys (£LoeInooe S %1 F ‘TS 08F) VZ9ST SN oML ~SHIONUCY A0 T

M OIT - LL leq ¢'7 aisd 9°'¢ % 1 S/ 01 -1] PRI ) 08 0 Alddas N
AT-6T Ieq ¢ daisd 9°¢ %1 | /8 0C-6 Alddns oy oseyd o[duig
91BIMO[]
wnwixeu
a8uey arnssaxd e oduey
armjerodwa] uoneradp | doip aunssoig | Aoeindoy eIMO|] uonduosa( uondung aulg

‘§urdid uaSonu pue oseyd ofSurs o ur pa[[eIsul aq Ieys “SISYUIROY TAMIUSA T

"ROTq

185




TIBTTOIJUOD MOTF -~ OTI4
{sdeq ebegroa - A
{Juewete exnjvaedwey - =TI

seng Bupanpuodsedng ueg peey o eaeyd eibuig

M ueD posy \
5

Bubey 0gg

ssng Buponpucasedng ﬁ._wum_

3an)o1d 3y} uo umoyg

(I 00€) ssuy uanjaa spes tamod ayy ur pajfeIsut
(Adeandde S 9T F ‘WIS 08F) VIIST SHIN OM], RO 5H <

‘ped] samod yoes jo wojpoq
U 1T 000T-1-ADD omy ‘doy ayy je goI-Ld uQ ~TATPWOWDHUL T




-onewdos aqoid ameredwny, yp 2andrg

. 4 L L L L L L L L L AL LELT L L L LA L L L AT A4
STy FAVAVAWATAV AW AT LT AT LTS VAT AT A Vol WAV e W W Wl Vs W W W Wt Wt W W W Wil W W Wt W AW §§E
T, aE

mmmaa@!ntasssssiisisisisiissssisisissssssitmrenn!:ee!nnqnmmmmwwwﬁya“MMME
27727,

peaT JaMmod .

A%

s

bset
SOSISISISIISISIIISIISI LI INSI, L I

f aseaId ¢or-Id  xaddop

DATIONPUOD TPWIADYL

187



‘sreyop Sununow syosuas armeraduwio) peaf romod 7 31

§a-- VY

8-
\\
V/
J8pI0S , peaT Jamod
"1€04-3D USIUIBA peay Iamod
WNL wwszg ade uoidey oy} 0} paIBpjos
/" 1apjoy seddon
X0q 1803 019 7
g O» A
— G i.|||\» | e
il T
yo0jq Jedoon \ : _q _
|
|
e | Y
%9019 18ddoo alj} punose b Gl -

paddem spes| osueg

\

3

e

X0q 049 Jo
doy sy} 0) Axods
8le|d [eulwd]

"10108UU0D O} 8|qe)

'SpEa| J0SUas

*0}08UU0D 0} 8jQe)

188



‘PeOJ B9y pourjapald juRISUOD S$IINPOIY M 01 s/3 01 Alddns N 7 9

O
‘peol 1eay pouljeparxd jueisuod §aonpoid M 01 s/8 1 Aiddns oz| ¢
JqCF A 00 AOQE-AST M 00LT $/8 | uinjal M:% 14

J

Jw Qr ¥ M o Moy -AST M 0ST /3 | Aiddns Joz| ¢
MW QS F ) S€ MOII- M LL M 008I| s/@ 01| Apddns N 1| ¢
N AW 001 AC-AST M 0S| /3 001| Aiddns o 1] 1
AdeInody | aduer pajjonuo)) [9duesr ainjeradwa] | 1omod I3jBSH [91BIMO[] 391A13§ | ON

WEFLEL|

LRJEERE]

189



JANY3IHII

| 1 Lo LT [SeuERee RS
uonels I I [ R D
NNS “ _ “ " “ “ “ | ..nl B0 3 sebnd einsssid
_ _
[ . [ N Ll.n_dndnaudq siosuss ainjesedwa
- I 1 b + [ .
kee-sy | 7 |vio1| §GENdH| | | VigEigH |
INAN| gigp|  4nohova | | SX(PNLBS |
a1eld JNA
ssng gidD
1818wok1y ozaig 8.y SHN nopeay -oep || 10400 “dway selesH
veste dHWAQ |-
FIERY TR | e
wyca|| opsehung | SoOEB90A si0jesH CZATHUDY |
‘ainssald oY
LY 1Sd Jeiie)
“o1lewIoy RN

AleMpIelH uoriejudwWINIISUl pueig 1S9, PIoD TLIN

190



2dVdS
2¥VdS

O0t089N

HWA

uofieIudsAd ¥

Bt sisAeuy
‘|[oanuo)) 1504

pud U0
uopsinboy tieq

UONCIUILUNIISU]

uonejuasasd y
-] sisA[euy
‘1anuo)) 1SoH

puy ol
uomsinboy eledg

UOIJTIURINIISU]

JOARS
AIYOIY ele(]

uonTiuasasd %
- siIsjcuy
‘[onuo)) 1S0H

pus 1uo1g
vonisinboy vicq

uoNCIUWNSY]

S

aogeleq TLIN

191



Cryogenic Data Acquisition system

software structure.
68030 front-end SPARC Host
VxWorks UNIX
Configuration
Data Base. (" ISTIK )
(Now- a file) Control Pannel
and
Data Presentation
t ¥ ( KASPAR, SID,
1 GLISTIK
_ \‘ \_ ) J
Acquisi
Device Drivers ) cg;x;zﬁgn t
(. T,5,m,...) Eos in Sh. merg
SSCUNI GPIB l T
Drivers SDS/Streain Sockets. o
Data Base.
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Status of Cross Flow Cooling Calculations

S. Peck
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SS8C Cryo Note No. 92-5 April 1992, rev. July 1992

ANALYSIS OF CROSSFLOW COOLING
IN 50mm-CDM WITH ORIFICED CHANNELS

Adnan Yiicel
ASD Cryogenics Department
SSC Laboratory

INTRODUCTION

The crossflow cooling scheme proposed by General Dynamics (1] employs yoke lamina-
tions with smaller holes (diameter < 0.03175 m) at the lead and return ends of the collider dipole
magnet. A restricted yoke lamination is placed at the inlet for the upper two channels and another
one is placed at the exit for the lower two channels. The smaller holes —orifices— limit the flows
entering the upper channels and those exiting the lower channels, thus creating a pressure differ-
ential between the lower and upper channels. This pressure differental can divert flow from the
lower half to the upper half via slotted yokes used periodically along the length of the magnet.
The infusion of colder coolant from the lower channels into the annular channel and the discharge
of warmer coolant out of the annular channel into the upper channels provide the crossfiow cool-
ing effect.

This note presents a parametric analysis of the above crossflow cooling scheme. There are
two important parameters in assessing the effectiveness of crossflow cooling for a given design
and operating conditions. These parameters are: a) the orifice loss coefficient which determines
the pressure drop across the orifice plates and adds to the total pressure drop for the magnet, and
b) the crossflow conductance which determines the transverse flow rate between the coolant chan-
nels and the annular channel.

ANALYSIS

Figure 1 shows the incompressible flow network used in the analysis. The 15-m long dipole
magnet is divided into 25 sections. The slotted yokes are assumed to be placed every 60 cm,
accommodatng transverse flow from the lower channels into the annular channel and from the
annular channel into the upper channels. Since gaps between collar packs occur every 25 ¢m,
there will be more than one crossflow path between the collar tooling slots and the annular chan-
nel for a given section. For simplicity, these branches are lumped together in the analysis. Hence,
for each section, there is assumed to be a single but tortuous crossflow passage linking the lower
two channels to the annular channel, and another one linking the annular channel to the upper
channels. The conductance of the crossflow passages, Cx, is taken as a free parameter and varied
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between 1.0 E-6 m? and 5.0 E-4 mZ. This wide range of crossflow conductance values covers the
whole spectrum of crossflow regimes that will be discussed later. The geomeny of the crossflow
passages in a given magnet design will determine the actual crossflow conductance value for the
passages. The results presented here for a wide range of crossflow conductance values can be used
to determine the relative crossflow efficiency for a particular design and to determine the sensitiv-
ity of the predictions to the uncertainties in estimating the crossflow conductance for the given
design.

The orifice loss coefficient, Ko, is varied primarily between 10 and 40 to represent different
orifices; larger Ko values reaching up to fully blocked channels are also considered. The orifice
size or diameter corresponding to a certain Ko value depends on the actual shape (contour) of the
orifice and can be determined from experimental data [2]. Aithough the loss coefficient for inlet to
a pipe through an orifice is somewhat lower than that for exit from a pipe through an orifice, the
inlet and exit loss coefficients in this analysis are taken to be the same.

Unless otherwise noted, the values used for the remaining baseline parameters are as fol-

lows:

Inlet and exit loss coefficients for a non-orificed channel Ki=Ke=1

Friction factor, all channels f=0.02

Cooling channel diameter D=0.03175m
Beam_ tube diameter } Dy, = 0.037m
Helium density at 4.2 K, 0.4 MPa p = 138 kg/m?
Helium specific heat at 4.2 K, 0.4 MPa Cp=3.73E3 Jkg-K
Total mass flow rate MT =0.1 kg/s
Effective heat ransfer conductance for the cold mass U=1.75 Wm-K
Linear heat input Q=1Wm

The linear heat input of 1 W/m used in the calculations is a nominal rate. The annular chan-
nel temperature rise values presented in this study can be regarded as being per W/m of linear
heating and can be scaled to obtain the temperature rise for other linear heat rates.

Flow analysis
The equations governing pressure drops along the channels are
APL; = APL, ; + KL; ML; |ML,|
APU; = APU; , + KU; MU; | MU; |
APA; = APA. | + KA; MA; | MA;|
= APA;; + KA; (MT - ML; - MU;) |MT - ML; - MUj; |

where
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KL, =(Ki§;; +f Ax/D + Ko siN)/(szzg
KU; = (Ko §;; +f Ax/D + Ke 8;n)/(2pA%)
KA; = (Ki §;, +f Ax/D, + Ke 5;0/(2pA,°)

fori=1,2,..,N. The mass flow rates are governed by the mass balance equations for the mixing
nodes

ML, = ML; - MXL; = ML; - Cx sign(APA, - APLy) [p | APA, - APL, | ]2
MU, | = MU; + MXU; = MU; - Cx sign(APU; - APA;) [p | APU; - APA,; | 112

fori=1,2,..,N-1. The boundary conditions on the system are:

APLg = APUg = APAp =0
APLy = APUy = APAy

A nonlinear equation system solver is used to obtain the solutions for the pressure drops at
each node and the mass flow rates along each section.

Temperature analysis

The differential equations governing the helium temperature along a given section in the
cooling channels and in the annular channel are given by

ML; Cp d(TL/dx = 1/2 U (TA; - TL;)
MU; Cp d(TUp/dx = 1/2 U (TA; - TU)
MA,; Cp d(TAD/dx =Q - 1/2U (TA; - TLy) - 1/2 U (TA, - TU)

for x;.; S x <x;, 1= 1,2,...,N. Here, U represents the total heat transfer conductance for the cold
mass between the annular channel and the cooling channels [3,4). The static heat load on the cold
mass and the back diffusion of heat from the upper half of the cold mass to the lower half are
neglected. The initial conditions for each section are determined assuming perfect mixing at the
nodes:

ML; TLi(x;) = (ML;4p + <MXL;,0>) TLi, (%)) - <-MXL;,0> TAy 1 (x;)
MUi TU}(Xi) = (MUi+1 + <-MXUi,O>) TUi+1 (Xi) - <MXUi,0> TAi-i-I(xi)
MAi TAi(xi) = (MAH]_ + <-MXLi,0> + <MXI.Ii,0>) TAi+1(Xi)

- <MXL;,0> TLiy 1 (x;) - <-MXU;,0>) TUjy (%))

for i = 1,2,...N-1. In the above equations, the brackets are used to denote the greater of the two
variables inside the brackets, i.e. <a,b> = max (a,b). The initial conditions for the first section are

TL(0) = TU(0) = TA{(0) = T,

Once the mass flow rates are determined, the above system of ordinary differential equations
is solved using a suitable ODE integrator to obtain the temperature distributions in the channels.
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RESULTS

Axial variations of pressure drop, mass flow rate and annular channel temperature

In order to illustrate the effects of crossflow, we present in this section the pressure drops,
mass flow rates and annular temperature profiles for an orificed magnet with Ko = 20.

Figure 2 shows the upper, lower and annular channel pressure drops along a dipole magnet;
Figure 3 shows the corresponding mass flow rates. The upper channel which is orificed at the
inlet has a large pressure drop across the orifice, while the lower channel experiences a large pres-
sure drop across its orifice at the exit. The pressure and mass flow rate profiles are strongly influ-
enced by the crossflow conductance between the channels:

+ Forlow crossflow conductance values, there is little communication (i.e. crossflow)

between the three channels. The channels serve merely as inde pendent flow paths,
with relatively small variations in the mass flow rates along the length of the
magnet. Hence the pressure gradients remain fairly constant along the channels.

« For high crossflow conductance values, there is significant crossflow near the inlet
from the annular channel to the upper channel due to the large pressure differential
caused by the orifice. There is little crossflow, however, from the lower channel to
the annular channel. As a result, the annular channel mass flow rate decreases near
the inlet while the upper channel mass flow rate increases rapidly. The situation is
reversed at the exitend of the magnet: crossflow is now driven by the large pressure
difference between the lower and annular channels. The annular channel mass flow
rate increases, while the lower channel flow rate decreases near the exit. Hence, for
high conductance values, the lower channel pressure gradient decreases along the
length of the magnet as its mass flow rate increases monotonically, while the
converse is true for the upper channel. This leads towards equalization of channel
pressures in the mid-section of the magnet, which in turn suppresses crossflows in
this region.

The axial variations of crossflows from the lower channel to the annular channel and from
the annular channel to the upper channel are shown in Figure 4 for three conductance values. For
low conductance values, the upper and lower crossflow rates are low and comparable to each
other. At intermediate Cx values, the crossflow rates rise but become skewed toward the ends. At
higher conductance values, crossflow rates are quite large at the respective ends, but vanish in the
center of the magnet. Figure 5 shows the comresponding annular mass flow rates. For low con-
ductance values, the annular flow rate is higher than that for a non-orificed magnet (without cross-
flow), but this is primarily driven by the large pressure drop across magnet caused by the orificed
channels. As the crossflow conductance increases, the annular mass flow rate increases near the
ends, but decreases in the center of the magnet.

The variations in the annular channel mass flow rate discussed above have a strong influence
on the temperature profiles and the maximum temperature-attained in the annular channel (Figure
6). As expected, the temperature rise in the annular channel is lower everywhere compared to that
for a magnet without crossflow. However, for higher conductance values, the location of the peak
temperature in the annular channel shifts from the end of the magnet towards the middle. Further-
more, the peak temperature level rises rapidly with increasing crossflow conductance as the center
of the magnet is deprived of crossflow.
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Total Pressure Drop and Maximum Annular Channel Temperature Rise

This section presents a summary of the total pressure drops and the maximum annular chan-
nel temperatures for different orifice loss coefficients. For a magnet without crossflow .cooling
(i.e. with non-orificed cooling channels), the pressure drop is about 30 Pa with 15.9 g/s of flow in
the annular channel; the increase in the annular channel helium temperature at the exit is 204 mK
(per W/m of heating). The effectiveness of crossflow cooling in a magnet with a particular cross-
flow conductance and orifice area is judged based on comparisons with the above set of numbers.
Additional constraints are the maximum allowable total pressure drop (60 Pa) and coil tempera-
ture (4.25 K).

Figure 7 shows the total pressure drop for a dipole magnet and the maximum temperature
rise attained in the annular channel for four different orifice coefficients. As expected, the total
pressure drop is higher for a magnet with orificed cooling channels; the smaller the orifice (higher
Ko}, the larger the pressure drop. The effect of crossflow is to reduce the total pressure drop:
increased communication between the channels leads towards equalization of pressures, hence the
pressure drop decreases as crossflow conductance increases. The reduction in the pressure drop is
relatively small for lower Ko values but becomes significant for higher Ko values (greater block-
age). A point of diminishing returns is reached around Cx = 10E-5 m; beyond this conductance,
the decrease in the pressure drop is negligible for all Ko values.

For a given Ko value, the maximum temperature rise in the annular channel decreases ini-
tially with increasing crossflow conductance, but increases rapzidly for higher conductance values.
There is a narrow range of Cx values (4.0 E-5 to 10.0 E-5 m®) for which the temperature rise in
the annular channel is minimized (and significantly reduced compared to the no crossflow: case).
Within this range of Cx values, Ko values between 20 to 30 yield the highest reduction in the
maximum temperature with “minirnal” increase in the total pressure drop. Further redicticns in
the maximum temperature come at the expense of increasingly higher pressure drops for Ko > 30.

Sensinvity to Coldmass Heat Transfer Conductance

The above results are not very sensitive to the effective heat transfer conductance for the
cold mass. Calculations using a value of U = 1.2 W/m-K yielded annular channel temperatures
slightly higher than those presented above.

System Behavior for large Ko

As Ko is increased further (i.e. orifice diameter decreased), the total pressure drop increases
rapidly, particularly at lower conductance values (Figure 8). However, the decrease in the maxi-
mum temperature rise in the annular channel with increasing crossflow conductance declines.
Eventually, as Ko — <= (cooling channel blocked fully at the inlet or exit), the maximum temper-
ature increases monotonically with Cx (Figure 9). This is due to the fact that, as the orifice area is
reduced, almost all of the flow is channeled into the annulus. Consequently, the temperature rise
in the annular channel remains low at lower crossflow conductance values. As the conductance
increases, crossflows reduce the annular channel mass flow rate, causing the annular channel tem-
perature to rise.

Effect of Increased Beam Tube Diameiter

The baseline beam tube outer diameter is 37 mm in this analysis. In order to quantify the
effects of a reduced annular gap size, simulations were carried for beam tube outer diameters of
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42 mm and 45 mm. The friction factor for the annular channel was increased from 0.020 to 0.025
in these simulations to account for the increased flow resistance in the annular channel. Without
crossflow, the annular channel mass flow rate is 8.1 g/s for a beam tube diameter of 42 mm and
4.4 g/s for a beam tube diameter of 45 mm. The corresponding total pressure drops are 35 Pa and
38 Pa, and the maximum annular channel temperature rises (per W/m of linear heating) are 334
mK and 466 mK, respectively. The quantitative effects of crossflow on the total pressure drop and
the maximum temperature rise in the annular channel for the three beam tube diameters can be
compared in Figures 10 and 11. As expected the annular channel mass fiow rate decreases and the
total pressure drop increases as the beam tube diameter is increased. The increase in the pressure
drop is more pronounced for larger Ko, i.e. for smaller orifices (Figure 10). For a given Ko, the
maximum temperature rises in the annular channel can be considerably higher for the larger beam
tube diameters as a result of the reduced flow rates in the annular channel (Figure 11). While the
annular temperature rise can be reduced using smaller orifices (larger Ko), the accompanying total
pressure drop may be prohibitive.

SUMMARY

A network flow model for crossflow in a collider dipole magnet with orificed cooling chan-
nels is developed. A parametric study of the effects of transverse flow conductance and orifice
loss coefficient is conducted. Crossflow cooling is found to be most effective for values within a
narrow range of these parameters.

NOMENCLATURE

A A, Cross-sectional areas for the cooling channels and the annular channel, m?

Cp Specific heat, J/kg-K :

Cx Crossflow conductance between the lower channels and the annular channel,
and between the annular channel and the upper channels, m?

D,D, Hydraulic diameters for the cooling channels, and for the annular channel, m

f Friction factor

Ki, Ke Inlet and exit loss coefficients

Ko : Orifice loss coefficient (inlet or exit)

MA Annular mass flow rate, kg/s

MU, ML Combined mass flow rate for the upper two channels, and for the lower two
channels, kg/s

MT Total mass flow rate, kg/s

MXU, MXL Upper and lower crossflow rates, kg/s

N Number of sections

Py Pressure at inlet, Pa -

PU, PL, PA Upper, lower and annular channel pressures, Pa

Q Linear heat input, W/m

To Temperature at inlet, K

TU,TL, TA Upper, lower and annular channel temperatures, K

U Effective heat transfer conductance for the cold mass, W/m-K

X Axial location for node i (= iAx), m
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AP, Cumulative pressure drop at node i { = Py - P(x;) ), Pa

Ax Section length, m

8;; Kronecker delta

p Density, kg/rn3

i quantity for section (or node) 1
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CROSS-FLOW COOLING

R.P.Shutt, M.L.Rehak
Brockhaven National Laboratory

ABSTRACT

The cross—flow cooling scheme principle and implementation are pre-
sented. Comparison between the analytical model for the cross—flow cooling
scheme and measurements on magnet DD0020 show excellent agreement.
Presence of temperature peaks as well as their elimination is discussed. The
eﬁ'ect-s of variations of coil cooling passage gap, orifice diameter and bypass
diameter on coil temperature increase are addressed. Quench pressures
are found to be comparable to those when there is no cross—flow cooling.
Cross—flow cooling for HEB magnets where heat is generated in the main
coil as opposed to the beam tube is addressed. Expressions to determine
pressure drops across orifices are developed. More detailed discussions and

.
the theory will appear in a final complete paper on cross—flow cooling.

¥
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1. CROSS-FLOW COOLING

1.1 NEED FOR CROSS-FLOW COOLING

Originally cross—flow cooling was intended to provide the SSC with the capability of
future upgrading. For magnets built without cross—flow cooling (through-flow) it was
found that a coil cooling passage (CCP) gap of d. = 0.13 cm is adequate for a synchrotron
radiation heat load of S, = 2W. For upgrading to 6 W, a CCP gap of d. = 0.50 cm is
needed to keep the magnet coil temperature sufficiently low. However in order to enable
full field measurements, a “mole” generating 20 to 30 W is needed and cross—flow cooling
is presently considered to accommodate this heat load.

Cross—flow cooling is also to be used in the High Energy Booster (HEB) magnets. In
the HEB magnets there is no synchrotron radiation heat. However there is heat generated
by eddy currents (in coil windings and bore tube copper plating) which are induced by

rapid current ramping.

1.2 CROSS-FLOW PRINCIPLE

“Cross—flow” is obtained by installing orifices at the downstream ends of, say, the upper
two bypass tubes through the yoke ( see Fig. 1.1) and at the upstream ends of the lower
two tubes. Thus a pressure difference will result between top and bottom tubes which
can force helium downward through vents provided between the yoke laminations. When
arriving from the top at the collar laminations of the SSC, the helium is permitted to flow
in an axial direction through passages along the outside of the collars (collar notches, see
Fig. 1.2). Gaps are proyided between collar packs for helium to reach the coil and pass
into the CCP through gaps at the top and bottom poles of the coil. (The bottom pole gap
is reached by helium passing downward around the coil, along the mentioned gaps between
collar packs ). When helium reaches the next two pole gaps after flowing along the CCP,
the given process is reversed. Helium exits from the CCP at the top and the bottom pole
gaps in the coil. From the top gap it flows again around the coil along the mentioned gaps
between collar packs. At the bottom it mixes with the helium exiting from the bottom
gap, flows axially along the provided passages, reaches the bottom vent between the yoke

laminations and finally enters the bottom bypass tubes.
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Thus fresh cold helium enters the CCP every 30 cm instead at the CCP entrance only,
which explains why the helium and coil temperature increases at the downstream end of

the CCP can be considerably less than with “through-flow™.

1.3 CROSS-FLOW IMPLEMENTATION

A magnet with cross—flow differs from a magnet with through-flow in the following.

o Orifices at bypass ends.

¢ Vents alternating top and bottom every 30 cm.
Magnets with through~flow have vents in yoke laminations every 15 cm in order
to provide pressure relief passages during a quench.

o Blocks in collar pickup notches.
Indium plugs were used at Brookhaven National Laboratory where the collaring
tool was pressing on the pickup notches. If the collaring tool is designed with
a circular cross—section, several collars without pickup notches can be inserted
in the middle of the collar packs instead of indium plugs.

¢ Blockage of leak paths:

¢ Leaks along the magnet length (see Fig. 1.3).
There are leak paths through small holes along the magnet length which are
blocked by welding patches on the yoke laminations at the magnet ends only.
Other leak paths, such as holes in the collar laminations, need to be blocked
for every collar packs.

e Radial leaks bet\.'.yecn yoke laminations.
If yoke laminations are not sufficiently tightly packed, there will be leaks be-
tween upper and lower bypass and leaks between bypass and busbar passage.
The magnet tested for cross—flow cooling at BNL was built with 1/16 in lamina-
tions and had a high packing factor (99.7 %). In addition, the busbar passages
were completely filled up and required no special attention. It v;ras estimated
that leaks could lead to a maximum available axial mass flow loss of 25%. With
1/4 in laminations however the packing factor can drop to 98%. For laminar

flow, the mass flow is proportional to the cube of the gap between laminations
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Figure 1.1: Cross—flow cooling
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1 My = dg/ﬂ:! Mg = di/wc. With d /4 = 4d, 1 2nd one fourth the num-

ber of laminations, one finds My;, = 16My;1s. Measurements have confirmed
that dy;4 = 4d, 55 is a reasonable assumption: thicker lamipations come with
larger out—of-flatness tolerances and are more difficult to compress than-thin
laminations.
These leaks can be entirely eliminated by lining the bypass tubes with stainless
steel tube liners. Alternatively, leaks could be reduced by inserting a very thin
stainless steel sheet in the midplane of the magnet. This doesn’t block leaks
from bypass to busbar unless busbar passages are completely filled up. Another
option would be to revert to the use 1/16 in laminations.

¢ Collar pack laminations. Radial leaks between collar laminations are not a

concern because blocks in the pickup notches redirect the flow to the CCP in
addition to eliminating parallel axial flow passages.

1.4 RESULTS

The specifications and some parameters are listed below.

¢ coil temperature increase AT < 0.05 K at §, = 2W

¢ coil temperature increase AT < (.15 K at S, = 6W

e pressure drop used to be AP < 250Pa per dipole, now changed to AP < 69Pa
( pressure drop for magnets without cross—flow})

o CCP gap used to be d; = 0.13 cm , it is currently to be dc = 0.5 cm.

. synchrotron ra.di‘a’;ion heat generates S,=2 W, upgrade capability to 6 W was

required. The miole generates 20 W to 30 W.

Table Table 1.1 shows that, for the original CCP gap of d. = 0.13 cm, specifications
at 6 W are not met. The next size which meets the 6W specification is d. = 0.50 cm
but this leads to unacceptably high coil temperature increases at 20 or 30 W during field
measuremernts.

When the CCP gap quadruples (0.13 to 0.50 cm) coil temperatures decrease by a factor
of 2 compared with through-flow. With cross—flow and d. = 0.13 cm decreases are by a

factor of 3.6 compared with through-flow and with d. = 0.50 cm by 5.2. Table 1.1 also
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Figure 1.3: Blockage of longitudinal leak paths
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Table 1.1: Maximum coil temperature increase

gap (cm) heat (W) through flow {K) cross—flow (K)
d. Sy AT AT
0.13 2 0.08 0.023
0.13 6 0.23 0.064
0.13 10 0.38 0.106
0.13 20 0.75 0.209
0.13 30 1.12 0.313
0.13 40 1.49 0.416
0.20 2 0.07 0.009
0.20 6 B 0.21 0.022
6.20 10 0.35 0.034
0.20 : 20 0.70 0.064
0.20 30 1.05 0.094
0.20 40 1.40 0.124
0.50 2 0.04 0.009
- 0.50 o B 0.11 0.022
0.50 10 0.18 0.034
0.50 20 0.35 0.066
0.50 30 0.53 0.097
0.50 40 0.70 0.129

shows that a relatively small increase from d. = 0.13 to d. = 0.20 cm leads to a considerable

decrease in cross—flow values, while through—flow values remain practically unchanged.
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2. EXPERIMENTAL VERIFICATION

2.1 DESCRIPTION OF MEASUREMENTS

Measurements were performed by G.L.Ganetis at Brookhaven National Laboratory.
Magnet DD0020 had a 1.3 mm cooling gap and was instrumented with temperature sensors
glued on the outer surface of the beam tube which still had a trim coil. Tests were
conducted for a total mass flow m=100 g/sec. The yoke lamination thickness was 1/16 in
with a measured 99.7 % packing fraction. The orifices for cross—flow at the ends of the
bypasses were completely closed. Two types of gages were used : carbon resistors and
carbon—glass sensors. The first type of gages (numbers 1 to 4 in Fig. 2.1) reads values that
are higher than those of the second type by 0.05 K with a spread of 0.025 K (numbers 5
and 6 in Fig. 2.1). The second type consists of high quality gages with readings within
0.005 K. Calibration curves in Fig. 2.1 indicate that, in the region of interest, both types
of gages have the same slopes. Therefore while the absolute readings for the lower quality
gages might be _eﬁ, differences between readings on the same gage are as accurate as for the
high quality gé.ges. Errors on temperature difference readings are estimated at 0.005 K.
Gages were positioned around the beam tube (see Fig. 2.2) at various azimuthal locations.
Thus some gages will be closer to the heat source than others at the same distance along
the magnet length. This will introduce a small amount of scatter in the data. Heat was
provided by heating strips (see Fig. 2.3) placed inside the beam tube. Resistance wires
were clamped inside the beam tube. Two wires were located on opposite sides which were
alternately powered at 20, 30 and 40 W. Lower values were not tested since the increase in
temperaturé is lower than/::ould reliably be detected with the instrumentation. The magnet
was kept at 4.35 K for two hours before turning one sirip heater on, and measurements

were taken at regular time intervals up to a total of two hours.

2.2 COMPARISON WITH DATA

The data which are measurements of helium temperatures in the coil cooling pas-
sage are compared to computed helium temperatures. The latter take into account heat
diffusion along the magnet length and radial diffusion to the bypasses.

Fig. 2.4, Fig. 2.6, Fig. 2.8 show bore tube temperature differences between the time

when the power - as turned on and two hours later along the magnet length a. ), 30, and
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40 W. There are two sets of data points corresponding to the two strip heateis which were
activated alternately to provide two sets of measurements. Fig. 2.5, Fig. 2.7, Fig. 2.9 show
corresponding calculations performed with the computer model which includes formulation
for end effects and recent measurements (at the National Bureau of Standards) of Kapton
thermal conductivity.

Due to some amount of scatter in the data at each location along the magnet, a point
by point comparison with the model is not as useful as comparing averaged values along

the magnet length and maximum values.

Table 2.1: Coil temperature increase for a gap of 0.13 cm

(W) | cross-flow (K) | measured (K) | cross—flow (K) | measured (K)
S, AT,, AT, ATpeak ATpear

20 0.069 0.057 0.203 0.2

30 © 0103 “0.102 0.304 0.3

40 0.137 0.145 0.405 0.4

According to table Table 1.1 measured peak values could be substantially decreased
if d. were slightly bigger, d. = 0.14 cm for instance . Table 2.1 indicates an excellent
agreement between the data and model for peak and averaged helium temperatures. Coil
temperatures have not been measured but are always lower than the coil cooling passage
helium temperature as long as there is no heat generated in the coil as would be the case
with High Energy Booster magnets.

Temperature curves generated by the model exhibit two peaks (Fig. 2.5, Fig. 2.7,
Fig. 2.9 ) but corresponding data show one (Fig. 2.4), two (Fig. 2.6) or even three peaks
(Fig. 2.8). There are too few temperature sensors along the magnet length to attempt to
fit the data to curves. While it cannot be said that the model describes the exact shape

of temperature curves, it is in excellent agreement as far as maximum temperature values

are concerned.
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Figure 2.4: Data Temperature increase at 20 W
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Figure 2.5: Computed Temperature increase at 20 W
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Figure 2.6: Data Temperature increase at 30 W

_
_
_
_
|
|
|
|
|
_
_
|

¥ 2010 dureyaaae

M 0€ 78 0200(I( 1ouBRU JO S}[NSAT ISV,

{uy yjsaer joudewr

004 009 008 00% 008 002 001 0
| L ] N i N | I i 4 | S S 1 L —1 1 i 4 L n o
] | &
(=]
4 v L
i o
k3
1 1
- + >
| v ¥ ¢
v
- ¥ % -2
] . L
F ¥ v L
: v [ o
v I ]
Q o
B
4 L § -
y + -2 5 S
- d 3 g m
b , o N
J : B
N + Lo
+ _.M
“ v v I
- _vm
1 22 o
_ gNIDET b
.._ ' | o
1. [
+ =]
T L R A S A S S A L SN L DL SR ke 3
o]

M 08 10 18371 dulal aQny a40qQ



17

Figure 2.7: Computed Temperature increase at 30 W
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bore tube temp test at 40 W

Figure 2.8: Data Temperature increase at 40 W

18

RS
('}
~
—
o
q
[ ]
3 -
o]
4
o e e e e e —— ——— —— ——
PP S T S T S RN T S SR S R PP ST U RS SR SIS S SH N N RN N g
] ~
o ’
1 B4
©
) 2
] 4+ a < + | @
4 o
o
. O
L"
5
. 4+ A+ a + 3
| o
1 3
R o
] I
5
f' e + << B
P L
]
r
=3
- - ©
—
] g R ‘
uu
ﬂ 2<1+
- 3
-~ r 3 ‘v v 7 ¥ { ¥ v Ff ¥ [ T F ¥r r T v Y 1T T ¥t ¥ T¢It 1 ¥ ¥ T T T L]
[} 1} GE'0 oe o SZ0 0z 0 ST o (1) ] SO0 00°0

(1) do= ey

249

magnet length (in}

Test results of magnet DD0020 at 40 W



19

e 2.9: Computed Temperature increase at 40 W
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3. PARAMETER OPTIMIZATION

3.1 VARIATION OF COIL COOLING PASSAGE GAP

The presence of peaks in coil temperature curves (Fig. 2.5, Fig. 2.7, Fig. 2.9) generated
by the model is now addressed. 1t is a consequence of the fact that for a coil cooliné -passa,ge
gap of d. = 0.13 cm width the corresponding mass-flows in the CCP pass through zero
(are reversing directions) at two locations in the magnet. The mass flow in the coil cooling
passage corresponding to the temperature curve of Fig. 2.5 is shown in Fig. 3.1. It has the
appearance of two curves which is explained by the fact that, for every inlet of mass flow
from the upper bypass at any point z along the magnet length, flow in the CCP will pass
in two directions, one going in the z direction, but the other either in the z direction or
oppasite to it, depending on the situation upstream from point 2. Sections next to those
receiving little or no helium however receive an increased amount of helium and axial
diffusion along the coil copper prevents temperatures from rising to unduly high values.

It should be noted that without cross—flow the maximum temperature increase at 20
W with d. = 0.13 cm would be 0.75 K (see Table 1.1), or three and a half times higher

than peak values with cross-flow.
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Figure 3.1: Mass flow in cooling passage
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For comparison purposes Fig. 3.2 shows maximum temperature increases versus CCP
gap for through—flow cooling. With cross—flow cooling and when the orifices are completely
closed Fig. 3.3 shows that temperature increases drop sharply between 0.130 cm and 0.140
cm and then remain constant and equal to 0.066 K with increasing CCP gap. The transition
to constant temperature occurs when the mass flow curves no longer pass through zero as
will be shown in the following.

As the CCP gap is increased temperature peaks move closer to each other as can be
seen by comparing Fig. 2.5 {(d. = 0.130 cm) and Fig. 3.4 (d. = 0.135 cm) . They merge
into one in Fig. 3.6 (d. = 0.138 cm) and finally disappear in Fig. 3.8 (d. = 0.150 cm).
The presence and location of temperature peaks is related to the location where the mass
flow curve crosses the zero line as can be verified from the corresponding mass flow curves
(Fig. 3.1, Fig. 3.5, Fig. 3.7, Fig. 3.9).

Fig. 3.10 and Fig. 3.11 show mass flow and temperature curves for the case which is
currently considered where the coil cooling gap is 0.5 cm.

Pressure drops however decrease-as the CCP gaps increase : the pressure drop for

d; = 0.500 cm is 173.5 Pa which is smaller than the drop of 263.6 Pa for d. = 0.150.
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maximnum temperature increase vs CCP gap

Figure 3.3: Temperature increase versus CCP gap with cross—flow orifices
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Figure 3.4: Temperature increase in cooling passage, d.=0.135 cm
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Mass flow in cooling passage, d. =0.135 cm

Figure 3.5
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Figure 3.6: Temperature increase in cooling passage, d.
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Figure 3.7: Mass flow in cooling passage, d. =0.138 cm
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Figure 3.8: Temperature increase in cooling passage d. =0.150 cm
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Mass flow in coil cooling passage d. = 0.50 cm

Figure 3.11
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3.2 VARIATION OF ORIFICE SIZE

Maximum temperature increase versus orifice size is shown in Fig. 3.12 for a CCP gap
of d. = 0.13 cm and for d. = 0.50 cm. Smallest temperature increases are expected to
occur for closed orifices as is the case for d. = 0.50 cm. With d, = 0.13 cm this is-not the
case since temperature values decrease at first. Explanation for the irregularity in the data
comes from the fact that these aepeak values and a certain amount of error is introduced
by the numerical procedure. Explanation for the decreasing trend in the initiel part of the
curve comes from the fact that there is more mass flow in the ccp for closed orifices and
thus less input of cold helium from the upper bypass.

Table 1.1 and Fig. 3.12 show that the end orifices can be quite far open and still provide
much improved cooling over the through—flow case. It can be noted that the two curves
in Fig. 3.12 depart from each other as the orifice size approaches the bypass diameter in
which case cross-flow cooling gives way to through-flow cooling and a large coil cooling

passage becomes helpful in reducing temperatures.
3.3 PRESSURE DROP VERSUS TEMPERATURE INCREASE

The penalty incurred by a small temperature rise is an increased pressure drop. Al-
though pressure drop specifications no not carry the same weight as temperature increase
specifications, they are nevertheless a factor in choosing an orifice size. Fig. 3.13 shows
pressure drops as functions of orifice size for the two ccp gaps considered in Fig. 3.12.
Choosing an orifice size while giving consideration to temperature increases and pressure
drops requirements can be done with the help of Fig. 3.14 and Fig. 3.15. Those figures are
plots of temperature incredses versus pressure drops {with S, = 30W) for two ccp gaps

presently considered.
3.4 VARIATION OF BYPASS DIAMETER

For a heat load of 20 W the maximum temperature increase is practically constant
when the bypass diameter varies between 2.8 cm te 3.2 cm regardless of cep gap. Sinec
crass—flow relies on the mass flow (kept constant here) transfer of upper bypass to lower

hypass, this is an expected result. For through flow however an increased bypass diameter

would divert low from the ccp where it 1s needed.
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Figure 3.12: Temperature increase versus orifice with CCP gap d, = 0.13

and d. = 0.5 cm
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Figure 3.13: Pressure drop versus orifice with CCP gap d. = 0.13 and
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Figure 3.14: Temperature increase versus pressure drop with CCP gap

dc = 0.13 :
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Figure 3.15: Temperature increase versus pressure drop with CCP gap

d. = 0.50 ecm
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4. PRESSURES DURING QUENCH WITH CROSS-FLOW

4.1 DYNAMICS OF QUENCH PRESSURE DEVELOPMENT

The question as to how does the cross—flow arrangement affect pressures éuring a
quench will now be discussed.

During a quench the stored magnetic field energy is dissipated by the coil which heats
up. The heat is transferred to helium and yoke through insulation. The helium pressure
rises in the cavities between coil conductor strands and is driven into the coil cooling
passage through porosities in the insulation.

One might then ask at what helium pressure and temperature would equilibrium be

reached at normal temperature without venting? Calculations show that

e the temperature of coil and helium in conductor cavities reaches 90 K (inter-
mediate equilibrium until heat is exchanged), and the helium pressure in the
cavities would reach p. = 370 atm if the insulation had no porosities. It was
estimated that above 100 atm the insulation may break.

o if the stored energy were distributed over coil and all helium in magnet: T=52
K, p=230 atm

¢ adding yoke mass: T=29 K , p=125 atm

These numbers show that venting must start regardless of the cooling method: sufficient
venting is required to reduce these pressures below the design pressure of 20 atm. The
quench duration is assumed to be between 0.15 to 0.3 sec (time for stored energy deposition
in magnet coil). Ca.lcula;f;ions were performed under the following worst case assumptions.
Many magnets quench simultaneously, such as with active quench protection. There is no
venting during a quench for at least 0.15 sec (it takes time for vent valves to open). There
is no mixing during a quench of helium from quenched magnets with the colder helium in
interconnections. Modifications due to the presence of cross-flow cooling are introduced
by reducing the total bypass cross—section by half.

The analytical model is described in “Derivations for calculation of helium pressure,
Temperature, and mass flow distributions in superconducting magnets during quenches”,

R.P.Shutt, SSC Technical Note N0.59, SSC-N-266. The computer code developed for
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CBA and RHIC models three partial differential equations for pressure, temperature and
mass flow per passage. Here there are two passages : bypass and CCP. The model includes
heat exchange functions, flow friction, flow acceleration, thermodynamic functions, helium
properties, etc.

Some of the parameters used presently in the program for SSC magnets are listed

below.

¢ Orifice size D; =0

¢ coil cooling passage area ar=7.07 cm?

¢ total bypass equivalent cross—section a4=14.2 cm?

¢ cross—section of cable insulation porosities ac=0.0008 cm?/cm

o venting gap § = 0.06 cm at coil poles (the actual value of 0.158 cm gives the
same curves but with more oscillations).

¢ total interconnection length available at each end of a magnet ;=20 em

e average quench duration Ag = 0.15 sec

¢ average ,'quench length in n.1'a.gnet [;=magnet length; full length for active
quench protection

e Kapton insulation thickness d=0.01 cm

4.2 QUENCH PRESSURE RESULTS

Values are shown at the center of the magnet where they are the highest, with the
exception of the interconnect values where no mixing was assumed. Table 4.1 shows that
there is little difference bétween magnets with and without cross-flow: CCP pressureis 16.3
versus 19 atm for instance. Orifices were almost completely closed in these computations.
Since orifices could be larger the pressure difference could be decreased.

Pressure curves are almost constant with distance along the magnet by the time they
have reached a plateau {this is not so at earlier times), Fig. 4.1 (through—flow) and Fig. 4.2
(cross—flow) show plots of CCP, bypass and interconnect pressures. The CCP pressure rises
somewhat faster at first, then merges with the remaining two curves at 0.3 sec.

Pressures rise steeply after a quench, then the rise slows down as helium in the coil

cooling passage is depleted
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Table 4.1: Quench Pressures, Temperatures and Mass flows at time 0.87

sec

variables through—flow cross—flow _ |
coil temperature Ta (K) 86.35 86.36
bypass helium temperature Th (K) 12.75 12.06
helium coil pressure pa {atm) 16.32 19.05
coil cooling pass. pr (atm) 16.44 19.31
bypass pressure p4 (atm) 16.44 18.54
CCP mass flow (g/sec) Mr 85.65 115.63
bypass mass flow (g/sec) M4 140.01 -5.92
interconnect press piu (atm) 16.35 18.98
interconnect temperature Tiu (K) 5.025 5.152

Remembering that for the given calculations worse conditions were assumed, including
no opening of vent valves for 0.9 sec, actual pressures will be considerably smaller when
valves open at 0.3 sec. Quench pressures will be safe during and shortly after a quench
after which venting must start regardless of cooling method used. After the quench
helium temperature continues to rise and warm helium must flow through some adjacent
magnets to reach vent va.lves With cross—flow an additional vent valve may be necessary
per half-cell because hehum flow is impeded by orifices. Tests are needed to determine

venting parameters. Calculations concerning needed number of valves are in progress.
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Figure 4.1: Quench pressures with through-flow
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§. CROSS-FLOW COOLING IN HEB MAGNETS

Cross—flow cooling was implemented and successfully tested in SSC dipoles where the
heat source is located inside the beam tube. The High Energy Booster magnets (HEB)
are not subjected to heat load from synchrotron radiation but the heat source is located
in the main coil as a result of eddy currents induced by rapid ramp rates. The question
as to how efficient the cross—flow cooling is for this new case is addressed here. It can be
anticipated that coil temperatures will be higher when heat is generated in the coil than
when heat is generated in the beam tube. As the data pertaining to the details of the
HEB cross—section were not made available to us at this time, the magnet analyzed here
is an SSC dipole whose length is 13 m. The HEB magnet is currently thought to be 13 m
long with a 0.30 cm coil cooling passage gap.

The effect of heat generated in the coil (H,.y) as opposed to heat on the beam tube
(Sr) is shown in the table for three cases of coil cooling passage gap: d. = 0.13 cm,
d. = 0.30 cm and d. = 0.50 cm. Temperatures for the case where there is no cross—flow

cooling (through-flow) are also included for comparison.

Table 5.1: Maximum coil temperature increases

d, Se | Heo ATz ATmas
cm w W cross—flow K through-flow K
013 | 20 0 0.207 0.818
013 | o | 20 0.294 0.822
0.30 | 20 0 0.065 0.552
030 | o 20 0.164 0.501
0.50 | 20 0 0.069 0.327
050 | 0 29 0.159 0.394

The table shows that if the same amount of heat originates in the main coil instead

of in the beam tube there is a noticeable temperature increase in the main coil. The
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ratio of temperature increases is 1.4 for a narrow coil cooling passage gap of 0.13 cm,
9.5 for 0.30 cm and 2.3 for the large coil cooling passage gap of 0.50 cm. Cooling is
greatly improved when the coil cooling passage gap increases from 0.13 em to 0.3 cm
and remains about the same for the larger value of 0.5 cm. This non-linear behavior is
explained by the fact that there is a critical coil cooling passage gap around 0.14 cm below
which some sections receive little or no mass flow leading to temperature peaks at those
locations (see section 3.1). Above that critical value an increase in coil cooling gap does
not reduce temperature for the cross—flow scheme. This is not the case for through—flow
where temperatures decrease with increased coil cooling gap. In all cases cross—flow offers
considerable improvement over through-flow since it lowers the temperature increase from
0.591 K to 0.164 K for the presently considered magnet. A more precise evaluation for the
HEB magnets would require modeling the actual cross- -section and in particular the details

of insulation between coil layers which are not present in the SSC dipole cross—section.
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6. ORIFICES

Orifices are plates with circular holes placed at the two inlet bypass holes of the upper
passage and at the two outlet bypass holes in the lower passage in order to induce a
transverse pressure drop across the magnet. So far orifices were modeled using a‘imodified
form of simple head loss relations realizing that orifice theory would have to be used for
later conversion of the simple head losses used so far. Simple head losses are insufficient if
additional effects due to turbulence and radial flow velocity components at pipe transitions
are to be considered. As such formulas were not found in the literature for the case of
interest: a pipe terminated by an orifice and followed by a large interconnect volume,
appropriate formulas were generated and are presented here.

For a pipe transition with an sudden contraction in diameter from D, to D3 the pressure

drop is (SSC Tech. Note # 91 SSC-N-753):

_ 8aM|M| 1/D:\* (D:\*\ &
Jl’z—l’l——m"jﬁ(l-5 E(Dl) D ,a =10

For a sudden pipe expansion from diameter Dy to D)3 the pressure drop is:

- (2 (2)'
AR e ToT D, D,

It ensues that the total pressure drop for a pipe with a sudden contraction from Dy to D3

followed by a sudden expansion to I3 is the sum of those two expressions:

(M, Dy, D2, D3) ~ " pn2D} ( 2\ D, Ds Dy " D3

The presence of an orifice in the bypass is treated here as a short pipe with a sudden con-
traction followed by a sudden expansion with the appropriate expressions for 1)y, Ds, Dj.
Values relevant to the upper bypass are identified by index k=1 while index k=2 is used to
denote lower bypass values. Magnet ends are differentiated by the subscript 1 for inlet and
e for exit of mass flow. Pressure drops at both e-nds of both passages for two cases of mass
flow directions (positive an negative} can be inferred form the preceeding equation by using
the appropriate values of Dy, D2, Dj as described in Table 5.1. D is the bypass diameter,

D;; is the inlet orifice diameter for passage k and Dj. is the outlet orifice diameter.
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Table 6.1: Pressure drop at bypass ends for upper passage (k=1) or lower
passage (k=2)

pressure drop M, >0 M. <0
inlet AP(Mk,oo,D,-k,D) AP(M,D, Dj,00)
exit AP(My,D,D,., ) AP(My,00, Dy, D)

We will now compare the pressure drop at an orificed inlet to the pressure drop at an
orificed outlet in order to determine by how much they differ. Let d denote the nondi-
mensional orifice diameter D;, /D and Ap denote the nondimensional pressure drop
%—" where AP = %ﬂ—lkﬂl is the pressure drop form a large volume to a pipe of
diameter D;, ;. It follows from the above equations that comparing inlet to outlet pres-
sure drops is achieved by comparing the following two nondimensional pressure drops:
Api =1- 3% + $d*, Ap. = 1 — 1d% — 2d*. These formulas agree quite well with those
found in the literature for related, but here not applicable, cases.) Fig. 6.1 which is a plot
of Ap;, Ap. versus d shows that

o Since the curves deviate considerably from the Ap = 1 line, there is an appre-
ciable difference between orifice formulas and a simple head loss.

¢ Inlet and outlet pressure drops do not differ considerably for the range of values
0<d<0.7.

s It appears that the simple average expression (Ap;+Ap.)/2 is adequate to treat
both inlet and exit orifices. This would remove the complication of having to
differentiate betiveen inlet and outlet orifices. { For instance if flow in magnets,
as built, were to be reversed, orifices would also have to be exchanged.)

o Pressure drops diverge after d==0.7, thus the average pressure drop formula

would not be applicable beyond d=0.7 or D;,. = 2.03cm for the current
bypass of D=2.9 cm.

277



normalized pressure drop for inlet anrnd exit orifices

Figure 6.1: Normalized pressure drop for inlet and exit orifices versus
normalized orifice diameter
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The preceeding discussion can be summarized as follows: pressure draps across inlet

or exit orifices of diameter less than 2.03 ¢cm (with D=2.9 cm) are given by:

Ap

_ 15 x8aM|M| (| 25D, 1Df.,
T pw2D:_, 3 D¢ "3 Di
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Special attachments:

a) Beam tube support.

b) A.C. perfomance of SSC magnets.

¢) Completion of thermal contraction
measurements of some materials, used
in magnet fabrication and assembly.
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AC Performance of SSC Magnets

R. Schermer, G. Snitchler, and B. Askel

291



T6/11/S  AR[9ES NHD

J11Inoge uop aq ued JPYM
(SnouIs wdjqoId ayj T :uoISSNISI(]
3[qeD) Ul DULRISISIY ISIdASURL],
S}[NS3Y [BoIAWINN pue duAeuy
sj[nsay [eyuawLadxy

uopdnponuf

TISHV "4 “YATHOLINS D “YTNUTHIS A
SLANODVIAN OSS 40 HONVIANOdYdd O 'V

293



6/11/8  Ae[2ES NHO

"S1SAL A0 AN FNVS FHL Od NVD S9V'1 1TV ION NOISNINOD ZHL OL aav Lsn{3NOINHOLL NI
SHONHUALAI *INVLIOJWI ATNIVLYID HUV SOINIOOAUD NI STONTYTAIIA *SNOLLIGNOD JINID0AND
ANV ‘LNIWJINOA LSAL ‘STNOINHOIL LSTL JAND VI LNIUIA41a ALLHOITS S3SN AYOLVUOIAVTHOVY

*124[9NS SAVAO.L HOd INVLIOJWI 39 AVIN SHONFYIIIIA
FHL ‘SINOINHDAL NOLLDNYISNOD LINOVIN INFUAIAIA ATLHOITS S3SN AUOLVIOIVIHOVH o

*1D4(dNS S,AVAOL 04 INVLUYOJAI
49 LON dTNOHS SIDNITYILIIA FHL NOISTA LANDVI INTUFLAIA ATLHOI'TS V SHSN AYOLVIOAVTHOVH

AVIDVS'N'H D

(147T) AMOLVIOEVT] AT T1INYAYg HONTIMV’]

(1DSS) AYOLVIOL VT YAITIODYIdNS ONILINANODUENS
(INg) AMOLYVHO04V] TYNOLLVN NIAVHIO0dd

(TVNJ) AUOLVIOAVT YOLVUITIOOV TVNOILLYN INYA

TWVAD0Ud LANOVIN FHL NI QFATOANI STNIOLVIOAVT JAId UV HUHHL »

NOLLVIO4VTIOO LINDVIN OSS dHL

204



Each copper wire contains
several thousand of NbTi
superconducting filaments

Accurately compacted
cable which contains
typically 30 twisted
multi-filamentary wires

Kapton insulation
(overlapped)

Fiberglass/epoxy
insulation
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RAmp RATE EFFECT ON Q UENCN:
“TRERMAL ANALYSIS
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Completion Of Thermal Contraction Measurements
of some
Materials used in Magnet Fabrication & Assembly

Sample Pfeparation: Rick Jackimowicz, BNL
Measurements: Bill Kuhnle, BNL

C. Goodzeit, June 30, 1992
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Gives results of materials added since the last report:
16 gauge yoke iron

1/4 inch yoke iron

Two formulations of Epoxy (un reinforced)
Kapton film (.005 inch)

A286 Strain Gauge Beam

. Invar

316 stainless steel

304 stainless steel

PN RN =
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Measurements were taken relative to Titanium Silicate
from 273K to 4.2 K. The measured values for the
materials added since the last report are shown in
Figures 1 and 2. Figure 1 replaces the Plastics 2
figure in the previous report. In order to check these
results a comparison was made with the value for
copper presented in NIST Monograph 177. This is
shown on the revised Metals (1) chart, Figure 3.
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List of Attendees
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Attendants:

Boroski Bill FNAL
Christdanson Owen WSTC
Franks Don SSCL
Hardy Ted GD
Isaacs Bill GD
Kraushaan Philip SSCL
Mazur Peter FNAL
Peck Scot GD
Rekah Margarita BNL
Simmons Jon SSCL
Smellie Robert SSCL
Syromyatnikov Igor SSCL
Shu Quang Seng SSCL
Weisend Jon SSCL
Yucel Adan SSCL
Moyses Kuchmr FNAL

329



