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Abstract

A thermal modet of a 16.6-meter-long Superconducting Super Col-
lider dipole cryostat was developed to understand the system thermal
behavior of the dipoles. The model incorporates in detail ail the heat
flow paths in the cryostat, with the capacity to model all steady-state
and transient thermal boundary conditions to which the cryostat is sub-
jected during ool and upset conditions. The model predicts heat
leaks to the cryogens of 25.4 watts per dipole to 80K, 2.64 watts per di-
pole to 20K, and 0,174 waus per dipoie to 435K during normal opera-
tion, which compare favorably to the established heat leak budgets. The
4.35K value does not include synchrotron radiation. The heat leak to the
cold mass is below the budget at a vacusm of 10-# tarr, but rapidly ex-
ceeds the budget as the pressure increases. However. with ten layers of
MLI on the cold mass, the budget value is met even at 108 torr. The heat
leak int the cryostat is shown to be sensitive to the gas pressure, the inner
shield temperature and the MLI thickness but not to the thermal shield
thickness, the thermai shieid weld frequency, ot the emissivity of the
vacuum vessel or shield.

The madel shows that the synchratron radiation does cot raise the
temperature of the winding more than 0.2K relative to the inlet tempera-
ture of the helium. Cooldown from room temperature to 55K is shown to
take from 1.5 10 3 hours with flow rates of the order of 100-200 g/sec.
Warmup to room temperature from steady-state operating conditions
takes approximately 17.5 hours using two 5 KW heaters. Re-cooling of
the winding following a quench takes about 3.5 minutes from 70K and 9
minutes from 300K. The heat rate to the helium in the yoke cooling
channels ramps to 0.57 kW/m in 45 seconds with the windings initially at
70K. This heat rate changes to 3.6 kW/m 2 minutes after quench for an
initial winding temperature of 300K

Intreduction

The thermal performance of the cryostats for the dipoles of the §sC
has a large impact on several aspects of the capital and operating costs
of the accelerator. The function of the cryostat is to create a structural
and thermal environment that provides accurate and precise placement
of the magnetic field, with provision for rapid changeout of defective
magnets to minimize accelerator downtime, allows the superconducting
magnet ta safely transition from room temperature (0 aperating tem-
perature and back, and maintains the operating temperature of the su-
perconductor below the critical temperature while limiting the refrig-
eration requirements to acceptable levels.

The capital costs are affected by the amount of insulating material
and/or special manufacturing rechniques used to limit the heat leak,
and by the size of the refrigeration plant required for the ring. The oper-
ating costs also depend on the size of the heat leak. Operating costs are
also affected by the down time required for maintenance on the mag-
nets. One would like to minimize this time, which means that the cryos-
tat should be designed to be forgiving of upset conditions. such as a
magret quench. and of poor performance of other subsystems, such as
the vacuum system. The cryostat should also be capable of rapid war-
mup, replacement, and rapid cooldown in cases where the magnet be-
comes inoperable,

The objective of this study is twofold: first. to develop a tool to ad-
dress the above issues analytically; and second, to understand the sys-
tem thermal behavior of the SSC dipoles. A thermal model of an SSC
dipole cryostat and cold mass was built to do this. The goal is to quan-
tify the thermal behavior of the baseiine design. and to learn how sensis
tive it is to changes in design or operating parameters.

Description Of Mod
Three different models were built to look at the different aspects of
the SSC thermal behavior. For the steady-state conditioas, a two-

dimensional model of a cross-section of the cryostat at a support post
location was used. Cootdown and warmup transients were modeted in
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three dimensions, by extending the two-d model to cover the entife
length of the cryostat. A very detailed two-d model of the cold mass was
used 10 look at temperature gradients in the cold mass. All heat transfer
paths, fluid flows, and potential energy inputs were included in the mod-
els. Various boundary and initial conditions were imposed to simulate
different operating and upset conditions.

Crvostat/Cold Mass Madeling

The integrated thermal math mode| (ITMM) of the $SC dipole in-
corporates performance data and geometric descriptions of the thermai
control elements of one dipole cryostat without connecting regions. The
elemnents included in the model are shown in Figure 1. The S5C dipoleis
modeled by seven sections 2long its length (axial direction), five sections
with support posts, and two without. This sectional modeling allows for
the development of separate models for steady-state and transient
analyses. For steady-state cases, a single section with support post was
analyzed. For transient cases, 2 complete seven-section model was used.
Figure 2 shows the axial modeling of the SSC dipole.
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Figure 1. SSC cryostat showing coldmass. heat shields, flow
channeis, support post, and vacuum vessel.
iytical Method

The models were solved using the Convair Thermal Analyzer code
P4560E. 1 The Thermal Analyzer is 2 lumped parameter heat transfer
cade, in which node temperatures are determined by salving an energy
balance equation at each node. Fluid flow can also be simulated by
means of strings of fluid flow nodes, which honor the energy balance
equation for a fuily developed, steady. one-dimensional. incompressible
flow. Fluid flow nodes are used in the TTMM to represent the liquid ni-
trogen coolant in the 80K shield, the helium gas in the 20K shieid, and
the supercritical helium flowing in the four large cociing passages and
in the annuius surrounding the beam tube in the coid mass.

The Thermal Analyzer empioys a Crank-Nichelson difference rep-
resentation of the temperature time derivatives, and uses Gauss-Seidel
over-relaxation to solve the set of simultaneous non-linear equations re-
sulting from applying node energy balances throughout the model.

Steadv-State Boundary Conditions

The steady-state boundary conditions imposed on the madels fall
into three categories: flow rates and cryogen inlet temperatures. heat
inputs imposed on various components for various operating condi-
tions, and fixed boundary temperacures. 2

Flow — The totai helium flow to the cold mass for all steady-state
cases is 100 g/s. The 20K thermal shield helium flow rate is aiso 100 ¢/s.
The noninal steady-state flow rate for LI in the 80K thermal shield is
750 g/s. The helium flow inlet temperature i3 constrained to 4K in the
cold mass and 20K in the 20K thermal shield. The LN, inlet temperature
is set to 80K in the 80K thermal shield.?
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Figure 2. SSC section numbering and axial nodai division.

The flow split among the cold mass flow passages is determined by
requiring the pressure drop along each passage to be equal. The friction
factor is determined iteratively as a function of the Reynolds number in
the passage. A Moody diagram is used, and surface roughness of the
passage wails is considered. It is estimated that the laminations form a
0.0025 cm “bump,” which is used to calcuiate the surface roughness.
The calcutations converge for a flow split of 98.9% to the four yoke cool-
ing channels, with a Reynolds number of 278000; 1.1% to the annulus
around the beam tube, with a Reynolds number of 9700; and 0.02% o
the gap between the collar and yoke. with 2 Reynolds number of about
300.

Heat Inputs — The only steady-state heat input imposed on the
maocdel is the synchrotron radiation that heats the beam tube, The syn-
chrotron radiation to the beam tube is 0.14 watts/meter (2.38 watts per
dipole)?

EFixed Temperatures — The only fixed boundary temperature in the
modei aside from the flow inlet temperatures is the environmentai tem-
perature outside the vacuum vessel. This temperature is fixed at 300K
and the vacuum vessel comrnunicates with this environment via a free
convection heat transfer coefficient.

Transient Boundary Candisi

The transient boundary conditions again fall into the three catego-
ries mentioned for the steady-state conditions. Initial conditions are re-
quired for cooldown, warmup and cooidown following a quench.

Coojdown — Two cooldown scenarios were examined, In either
case the cooldown proceeds from room temperature to 55K. This is the
temperature range of interest because most of the thermai contraction
occurs above 55K, and most of the sensible heat of the system is stored
above 55K. The first scenario is a normai cooldown of the ring. For this
scenario, a helium flow rate of 93 g/sec to the coid mass is specified, with
7 g/sec going to the 20K shield.2 The second scenario is a rapid cool-
down of a half-cell. In this case the flow rate of helium to the cold mass is
200 g/sec, with 200 p/sec going to the 20K shield as weil.4 In both cool-
down cases the initial temperature throughou:t the cryostat is 300K and
the 151;2: temperature of the helium flow to botn the cold mass and shield
is 3

The 80K thermal shield flow rate was 61 g/sec of nitrogen gas with
an inlet temperature of BOK for both cocldown cases anaiyzed. The
value of 61 g/sec is determined arbitrarily by scaling the flow rate such
that the pressure drop during cooldown is the same as the pressure drop
during normal operation. This is an arbitrary choice, not expectad 1o
reflect the real situation.

Warmup — The initiai condition for the warmup analysis is the
steady-state operating temperatures for the cryostat {i.e.. cold mass at
4K). The flaw is set to zero in the cold mass and shields, and two 5 kW

heaters running the length of the cold mass are tumed on in the yoke.*
This case was run until the cold mass reached room temperature.

Past-Ouench — The ITMM does not have the necessary detail to
accurately analyze 2 quench of a magnet, nor does the Thegmal Ana-
lyzer have the capability to model the complex flow processethat occur
during a quench. However, some useful information about the time pe-
riod immediately following the decay of the current in the winding may
be obtained from the ITMM. The initial temperatures foe the post-
quench winding behavior study are determined by simulating an energy
deposit equal to the total stored energy of 1.06 MJ into various lengths
of magnet, thus simulating the effect of different initial normal zone
lengths. The stored magnetic energy is dissipated in the winding which
produces a temperature rise o 70K, 80K 95K, 120K, or 300K corre-
sponding to normal zone lengths of 24.4m, 16.6m, 10.79m, 6.31m, 1.28m.
This heat then diffuses through the cold mass structure into the helium
in the yoke cooling channels. It is assumed that the helium remains at
4K while absorbing the quench energy. This is conservative in that the
power to the helium is overestimated. For the post quench analysis the
winding nodes are initialized to 70K, 80K, 95K, 120K, or 300K while the
rest of the cold mass is at 4K The hefium flow in the beam tube flow
channel and the coilar/yoke flow channel are not modeled, as it is as-
sumed that these channels do not provide any significant cooling. The
four-yoke helium flow channel nodes are constrained to 4K, irrespective
of any flow that is occurring,

Steady-State Results
Temperature Of Winding — The stability margin of the magnet de-
pends on the temperature rise of the helium in the beam tube channel
due to the synchrotron radiation. The model predicts a hetium tempera-
ture rise of less than 0.2K for a heating level of 0.14 W/m. This result
from the computer model was compared to an analytical model of an
energy balance on the helium in the beam tube annutus:
- dT
mep ~He m g raq - U (T gy Ty) it

where = flow rate in the beam tube annulus,

cp = specific heat of the hetium,

Ty. = the local temperature of the helium
in the annulys,

q' rad = synchrotron heat rate per unit length;,

U = effective thermal conductance per unit
length between the beam tube annulus and
the helium in the yoke cooling channels,

and Tb = the helium temperature in the yoke cooling

channels (assumed constant).

The solution to (1) becomes independent of length after a few me-
ters. so that at the end of 2 dipoie. the temperature rise of the helium in
the beam tube, relative o that in the yoke, is given by aT = q' agU".
The calculated temperature rise is sensitive to the value used for the



thermal conductance between channels. The value in che ITMM is 0.814
W/K-m, which yields a 4T of .172K. This value of U’ accounts for the
parailel heat flow paths through the coliar and winding to the yoke and
thence to the cooling channels.

A comparison between the budget temperature drop (0.055K) in the
cold mass and the temperature drop predicted in this analysis (0.172K)
is illustrated in Figure 3.2 The major difference between the two is
across the Kapton, This is due to the Kapton thermal conductivity used
in this analysis.5 If a ten times higher value of Kapton thermal condue-
tivity is used (a roughly ten times higher vaiue was used in developing
the budget value) then the temperature drop in the cold mass is pre-
dicted to be approximately 0.067K (Figure 3), More Kapton is modeled
in this analysis than in the budget analysis (0.04 ¢m), which could ex-
piain the siight temperature drop difference berween this analysis and
the budget values (0.067K vs 0.055K).

The temperature drops obtained by relying only on conduction
through the winding are too high for reliable operation of the coil. espe-
cially when the major thermal resistance, the Kapton insulation, is not
well known. Fortunately, an alternate heat transfer mechanism exists
within the cold mass. That is the convection of the helium in the gaps
between subassemblies of collar and yoke laminations. This mechanism
was modeied to see if it was capable of passing the synchrotron heating
through the winding at acceptable temperatures.

A parametric study was performed by varying the heat transfer co-
efficient h between the coilar/yoke annular gap and the inner surface of
the windings. The value of h was varied from 6x10-5 to 1X10-! WiemzK.
This range was used to establish the sensitivity of the temperature drop
ta the heat transfer coefficient. Figure 4 shows the tamperature differ-
ence in the cold mass versus h, In the free convection regime (h = 3X10-2
w/cmzK) shown on Figure 4, the wemperature difference in the cold mass
is 0.10 K A heat transfer coefficient on the order of 1X10~ is necessary
10 bring the temperature drop in the cold mass below the CDG budget
of 0.055K. The Rayleigh number developed was in a transition region
for laminar and turbulent convection.® The laminar correlations were
used for conservatism. Turbulent flow correlations would improve the
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Figure 3. Steady-state termperatura difference in the cold massis very
sensitive to the thermal resistance of Kapton,
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Figure 4. Termperature ditterence in cold mass versus heat transfer
coefficient in tarmination gaps in ¢ollar and ycke.

hea{ transfer in the collar/yoke lgmination gaps. By accounting for con-
vective heat transfer in the lamination gaps, the Kapton thermal con-
ductivity issue becomes mute.

— Although the nominal vacuum levet
in the cryostat is 10— torr, the realities of collider operation require the
SSC to be operable with considerably poorer vacuum. The various heat
leaks are determined at different pressure levels (o quantity the rela-
tionship berween pressure and heat leak. The heat leak to the 30K ther-
mat shield is not very sensitive to the gas pressure since radiation and
conduction through the spacer material in the MLI blankets dominate
the heat transfer in this region (see Figure 5). The heat leak to the 20K
thermal shield stants increasing substantially above 105 torr {see Fig-
ure 5). The area of greatest concern for pressure changes is the 4K cold
mass where gaseous conduction can dominate radiation (and spacer
conduction if a blanket is present). Figure 5 demonstrates the effect of
having a ten-Jayer MLI blanket on the cold mass. This region is highly
sensitive to pressure and the presence of the MLI reduces the heat leak
to the cold mass noticeably at pressures above 10 torr. At 8 X10-3 tor,
the 20K shield starts putting heat into the ¢old mass if the gas inlet tem-
perature is constrained to 20K
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Figuta 5. Heat leak versus gas pressure for SSC ITMM trade study.

Heat Leak vs MLI Thickness — MLI is effective in reducing the
heat leak to a cryogen, but only if the capital cost of the MLI is less than
the “cost” of refrigeration the MLI saves. The heat leak to the 80K shield
can be reduced 23% from 25.4W to 19.6W by increasing the number of
MLI layers from 64 10 96. The 20K shieid heat leak can be decreased
129 from 2.64W to 2.33W by increasing the number of layers from 16 to
24. The presence of a ten-layer MLI blanket on the cold mass decreases
the heat leak to the cold mass by 31% from 0.174W to 0.12W.

Heat Leak vs Shield Temperaturg — The outer shieid heat leak is
insensitive to the inner shield temperature. The heat leak varies from
24.2W to 26 3W with the outer shield at 70K to 90K, indicating a stight
sensitivity to the outer shield temperature. The heat leak budget for the
outer shield (23 W/dipole) is exceeded with the outer shield at 70K and
80K. With the outer shield at 90K the heat leak is under budger at 24.2
Wrdipole.

The inner shield heat leak is slightly sensitive 10 its own tempera-
ture, showing a 0.4 W/dipole variation from 10K to J0K (15% decrease).
The heat leak varies 1.7 W/dipole for the outer shigld at 70K 1o 90K
(90% increase), indicating a strong sensitivity to the outer shield tem-
perature. The heat leak budget for the inner shield (2.5 W/dipoie) is ex-
ceeded with the outer shield at 80K and 90K_ With the outer shield at
70K the heat leak is under budget at 20W/dipole or less.

The cold mass heat leak is insensitive to the outer shieid tempera-
ture, showing no variation in heat leak. The heat leak varies 0:29 W/di-
pole with the inner shield at 10K to 30K, indicating a strong sensitivity to
the inner shield temperature (461% increase). The heat leak budget for
the cold mass (0.3 W/dipole) is exceeded with the inner shieid at tem-
peratures higher than 25K

At the design point (ie..inner shield a¢ 20K outer shield at B0K. p=
1X10~2 torr) the predicted heat leaks compare favorably with Fermi Lab
measurements.’



Transient Results
— The cold mass cools down
to §5K in approximately 3 hours with a 93 g/s flow rate. The axial tem-
perature distributions vs time in the winding are shown in Figure 6, for
the baseline case of a stainless steel collar. Figure 7 shows the radial
temperature distribution vs time at the inlet of the magnet where the
greatest axial temperature distribution exists.
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Figura 6. Winding temperatures along cryostat during cocldawn
(93 g/sec flow, stainiess steel collar).
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Figure 7. Cold mass tempsratures at iniet section during cooldawn
(93 g/sec flow, stainiess steel collar).

The second cooldown case analyzed is at 200 g/s flowrate to the cold
masgs. In this case cooldown to S5K occurs in approximateiy 1.5 hours.

Warmup — The warmup from steady-state operating temperature
to room temperature takes approximately 17.5 hours when the heaters-
dissipate a total of 10 kW per dipoie. No substantial temperature gradi-
ent occurs in the cold mass during the warmup.

Post-Ouench — With the winding initially at 70K the heating rate to
the helium in the yoke channels ramps 10 about 0.57 kW/m in 45 sec- -
onds, then ramps back down 1o zera after an additional 135 seconds.

The heating occurs over a length of 24.4m, which demonstrates a normal
zone of greater than one magnet (16.6m). With the winding initially at
80K the power ramps to 0.75 kW/m in 50 seconds, then ramps back
down to zero after an additional 190 seconds. In this case the heating
occurs over one magnet length of 16.6m. For the case where the winding
is initially at 95K the power ramps to about 1.02 kW/m (over 10.8m} in
50 seconds, then ramps back down to 2ero after an additional 220 sec-
onds. With the winding initially at 120K the peak power is L45kW/m
spread over 631m at 50 seconds and ramps back down to essentially
zero after an additional 280 seconds. With the winding initialfy at 300K
the power ramps to about 3.55 kW/m (over 1.28m) in 2 minutes then
ramps back down to zero after an additional 7 minutes. Figure 8 surn-
marizes the post-quench study showing the normal zone length, initial
temperature, peak heat rate, and cooldown time for all cases.
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