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Foreword

This thesis presents the thermal performance of the LHC (Large Hadron Collider)
prototype cryostats both in steady-state and in transient conditions. LHC will be built
in the 27 km LEP tunnel and will provide proton-proton collisions. It will make use of
superconducting magnets operating in static bath of superfluid helium at 1.9 K.

The thesis is mainly divided in three parts. The first part contains three chapters
which present a brief overview of the LHC project. Part 1-Chapter 1 gives a short
introduction to the LHC design, layout and performance. Part 1-Chapter 2 refers to
LHC cryogenic system and describes the general architecture of the cryogenic plants,
the temperature levels and the heat loads. The 50 m long LHC prototype half-cell
contains one twin-bore quadrupole and four twin-aperture dipoles. In Part 1-Chapter 3
the design and construction of the prototype dipole and quadrupole cryostats are
presented. The LHC prototype cryostats have integrated cryogenic lines, while the
final LHC cryostats have separate distribution lines.

The second part of the thesis illustrates the steady-state cryostat thermal
performance beginning with a short description of the heat transfer processes involved
in the cryostat thermal budget (Part 2-Chapter 1). An overview of material and helium
properties is given in Annexes 2 and 3. The mathematical model used to simulate the
cryostat thermal performance has been validated and the experimental tools used to
accomplish this aim are presented in Part 2-Chapter 2. Full-scale prototype cryostats
have been designed, constructed and use to assess the cryogenic behaviour. The
thermal performance of the cryostats has been investigated both in nominal and in
degraded operating conditions and is presented in Part 2-Chapter 3. Screen
temperature and residual gas pressure have been varied in order to investigate their
influence on the total thermal budget. The heat load due to resistive heating in the
non-superconducting cable splices has been analysed and results form electrical
measurements have been compared with those from calorimetric measurements. The
list of detailed heat loads for the CTM and the string test is given in Annex 1. The
heat interceptions play a very important role in the cryostat thermal performance, since
low heat inleaks can be maintained only with a very efficient thermalisation. The main
components which need to be cooled at intermediate temperatures are the screens, the
support posts, the cryogenic valves and the vacuum barrier. The thermal contacts
between these components and the cooling pipes have been studied in different
cryostats and results of their thermal impedances are presented. Annex 4 describes the
basic concept of thermal contacts and gives a few empirical correlations which may be
applied in specific cases. The last chapter in Part 2 presents the potential of an actively
cooled “soft” screen with respect to the “floating” insulation system. The efficiency of
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FOREWORD

a soft screen depends on the quality of the heat interception and the insulation to the
cold mass. Dedicated test set-ups have been constructed to measure the thermal
impedance of shrink-fitted type thermal contacts and the conduction through net-type
insulating spacers. Test set-up and measurements results are described.

The third part explains the cryostat thermal performance in transient modes. Forced
flow cooldown and warmup have been tested in the LHC prototype magnet string and
calculated and experimental results are exposed in Part 3-Chapter 1. Natural warmup
with and without active pumping on the insulation system is described in
Part 3-Chapter 2 as well as the simulation of accidental loss of insulation vacuum. For
each case a one-dimensional non-linear mathematical model has been developed and
validated against measured data.
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CHAPTER 1
Introduction to the LHC project

The Large Hadron Collider (LHC) project [1-3] was approved by the CERN
Council in December 1994. It will provide proton-proton collisions with a
centre-of-mass energy of up to 14 TeV, and an unprecedented nominal luminosity of
10** cm™s’!, as well as heavy ion (Pb-Pb) collisions with a luminosity of up to
10?7 cm?s!. It will be installed in the existing Large Electron-Positron storage ring
(LEP) tunnel (figure I-1.1) at the end of LEP operation [4, 5]. Space will be kept
above the LHC for the possible reinstallation of a LEP-like electron ring to provide
future e-p collisions.

This machine will permit to investigate the fine structure of the matter at the scale
of 10" m, by recreating the conditions which prevailed in the very early universe.

In order to achieve the design energy, the superconducting magnet system will
operate in superfluid helium below 2 K, with a dipole field of 8.36 T. Space
limitations and cost considerations impose a two-in-one magnet design, where the two
rings are incorporated in the same cryostat.

1.1 Basic design

Both LEP and LHC machines are synchrotrons in which beams of particles are
accelerated, held in a circular orbit by thousands of electromagnets and brought into
collision at a few points around the circumference, where large physics detectors
observe and analyse the outcoming reaction products. LEP collides electrons with
positrons (leptons), while in the LHC both beams of particle are protons (hadrons).
The maximum energy of the leptons which collide in LEP is limited to about 100 GeV
by synchrotron radiation. In view of their much larger rest mass, the LHC protons will
circulate in the same tunnel as the LEP electrons radiating much less synchrotron
radiation. Therefore, the ultimate energy attained by LHC beams will only be limited
by the bending field produced in the superconducting magnets. The LHC will be
installed in the 27 km LEP tunnel after removing LEP. It will allow proton beams to
be stored at an energy of 7 TeV per beam using superconducting magnets with a field
of 8.36 T, about twice as high as the current state-of-the-art for accelerators magnets.

To collide two beams of equally charged particles, two separate magnetic channels
are needed. LHC will make use of twin-aperture magnets which consists of two sets of
coils and beam channels within the same mechanical structure and cryostat.
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The two beam channels lie in the same plane and the beams pass from one ring to
the other in four crossing points where the physics experiments are installed.

It is also planned to use the LHC to collide ions. The two separate beam channels
of the LHC can also store relativistic ion beams. The energy per ion is the energy per
proton multiplied by the number of charges of the fully stripped ion. For heavy ions,
such as lead, the total collision energy of the nuclei would reach 1148 TeV.

Figure I-1.1: = LHC in the LEP tunnel

1.2 Performance

1.2.1 Performance for proton-proton collisions

Table I-1.1 shows the main performance parameters for the proton-proton
operation. In the design of LHC an important parameter is luminosity since it
determines the number of events per second for a given particle interaction. As a
consequence of the decrease of interaction cross-section with increasing energy, the
luminosity should increase at least as E? in order to maintain an equally effective
physics programme at a higher beam energy. The LHC should reach the highest usable
luminosity which will be in the range of 10**cm?s™!. Luminosity is given by the
following formula:

2 .
L=N__If_f_%.p (I-1.1)
4.n.8n B
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where N is the number of protons in each of the k circulating bunches, f is the
revolution frequency, F* is the value of the betatron function at the crossing point, &,
is the emittance corresponding to the contour of the beam, normalised by multiplying
by the Lorentz factor y = (E/moc?), and F is the reduction factor caused by the crossing
angle, which is about 0.9 in the LHC.

The main limit to luminosity comes from the beam-beam effect which tends to
scatter the periphery of the beam due to the influence of non-linear fields seen by the
particles of one beam as it passes through the oncoming bunches of the other. As a
result of this effect high-energy colliders tend to have a luminosity which scales in
proportion with energy, and not the square of energy as one would like. Luminosity
can also be maximised by making £* as small as possible. The number of bunches, £,
has to be chosen in order to maximise luminosity for a given total current and to be
acceptable for the data-taking capacity of the experiments. The chosen bunch interval
is 25 ns, or 40 MHz bunch frequency.

Another limit comes from the total power delivered to the cold bore of the magnets
by synchrotron radiation. It must be absorbed at a temperature of a few kelvin and it
will be one of the main heat inputs to the cryogenic system.

Table I-1.1: =~ LHC performance parameters

Energy [TeV] 7.0
Dipole field [T] 8.36
Coil aperture [mm)] 56
Distance between apertures [mm)] 194
Luminosity [cm'zs'l] 10*
Beam-beam parameter 0.0034
Injection energy [GeV] 450
Circulating current/beam [A] 0.54
Bunch spacing [ns] 25
Particles per bunch 10"
Stored beam energy [MI] 334
Normalised transverse emittance [¢m.rad] 3.75
r.m.s. bunch length [m] 0.075
P-values at L.P. in collision [m] 0.5
Full crossing angle [urad] 200
Beam lifetime [h] 22
Luminosity lifetime [h] 10
Energy loss per turn [keV] 6.7
Ciritical photon energy [eV] 44.1
Total radiated power per beam [kW] 3.6




INTRODUCTION TO THE LHC PROJECT 6

The design luminosity of 10**cm™s™ has been selected well below the beam-beam
limited value which is 2.5-10**cm™s” in order to reduce the particle loss rate
dangerous for superconducting elements.

A classical beam absorber is employed to safely absorb the total energy stored in
the beam at the end of each run or in case of malfunction or an emergency. At the
maximum luminosity of the LHC the stored beam energy is approximately 550 MJ.

1.2.2 Performance as an ion-ion collider

CERN has built a lead-ion source together with a new pre-accelerated stage. The
LHC would be able to collide heavy nuclei (Pb-Pb) with a centre-of-mass energy of
2.76 TeV/u and 7.0 TeV per charge. By modifying the existing antiproton ring
(LEAR) into an ion accumulator in which strong electron cooling is applied, the peak
luminosity can reach more than 107cm2%s .

1.3 Systems

1.3.1 Layout
The basic layout of the machine (figure I-1.2) follows that of LEP.

Figure I-1.2:  Schematic layout of the LHC
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Almost 24 km of the LHC ring will be filled with superconducting magnets of
various types. The LHC circumference is composed of eight arcs 2459.16 m long
each, sixteen dispersion suppressor cells 174 m long each and eight straight sections
approximately 528 m long each, available for experimental insertions or utilities.

Two high-luminosity proton-proton experiments are located at diametrically
opposite straight sections, point 1 (ATLAS) and point 5 (CMS). Two other
experimental sections are located at point 2 (ALICE) and point 8 (B-physics), which
also contains the injection system. The beams cross from one ring to the other only at
these four locations. The remaining four straight sections do not have beam crossings.
Points 3 and 7 are used for beam “cleaning”. The cleaning insertion must allow for
collimation and cleaning of the beam halo in order to minimise the background in the
detectors as well as the beam losses in the cryogenic part of the machine. Point 6
contains the beam abort system which has the purpose to dump the beams in a safe
way at the end of physics runs and to protect the machine in case of hardware failure
or beam instability. Point 4 contains the RF systems.

Each arc contains 23 regular lattice periods. Each lattice period, 106.9 m in length
(figure I-1.3), contains six 14.2 m twin-aperture dipole magnets and two 3.10 m twin-
bore quadrupoles. The separation between the dipole is 1.46 m, which includes 0.52 m
for connections between the cryostats. Each dipole contains short sextupole and
decapole correctors in order to compensate for undesired field harmonics. The lattice
quadrupoles are powered separately from the dipoles for adjusting the betraton tune of
the machine. The quadrupoles are integrated into “short straight sections” which also
contain a beam position monitor (BPM), an octupole and a combined sextupole/dipole
corrector.

53.46
31 2.42 « 14.2 > 14.2 14.2 2.42'
.EE. ...... .E.._ ......... I I . E?-._.-.E.-
EE. ..... TH. L .. .. Al o E| ...... E -
: :
2 ¢ 2 g g g ¢ ¢ ¢

MB= arc dipole

MQ-= arc quadrupole

MO-= arc octupole

MSCBH/V= arc sextupole-dipole corrector horizontal/vertical
BPM= beam position monitor

Figure I-1.3:  Layout of the half-cell of the LHC

At the end of each arc there are the dispersion suppressors which bring the beam
“dispersion”, i.e. the variation of trajectory with momentum spread, to zero before
entering the collision regions. Each dispersion suppressor consists of two lattice
periods with four dipoles per period and four independently powered quadrupole
units.
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The low-beta insertion is antisymmetric and consists of a matching section (outer
triplets) for detuning the optics and an inner triplet for focusing the beams to the
interaction point. Between the outer and inner triplets a pair of recombination dipoles
brings the beams into a common channel with a small residual crossing angle at the
interaction point.

1.3.2 Injectors and injections

The existing accelerator chain shown in figure I-1.4 (Linac/Booster/PS/SPS) will
be used for LHC injection.
e —. ~27 km

- LEP / LHC S
» p (proton) \

} e+ (positron) , "
~ e- (electron) |

BOOSTER ¥ ™) PS ? EPA {—— 4 Linac

: ete
i
Proton ion
linacs

PS= Proton synchrotron

SPS= Super Proton Synchrotron
EPA= Electron-Positron Accumulator
Linacs= Linear Accelerators

Figure I-1.4: Schematic layout of the LHC injection

In order to achieve the emittance, intensity, and bunch spacing required, some
modifications to the PS, SPS and Booster are necessary. The filling sequence starts
with the injection of three bunch trains into the SPS on three successive PS cycles
each separated by 3.6 s, filling one third of the SPS circumference. The SPS then
accelerates the beam to 450 GeV and transfers each batch (each containing 2.4-10"
protons) to one or the other of the LHC rings. This is repeated 12 times per ring with a
cycle time of 16.8 s. Once both rings are filled, the beams are accelerated to the
nominal collision energy in about 20 min.

1.3.3 Magnets

The superconducting magnets are the most challenging components of the LHC.
Superconductivity is a property that some materials acquire when they are cooled to a
low temperature: their resistance to the passage of electrical current virtually
disappears. The superconducting state only exists when materials are maintained
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below the critical temperature that depends on the amount of current carried by the
conductors and the magnetic field to which the conductor is subjected. The critical
surface, as shown in figure I-1.5 is defined by the boundaries of critical temperature
T,, critical magnetic flux density B, and critical current density J.. The resistive
transition from the superconducting to the normal state (quench) occurs if one of the
three parameters exceeds its critical value.

Using Nb-Ti based conductor, the superconducting magnets operate in superfluid
helium in order to achieve the high guide field (8.36 T) required. Magnets can be
compact since large current can pass through superconductors of small cross-sections.
The basic structure of both dipoles and quadrupoles is the twin-aperture design.

In order to retain the large electromagnetic bursting forces (more than 500 tons per
meter length) the coils must be firmly clamped in a rigid mechanical structure.
Combined aluminium collars have been chosen instead of stainless steel in order to
minimise the pre-stress required at room temperature and ensure the best parallelism
between the dipole fields in the two channels.

The regular lattice and dispersion suppressors will require 1232 dipoles and 368
normal quadrupoles as well as special quadrupoles in the matching sections and
insertion regions.

Current Density
[kA/mm?]
A
7
/,f &
f, 0
7-44 &
0
1
Temperature 1

K]

Magnetic field
[T]

Figure I-1.5:  Phase-transition surface of Niobium-Titanium
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1.3.4 Protection against beam losses

During beam-beam collisions produced in the physics experiments, many elastic
particles are emitted in the forward direction with the same momentum and a slight
increase in the transverse angle. These particles are pushed outside of the stable
region, creating a systematic halo which must be intercepted before it hits the cold
inner bore of the magnet to prevent it from a quench. In order to clean a 7 TeV beam
halo collimators are necessary. Beam dumping must be reliable since the onset of
beam loss must be detected so that the beam can be safely extracted before it causes a
quench. The dump itself is composed of graphite and aluminium blocks buried in an
iron shield. The whole assembly will be installed in a waterproof cavern to prevent
underground water contamination.

1.3.5 Vacuum

The LHC beam vacuum system represents a novel challenge. The magnet cold bore
at 1.9 K must be protected from the power deposited by synchrotron radiation and
image currents. A beam screen cooled to around 20 K by means of supercritical
helium will be installed inside the cold bore. Synchrotron radiation will cause gas to
be desorbed from the near surface layer, and later cryopumped again onto the same
surface. The pumping capacity of the screen for hydrogen in this temperature range is
not sufficient to maintain the low operating pressure. In order to avoid this, slots must
be cut in the beam screen so that hydrogen can be cryopumped by the cold bore
surface at much lower temperature.

1.3.6 The RF system

In order to ensure sufficiently short bunches in collision and avoid RF noise
diffusion, a voltage of 16 MV per beam is needed. This is provided by strings of
superconducting accelerator cavities, one on each circulating beam. To minimise the
effects of transient beam loading, cavities with a high stored energy are preferred.
Superconducting cavities with a wide beam tube aperture (30 cm) have been chosen
for the LHC. Compared to conventional copper cavities they provide a gain of one
order of magnitude against transient beam load effects.



CHAPTER 2
The LHC cryogenic system

The superconducting magnet windings will be immersed in a pressurised bath of
superfluid helium at about 1 bar and a temperature of 1.9 K [6] over most of the
26.7 km circumference of the accelerator. This requires the development and the
implementation of a cryogenic system unprecedented in size, refrigeration capacity
and complexity [7].

2.1 General architecture

All the active cryogenic equipment [8] is grouped together at the four even points,
so that the refrigeration power is transported over the complete length of a sector,
3.3 km. In order to limit hydrostatic and frictional pressure drops, the tube diameters
have to be carefully dimensioned. The cryogenic pipes distributing cooling power are
contained in a separate Cryogenic Distribution Line (CDL) running alongside the
magnet cryostat with cryogenic interconnections at every half-cell (53.46 m).

The four-point feed scheme is shown in figure I-2.1. Two helium refrigerators
(equivalent refrigeration power of 18 kW at 4.5 K each) are installed at each even
point and serve the adjacent sectors. Partial redundancy is obtained by means of a
Cryoplant Interconnection Box (CIB), allowing distribution of the cryogenic loads of
each sector to either or both cryoplants [9].

Refrigeration at 1.8 K [10] is provided by two Cold Compressor Boxes (CCB),
installed underground at the level of the machine tunnel and fed from the 4.5 K
refrigerators through the CIB. The string of magnets is terminated by Tunnel Feed
Boxes (TFB) on each end of a sector that is mainly used for electrical feed of the
LHC. 1000 m® and 1500 m® storage vessel at 20 bars are used in the odd and even
points respectively for recovery of gaseous helium after a generalised resistive
transition of the magnets in the octant concerned.

2.2 Temperature levels and heat loads

The temperature levels in the LHC cryogenic system are the following:

- thermal shielding between 50 K and 75 K sheltering the cold mass from the heat
inleaks from ambient,
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- supercritical helium at 4.5 K for initial filling of the cryomagnets and lower
temperature heat interception during operation. This circuit will be also used for
cooling the beam screens between 4.5 K and 20 K,

- quasi-isothermal superfluid helium cooling the magnet cold mass at a maximum
temperature of 1.9 K and transporting the applied heat loads across the length of
a sector (3.3 km) to the cold compressor boxes at 1.8 K,

- normal helium cooling special superconducting magnets in insertion regions,
superconducting acceleration cavities, and the lower sections of High
Temperature Superconductor (HTS) current leads at a saturation temperature
between 4.5 K and 4.7 K,

- gaseous helium cooling the resistive upper sections of HTS current leads, in
forced flow between 20 K and ambient.

Elect.
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Supply ODD POINT Supply
@ P Storag ‘EPStongeI, (JHiP Storage]) @
Cn(;lin; T2 i - T C(m_ling
o
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UCB UcB
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Cavem
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. o
1 -~
0 _ N —
e BH ]| s f_vese JH |1 HEese] 2
I minimiim EIHanm ' LU
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\y Sector (~3.3 km) ~ Sector (~ 3.3 km) N
N Vi V.
Cryogenic Transfer Line UCB= Upper Cold Box CCB= Cold Compressor Box
. LCB= Lower Cold Box TFB= Tunnel Feed Box
Warm Line CIB= Cryogenic Interconnection Box

Figure I-2.1:  General architecture of the LHC cryogenic scheme

The cryogenic components will be subject to three kinds of heat loads:
1. heat inleak from room temperature,

2. resistive heating in the non-superconducting sections of the magnets (essentially
current feedthroughs and splices in the superconducting cables),

3. beam-induced heating due to circulation and collision of proton beams. Several
processes determine this dynamic load strongly depending on the energy and
intensity of the circulating beams:

- synchrotron radiation from the bending magnets
- resistive heating due to image currents induced in the conducting walls
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- continuous loss of particles from the circulating beams, produced by nuclear
inelastic beam-gas scattering

- continuous loss of particles escaping the collimation sections

- absorption of secondaries in the cold mass of the superconducting magnets
located close to the high-luminosity experimental areas

Efficient cryostats must limit the heat loads, thus contributing to keep refrigeration
power within budgeted values (table I-2.1) [11].

Table I-2.1:  Distributed heat loads in LHC arcs [W/m]

50-75 K 45-20K 19K

Heat inleak 6.38 0.13 0.27
Resistive heating 0.04 - 0.11
Beam induced (ultimate)(*) - 1.35 0.05
Total 6.42 1.48 0.43

(*)7TeV,2x0.848 A

2.3 Ring cooling system

The magnets operate in static baths of pressurised superfluid helium [12], through
which heat is transported by conduction to a heat exchanger tube threading his way
through the string and in which the heat is absorbed by gradual vaporisation of
flowing saturated superfluid helium. The cryogenic flow-scheme of an LHC half-cell
is shown in figure I-2.2.

Subcooled helium I, distributed through line A, is expanded to saturation through
valve TCV1. It reaches the far end of the heat exchanger tube and gathers heat and
vaporises as it flows back. The low saturation pressure is maintained by pumping the
vapour through line B. Line C intercepts residual conduction at 4.5 K on magnet
supports and supplies supercritical helium to the beam screens. Line D represents the
return line of the circuit at 4.5-20 K. Lines E and F circulate high pressure helium at
50-75 K, which intercepts heat loads on magnet supports and thermal shield.

Cooldown and warmup is achieved by forced circulation of high-pressure gaseous
helium, supplied at variable temperature by line C, tapped through valve CFV, and
returned to the refrigerator through valve SRV and line D. In case of magnet resistive
transition, the pressure rise is contained below the 20 bar design pressure by opening
the SRV valves on the quench signal and discharging helium into line D.

2.4 Cryogenic plants

The LHC design makes the maximum possible use of the technical infrastructure of
the LEP cryogenic system. LEP uses four cryogenic plants, each of 12 kW at 4.5 K
capacity located at the four even points [13, 14].
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On the basis of the heat load estimates for the LHC sectors, and allowing some
spare capacity, the cryogenic plants should fulfil the refrigeration capacity listed in
table I-2.2.
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Figure I-2.2:  Cryogenic flow-scheme of an LHC half-cell

Table I-2.2:  Refrigeration capacity demands of LHC sector cryoplants

Sector 50-75K  4.5-20K 4.7K 18K 20-290 K
[kW] [kW] [kW] (kW] [g/s]
High-load 31 4.3 0.80 2.80 35
Low-load 30 4.3 0.65 2.45 23

The sectors which house high luminosity insertions are subject to the largest 1.9 K
heat loads, while sectors which feature the strings of superconducting acceleration
cavities exhibit the largest 4.7 K heat loads. Moreover, depending on the operational
mode of the LHC, the refrigeration plants must operate in wide ranges of variation in
the cooling power requirements at 1.9 K (up to two-fold variation) and 4.5-20 K (up to
five-fold variation). For the LHC the four existing cryogenic plants will be upgraded
to 18 kW and supplemented by a further four 18 kW plants which will be located at
the even points. In addition, eight CCBs, fed at 4.5 K from the cryoplants, will
produce refrigeration at 1.8 K.
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2.5 Helium inventory

An assessment of the helium inventory in the LHC [15] has led to a total amount of
93500 kg, mostly in the cold mass of the magnet system (54.5 %) and in the piping
(41 %). Integrally storing this inventory in the conventional form would result in large
investment costs and siting difficulties due to the high visibility of the 250 m’
reservoirs envisaged for this purpose. Two complementary lines of action are being
followed: reduction of helium stored inside the magnet cold mass and partial storage
in liquid form.
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CHAPTER 3
The LHC prototype magnet cryostats

The cryostats must provide a stable mechanical support for the magnet cold mass
and limit heat inleaks from room temperature to a level which matches the tight heat
load budget [16, 17]. Cryostats must withstand thermal and mechanical transients,
such as rapid cooldown and warmup and resistive transition. Moreover they must
handle the resulting heat release during accidental operational modes including partial
loss of vacuum insulation, degradation of the multilayer insulation (MLI) system
efficiency and imperfect heat interception.

3.1 The prototype dipole cryostat

3.1.1 Introduction

The dipole magnets [18] are designed to be connected in series around the LHC
machine. Each unit is connected electrically, hydraulically and thermally to identical
elements up-and down-stream. The prototype dipole cryostats (table I-3.1) have a cold
mass with an overall length of 10.05 m which is shorter than the final LHC dipole
cryostat. Another difference between prototype and LHC cryostats is that all the
cryogenic distribution piping is enclosed inside the vacuum vessel, in absence of a
separate cryogenic line

3.1.2 Design and construction

The cold_mass [19] consists of a twin aperture superconducting dipole magnet
enclosed in a long cylindrical stainless steel shell. The ends are closed with covers
with piping connections. There are two cold bore pipes, one helium heat exchanger
running through the magnet, three pipes containing cables to be connected to the
neighbouring units and the outlets for instrumentation feedthroughs. The helium
vessel has a design pressure of 2 MPa and the desired overall leak-tightness is 1010
Pa-m’s.

The cold mass rests on two support posts. Each support post [20, 21] consists of a
cylindrical column made of non-metallic low-thermal conductance materials and four
metallic flanges, two of which act as heat intercepts. One support post is blocked to
the vacuum vessel, the other one is free to move in the longitudinal direction. The top
flange carries the cold mass, the second one is linked to 5 K pipe (line C), the third
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flange is cooled by line E and the bottom flange serves to locate the cold mass, the
cryogenic pipes and the shield in the vacuum vessel.

Table I-3.1:  Main dimensions of prototype dipole cryostat

dipole magnet body overall length 10.052 m
thermal shield perimeter 2.8 m
radiative insulation perimeter 24 m
vacuum vessel outer diameter 0.98 m
cold mass diameter 0.58 m

\
‘\‘
\

\‘
\
\
R N

L7 |
\
1\
N
N
N
N
N
N
| R
o N
| BN
¥ N
N N
| B
N
N
y

10. Line E (50 K supply)

1.  Heat exchanger tube

2. Coils 11. Line B (1.9 K return)
3. Beam screen 12.  Vacuum vessel

4. Line C (4.5 K supply) 13.  Radiative insulation
5. Collars 14. Line A (2.2 K supply)
6. Cold bore tube 15. Thermal shield

7. Line D (20 K return) 16.  Shrinking cylinder

8.  Support post 17.  Yoke

9. LineF (75 K return) 18. Busbars

Figure I-3.1:  Cross-section of the LHC prototype dipole cryostat
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Six cryogenic pipes (table I-3.2) run externally along the length of the cold mass
while sharing the same insulation system: lines A (supply) and B (return) at 1.9 K,
lines C (supply) at 4.5 K and D (return) at 20 K, and lines E (supply) at 50-60 K and
F (return) at 60-75 K. Lines A, B, C and D are directly supported by the stainless steel
attachment plates welded onto the cold mass. Line C is also bridged to the support
posts. Apart from line F all the cryogenic pipes are made of AISI 304L austenitic
stainless steel. Line F forms an integral part of the thermal shield and is made of an
extruded aluminium profile.

Table I-3.2:  Operational conditions for the cryogenic piping (in normal

operation)
Cryogenic DN Temperature Pressure
pipes [m] K] [Pa-10°]

A 0.065 2.2 1
B 0.150 1.9 0.016
C 0.065 4.5 2.3-2.6
D 0.150 20 1
E 0.056 50-60 20
F 0.05 60-75 20

In order to maintain the heat inleak at 1.9 K within the budgeted value two levels of
heat intercepts are needed: the radiative insulation at 4.5-20 K and the thermal shield
at 50-75 K. The radiative insulation represents a thermal barrier between the interior
part of the thermal shield and the low-temperature components, whereas the thermal
shield serves to intercept the radiative heat coming from room temperature.

The radiative_insulation is based on 10 layers of reflective aluminised polyester
(Mylar®) film wrapped with fiberglass net spacer around a thin aluminium sheet
enclosing the cold mass and the cryogenic pipes. The radiative insulation is insulated
from the cold mass by means of non-metallic net spacers.

The thermal shield, made of commercially pure aluminium alloy (AA1100), is
composed of a 5 mm thick bottom tray and a 2.5 mm thick circular shell. The thermal
shield is covered with 30 layers of MLI ensuring a minimum thickness of
10 mm.

External to the thermal shield there is the vacuum vessel, which consists of a long
cylindrical shell with end flanges. For reasons of costs and to screen the stray
magnetic field, the cylinder of the vacuum is made of unalloyed steel of the type ISO
FE 430, whereas all flanges are in stainless steel AISI 304L.

3.2 Prototype short straight section cryostat

3.2.1 Introduction

The Short Straight Section (SSS) [22] is composed of one twin-aperture quadrupole, a
pair of tuning quadrupoles, MQTO, and a pair of correctors, MDSB (figure I-3.2). The
short straight section cryostat also contains a barrier for sectorising the insulation
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vacuum and a cryogenic service module (QSA). The design of the SSS cryostat
(figure 1-3.3) follows that of the prototype dipole cryostat.

Dipole Short straight section Dipole

QSA !‘I;ar

Inter- 1 le MQTO
conpections BPM /M MDSB |iconnecnons
/[ o L /[
_ , e e

4] —1 T ] [ \\ r'_L\-i-' L \ Ir I
/ 1\ o \ T\
. |
Phase sepatator, \ Vacuum Helium Support \ Vacuum :
vessel ost vessel : Cold bore
1230 3250 i
6205 |
. |
Section Y-Y Radiative insulation |<Y—
Enlarged :

Thermal shield
Cryogenic piping

Cooling channel

Figure 1-3.2:  Longitudinal section of the LHC prototype short straight section

3.2.2 Design and construction

The quadrupole and the corrector magnets, enclosed in its all-welded helium
vessel, with heat exchanger and cold bore pipes, form the cold mass [23]. Support
posts, radiative insulation and thermal shield, cryogenic pipes and vacuum vessel are
identical to those of the prototype dipole cryostat. The only difference is the material
used for the vacuum vessel. To reduce costs the vacuum vessel is entirely made of
AISI 304L stainless steel. This was possible since no magnetic shielding is required,
contrary to the dipole.

For measurement of the beam position and the diagnostics of its dynamic
behaviour, transverse Beam Position _Monitors (BPM) are mounted close to the
quadrupole magnet on the outside of the cold mass. The BPM assembly consists of
one H monitor and one V monitor. The cylindrical shaped BPMs, one for each beam,
equipped with electrodes and feedthroughs are fixed in a bracket before being adjusted
by a stainless steel support to the front plate of the helium vessel.

The vacuum barrier is mounted between the cold mass and the QSA with the
purpose to limit the effects of helium leaks, facilitate leak detection and pump-down
from atmospheric pressure. During the installation of the LHC, it will also enable
independent leak testing of the half-cells. The vacuum barrier of the prototype short
straight section consists of two double and corrugated stainless steel tubes, separated
by an off-centered disc. Each corrugated tube is covered with MLL All six cryogenic
pipes are connected to the vacuum barrier by means of stainless steel sleeves. The
outer flange will be at ambient temperature, the inner one at 1.8 K and the various
transverse tubes between 1.9 K and 75 K. Thickness and length of the tubes are
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optimised in order to minimise heat inleaks. In order to reduce costs an alternative
vacuum barrier, made of non-metallic composite materials [24] and based on a similar
thermo-mechanical design, has been developed and mounted on the LHC prototype
magnet string.

The QSA, integrated into the SSS, is located between the interconnection region
and the vacuum barrier. The QSA is the place where all cryogenics services for the
adjacent half-cell are lumped, including current leads, instrumentation capillaries,
control valves, phase separator and beam diagnostics.
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1.  Yoke 4. Coils
2.  Inertia tube 5. Busbars
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Figure I-3.3:  Cross-section of the LHC prototype short straight section cryostat,
showing quadrupole
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CHAPTER 1

Modeling cryostat thermal performance

In this chapter an overview of heat transfer processes [25, 26] which occur in a
cryostat is presented. The last part describes the mathematical model used to simulate
the cryostat thermal performance.

1.1 Heat transfer processes

In the design of any cryogenic system an efficient thermal insulation from the
environment must be achieved. The cryostat heat inleaks (solid conduction,
conduction in residual gas, radiation, convection) have to be controlled and reduced
by a proper design [27, 28].

1.1.1 Solid conduction

The fundamentals of heat conduction [29] were established over a century ago and
are attributed to Fourier. When a temperature gradient exists in a body, there is a heat
transfer from the high temperature region to the low temperature region. This heat is
transferred by conduction and the heat transfer per unit area is proportional to the
normal temperature gradient:

Q2. _or (I-1.1)
A 0x
When the proportional constant is inserted:
Q= _xkadL 1[-1.2)
dx

where Q is the heat-transfer rate expressed in watts and SI/ is the temperature
gradient in the direction of the heat flow.

The proportional constant K [W/K-m] is the thermal conductivity of the material, and
the minus sign indicates that temperature flows down-hill the temperature gradient.
Equation II-1.2 is called Fourier’s law of heat conduction.
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For one-dimensional problems the steady-state heat-conduction equation,
developed over a length / and applied between temperatures T, and T, (T, > T,), can be
written:

. AT
0=" jT] K(T)dT (I1-1.3)

Generally the thermal conductivity as function of temperature is not constant, so it
is necessary to compute the integral. Conductivity integrals in the cryogenic
temperature domain have been computed for most technical materials (table II-1.1).

Table II-1.1: Thermal conductivity integrals for selected materials (T; = 4 K)[30]

Temperature Copper Austenitic Aluminium Glass Teflon
T, ETP stainless 6063-T5
steel

K] [W/cm] [W/cm] [W/cm] [mW/cm] [mW/cm]
6 8 0.0063 0.85 2.11 1.13

8 19.1 0.0159 2.05 4.43 2.62
10 33.2 0.0293 3.60 6.81 4.4
20 140 0.163 16.5 20.0 16.4
30 278 0.424 36.5 36.8 32.3
40 406 0.824 62.0 58.6 50.8
50 508 1.35 89.5 84.6 71.6
60 587 1.98 117 115 93.6
70 651 2.70 143 151 116
76 686 3.17 158 175 130
80 707 3.49 167 194 139
90 756 4.36 190 240 163
100 802 5.28 211 292 187
120 891 7.26 253 408 237
140 976 9.39 293 542 287
160 1060 11.7 333 694 338
180 1140 14.1 373 858 390
200 1220 16.6 413 1030 442
250 1420 234 513 1500 572
300 1620 30.6 613 1990 702

The low value of thermal conductivity of non-metallic materials shows their
interest in low heat inleak structural components as the cold mass support posts.
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1.1.2 Conduction in residual gas

Conduction in residual gas depends on the mean free path of the gas molecules
(L,). If d is the distance between two surfaces at different temperatures, the following

regimes of residual gas conduction are defined:

o L<d viscous regime
o L,>d molecular regime
o Ly=d transition regime

Residual gas conduction strongly depends on the vacuum insulation and can be
made small by reduction of the residual pressure. At higher pressure L, < d and the
viscous regime prevails: the heat transfer occurs by intermolecular interactions and
thermal conductivity is independent of pressure. The molecules move from a
high-temperature region to a lower-temperature and transport Kinetic energy to the
lower temperature part of the system giving up this energy through collisions with low
energy molecules.

At lower pressure L, > d and conduction is governed by molecular regime. In this
regime, the molecules the two surfaces several times before interacting with other
molecules. In this case heat is exchanged by molecule-wall rather than intermolecular
interactions. In this regime heat transfer is proportional to the residual pressure.

The mean free path L, [cm] can be expressed as follows:

n|T
L =114657—.— 1I-1.4
P P\’M ( )

where 7 is the gas viscosity [Pa-s] at the temperature T, M is the molecular weight
[g/mol] and P is the pressure [Pa]. The value of L, for helium is very high, so that,
even for degraded vacuum (10-! Pa), the heat transfer occurs in molecular regime. For
a residual pressure of 10" Pa, the mean free path for helium at 4.2 K is about
0.12 cm.

The vacuum insulation of cryogenic vessels is efficient if pressure is lower than
5.102 Pa and if conduction process is molecular regime.

In nominal operation, in the cryostat insulation space residual pressure is very low
(10* Pa) so that heat transfer is represented by molecular-to-wall interactions. The
molecular-to-wall interactions can be represented by an accommodation coefficient
(table II-1.2) defined by:

(II-1.5)

where T; is the effective temperature of the incident molecule, T, that of the emitted or
reflected molecule, and T,, the wall temperature. The maximum value for « is unity,
associated with the molecule coming into complete thermal equilibrium with the wall.

Molecular conduction heat transfer between two parallel surfaces at temperatures
T, and T, (T, > T)), is given by Kennard’s law:
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o [(Ye+1YRYE P )
ch—Alao[Yc_l}[Sn) W(TZ T) (II-1.6)

where y.=C,/C, is the ratio of specific heats, R is the universal gas constant [J/mol K],
A, is the surface receiving the heat and ay is the accommodation coefficient.

Equation II-1.6 may be applied to concentric spheres, coaxial cylinders and parallel
plates. For unequal values of e and A , the quantity a must be averaged over the two
surfaces, that is,

g = %30 (I-1.7)

A2
oy +—=(1-05 )0t
2 !1( 2)0

Table II-1.2: Accommodation coefficient for different gases

T Helium Hydrogen Air

K]

300 0.3 0.3 =0.8
80 04 0.5 1
20 0.6 1 -

4 1 - -

For many low-temperature applications, helium gas is the major contributor to
gaseous conduction heat inleak, since most other gases condense or absorb on the cold
surfaces.

1.1.3 Radiation

Thermal radiation is the electromagnetic radiation emitted by a body as a result of
its temperature. An ideal thermal radiator, or blackbody, will emit energy at a rate
proportional to the fourth power of the absolute temperature of the body and directly
proportional to its surface area.

Qemitted =cAT* (II-1.8)

Equation II-1.8 is called the Stefan-Boltzmann's law of thermal radiation and o
(5.667-10° W/m*K*) is called the Stefan-Boltzmann's constant. The emissive power
associate with a blackbody is correlated to the peak wavelength A, of the thermal
radiation by Wien’s law:

A, T =2898 um-K (I1-1.9)

Equation II-1.8 governs only radiation emitted by a blackbody. A blackbody at
room temperature emits about 460 W/m? by radiation. Practical surfaces do not radiate
as much energy as the blackbody and are treated as “grey” body, characterised by an
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emissivity £ (0 <¢ < 1). To account for the “grey” nature of such surfaces we introduce
another factor in equation II-1.8, called the emissivity factor E, which depends on the
emissivities of the two surfaces, their related geometry (view factor) and the type of
reflection (specular or diffuse).

In this case the radiated energy between two surfaces at temperature 7, and T,

(T, > T,) can be written:
0=cEA(T,* - T}) (I1-1.10)

In the case of diffuse reflection between long coaxial cylinders, E is given by:

€&y

E= ) I-1.11)

2

where & and & are respectively the emissivities of the cold and warm surfaces.

Table II-1.3 shows the thermal emissivity of some technical materials frequently
used in cryogenics.

In cryostats, radiation represents a dominant contribution once residual gas
conduction is attenuated by adequate vacuum insulation.

For thermal insulation very low emissivities are required. Since radiation greatly
depends on temperature it is possible to decrease the radiative heat inleak between two
surfaces by a factor (n+1) by inserting n shields of equal emissivity (floating shields).
Another possibility consists of actively cooling a single shield at sufficiently low
temperature.

Table I1-1.3: Thermal emissivity of technical materials at cryogenic

temperatures [31]
From ambient to 77K From 77K to 4.2 K
St. St. as found + Al foil 0.056 0.011
St. St. silver plated 0.092 0.013
St. St. elect. polished 0.1 0.065
St. St. mech. polished 0.12 0.074
St. St. shot blast 0.24 0.14
St. St. as found 0.34 0.12
Cu mech. polished 0.06 0.023
Cu as found 0.12 0.062
Al elect. polished 0.075 0.036
Al mech. polished 0.1 0.058
Al. as found 0.12 0.07
Al+protective oxide layer 0.49 0.074
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1.1.4 Convection

Convection is a process governing heat transfer between a solid surface and a
liquid or a gas. There are two types of convection: natural or forced according to the
way in which the liquid flow occurs.

To express the effect of convection we use Newton’s law of cooling:

O=hA(T, -T,) (II-1.12)

The heat transfer rate is related to the overall temperature difference between the wall
and fluid and the surface area. The quantity 4 is called the convection heat transfer
coefficient. Convection heat transfer depends on the viscosity, the thermal properties
(thermal conductivity, specific heat, density) of the fluids and on flow conditions.
Boiling and condensation phenomena are also grouped under the general subject of
convection heat transfer.

There are numerous convection heat transfer correlations for internal and external
flows. Several important factors must be considered when selecting a correlation to
apply to a particular system. We must determine whether the fluid is in laminar or
turbulent flow regime and whether the entry region has significant impact on either the
hydrodynamics or temperature development. Once the conditions of flow are
established, it is necessary to select among several possible correlations dependent on
whether the range of parameters is appropriate for the particular empirical fit.

Apart from very simple cases of fully developed laminar flow with constant surface
or constant heat flux boundary conditions, in all engineering correlations the average
Nusselt number is a general function of Reynolds number and Prandtl number:

Nu = f(Rep, Pr) (II-1.13)
The average Nusselt number is defined in terms of average heat transfer properties:

_hDy

X (II-1.14)

Nu

where K is the average fluid thermal conductivity.
For turbulent flow in circular pipe, the most common heat transfer expression for
cryogenic fluids is the Dittus-Boelter correlation [32]:

Nu = 0.023 Rep*’Pr?” (II-1.15)

In cryostats we find natural convection from external environment to the vessel and
through the multilayer insulation system if the residual gas pressure of the insulation
vacuum is higher than 10° Pa. Forced convection appears in helium flowing inside the
cooling pipes.

1.1.5 Multilayer systems

Multilayer insulation (MLI) consists of reflective films alternate with low-density
insulating spacers.
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The effective thermal conductivity of MLI is a function of various parameters, such
as film and spacer materials, number of layers and layer density, contact pressure,
vacuum maintained and interstitial pressure [33-36]. Heat flux through MLI systems
depends on a combination of solid conduction, conduction in residual gas and thermal
radiation [37-39].

At low residual gas pressure (10 Pa) conduction in residual gas can be neglected
and heat transfer is only given by radiation and solid conduction. Heat transfer through
MLI also depends on density and total number of layers. Radiation heat transfer
decreases with increasing number of radiation shields, whereas conduction heat
transfer becomes larger as the packing density tends to increase. This means there is
an optimum layer density for practical multilayer insulations. The existence of a
minimum in the heat transfer through MLI as a function of layer density has been

demonstrated experimentally (figure II-1.1).
17 \
16 +

A /

13 \ //
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’ (; 0.5 1 1.5 2

Density [(number of layers)/mm]

Heat flux [mW/m?]

Figure II-1.1:  Measured heat flux for varying layer densities of MLI between
77 K and 4.2 K [39]

The existence of a minimum near 0.5 layers/mm indicates the density where the
solid-state conduction begins to play an important role.

For density higher than 0.5 layers/mm the heat flux increases with the number of
layers. From these results the best values for the emissivity of aluminised Mylar® are
0.03 at 77 K and 0.011 at 4.2 K [39].

Heat flux through MLI can be expressed by the following relationship [41] which
considers the conductive and the radiative effects:

._Oog [ +T,
a=S I b, ) Bt g ypt-1) arLie
s 2 Ny
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where ¢is the heat flux in W/m? N is the number of layers, T, and T are the
temperatures of respectively the warm and the cold surfaces , and a5 and fs are two
constants accounting for the average thermal conductivity and emissivity of the
reflective insulation system. The third term represents the contribution of the
conduction in residual gas and the coefficient ys can be calculated from equation II-
1.6. In nominal operating condition (10™* Pa), the two coefficients as and fs can be
evaluated by knowing the measured heat flux through MLI in two different cases:
- from 300 K to 80 K through 30 layers of MLI: 1.2 W/m? [42]
- from 80 K to 4.5 K through 10 layers of MLI: 0.060 W/m? [41]
At 10™ Pa the values of as and fs which represent the thermal performance of the
LHC prototype cryostats are given:

a5=1.401-10" [W/m>K’]

Bs=3.741-10° [W/m>K*]

Figure II-1.2 shows the calculated heat flux through 30 layers of MLI as a function
of the cold surface temperature when the warm surface temperature 7, is kept at
300 K. Notice that thermal radiation is dominant and conduction through the spacers
only represents a small fraction (about 20 %) of the total. Figure I-1.3 shows the
calculated heat flux through 10 layers of MLI from the temperature 7> to 4.5 K. In this
case conduction heat transfer prevails for warm surface temperatures below 120 K.
The contribution of conduction in residual gas starts becoming significant for residual
pressure above 5- 107 Pa and increases proportionally to it.

1.4

Heat flux [W/m?]

LI

I
50 100 150 200 250 300

T, [K]

—e—Total —#—Radiation —&— Conduction

Figure II-1.2:  Calculated heat flux through 30 layers of MLI from
300K to T; at 10” Pa
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Figure II-1.3: Ca{’culated heat flux through 10 layers of MLI from T, to 4.5 K at
10™ Pa

Figure II-1.4 shows the heat flux from 80 K to 4.5 K through different types
(table II-1.4) of insulation systems. We can notice that multilayer systems represent an
advantage in case of degraded insulation vacuum (residual gas pressure higher than

107 Pa).

Table I1-1.4:  Characteristics of some measured insulation systems [43]

System Film Spacer
A Single layer, double aluminised None
(2x250 A) Mylar® film (25 pum)
B Multilayer, double aluminised Fiberglass grid (0.3 mm),
(2x250 A) Mylar® film (25 pm)  4x5 mm” mesh
C Single layer, double aluminised Polyester net (0.3 mm),

(2x400 A) Mylar® film (6 pm) specific mass 5 g/m’

Heat flux through 30 layers of MLI from 300 K to 80 K (figure II-1.5) is less
sensitive to the residual gas pressures since its contribution becomes significant only

for pressure higher than 10" Pa.
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Figure II-1.4: Measured heat flux from 80 K to 4.5 K versus residual helium
pressure [43]
3
275 + »
25+ /
E 225§ /
x 2
i -
g 175 /
1.5 + //
1.25 fgm—
O
0.00001  0.0001 0.001 0.01 0.1 1
Residual helium pressure [Pa]
Figure II-1.5: Measured heat flux from 300 K to 80 K versus residual gas

pressure [42]
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1.1.6 Heat transfer in He II

The phase diagram of helium is shown in annex 3. There are two liquid phases,
helium I and helium II separated by the “A-line”. Helium I is a conventional liquid;
helium II is a superfluid. Liquid helium II can be obtained saturated or pressurised.
Saturated Hell occurs when pressure is lowered below 5.0418 kPa along the saturation
line while pressurised Hell is obtained by subcooling liquid He above saturation.

Superfluid helium heat transfer [44-46] is characterised by two distinct phenomena:
heat transport between the solid surface and the liquid (or vice versa) and heat
transport through the bulk liquid. The first process is governed by the Kapitza
boundary conductance and is dependent on the material of the solid and its chemical
and physical surface conditions. Figure II-1.6 shows the heat transfer between
superfluid helium and a copper surface. To emphasise the high thermal conductivity
of He II the heat transfer to boiling helium at 4.2 K is also presented. All the heat
transfer characteristics refer to flat heated surfaces which are immersed in a large bath
of liquid helium.

In superfluid helium, heat is transported by a conduction mechanism not yet
completely understood. This mechanism is described in the two-fluid theory of
superfluid helium, in which the bulk liquid is considered as a mixture of two
interpenetrating fluids, one normal and the other superfluid. Energy is carried to the
cold source by the normal component while the superfluid component returns in the
opposite direction. At the hot surface the superfluid component receives energy which
turns it into the normal state.
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Figure 11-1.6:  Heat transfer from a copper surface to liquid helium I and II [47]

Consider the one-dimensional heat transfer in a channel of finite length / subjected
to a constant heat flux and with a temperature difference across its length 7>-T;. Most
practical applications refer to high heat fluxes (above 1 kW/m?) which permit to work
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in the turbulent regime with full mutual friction between the two components. This
regime, very powerful when compared with classical conduction, is known as the
Gorter-Mellink regime and ¢ is found to vary approximately as the cubic root of the
temperature gradient. In this case the heat transport in one dimension is written in the

form:

dT .m
E_f(T).q 11-1.17)

where m is a numerical coefficient which theory indicates should be equal to 3 but
which experimentally has been shown to vary from below 3 to nearly 4 as the
temperature approaches the lambda temperature. The best experimental fit for m is
found to be 3.4 [48]. The quantity f I(T) behaves like a thermal conductivity as it
expresses the temperature gradient in the presence of heat flux. The conductivity
function f'(T) (figure II-1.7) starts from zero at O K, passes through a maximum near
1.9 K and drops to zero again at lambda temperature. Notice that the peak heat flux
decreases when pressure increases. Considering an empirical fit for the Gorter-
Mellink parameter, it is possible to write an analytic expression for the heat

conductivity function:
3
FNT,P)=g(T, )[95'7(1 e )] (II-1.18)

where g(Ty)=ps;'Ti’/A;, 0=T/T}, 5;=1.559 J/g'K, and A;=115 cm-s/g.
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Figure II-1.7:  Heat conductivity function for Hell in turbulent regime [49]

PART 2 - CHAPTER 1 32



MODELING CRYOSTAT THERMAL PERFORMANCE

By integrating the Gorter-Mellink relation over the available temperature margin
we can calculate the one-dimensional steady-state conduction in a channel:

T,
q"l= AT (I1-1.19)
L f(T)

The integral is mostly a function of temperature and only weakly depends on other
factors such as pressure. It is thus possible to write equation II-1.19 in the following

form:
q"l=2Z(T,)-Z(Ty) (11-1.20)

Z(T) as a function of temperature is shown in figure II-1.8. For each value of cold
boundary temperature, the maximum heat flux which can be transported is attained
when the warm temperature reaches the lambda temperature. This limitation implies
that there may be technical applications where heat transport in superfluid helium is
not large enough. One of the practical consequences of conduction in superfluid
helium is the possibility of transporting heat over long distances: doubling the channel
length would divide the available peak flux by only a factor 1.23.
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Figure I1-1.8:  Thermal conductivity integral of pressurised superfluid helium
(m=3.4, Lin cm and qin W/em?®) [48]

1.2 Thermal network model

The first part of the modeling consists in identifying the main components
constituting the cryostat and the heat transfer processes between them in order to
create a thermal network. The thermal network of the LHC prototype dipole and short
straight section cryostats are shown in figures II-1.9 and II-1.10.
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Thermal network of the LHC prototype dipole cryostat
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The arrows represent the different heat transfer modes which may occur during
cryostat operational conditions.

Solid _conduction occurs between the support post flanges, through the MLI
systems, from the thermal shield to the cooling line F, from the support posts to line C
and to line E and from the cold mass to the superfluid helium inside it.

Conduction in residual gas occurs through the MLI systems and in the insulation
vacuum for residual gas pressure higher than 5-10° Pa.

Radiation is found between the support post flanges, from the vacuum vessel to the
thermal shield through the MLI systems, from the thermal shield to the cryogenic lines
and cold mass through the radiative insulation.

Free convection is due to heat transfer from external environment to the outer wall
of the vacuum vessel, whereas forced convection occurs in the helium flowing in the
cryogenic pipes.

Each component (e.g. vacuum vessel, thermal shield, support posts, cold mass and
cryogenic lines) may be represented by a node in which the conservation of energy is
applied.

In steady-state condition and without internal power generation, the heat balance
equation at each node, is given by:

Oin = Oou (-1.21)

where Q,, is the heat reaching the component and O, is the heat leaving it. Results

from calculated heat inleaks [50] to the components were inserted in Excel [51]
spreadsheet files. For each component, a table was created showing both heat
exchange from higher temperatures and that to lower ones. From equation II-1.21 it is
thus possible to evaluate the heat inleaks to the cryogenic sinks. This method results to
be very practical since any change concerning both cryostat design and temperature
levels can be easily integrated.

In order to compute equation II-1.21 a few assumptions, following from the
cryostat design, have been taken into account.

The thermal shield temperature was supposed constant azimuthally since the
transverse conduction gives a maximum thermal gradient of 6 K, which does not
affect the heat inleaks from the vacuum vessel and to the lower temperature
components. Typical values of thermal impedances for welded contacts are of the
order of 0.1 K/W [52]. Considering line F at 70 K, the thermal shield results to be at
75 K with a heat flux from the vacuum vessel equal to 1.2 W/m?>,

The radiative insulation is located in a region between the thermal shield at 50-75
K and the cold mass at 1.9 K and is in contact with components at 1.9 K and at 20 K.
The azimuthal conduction along aluminised Mylar® between points at different
temperature is negligible. The highest value, 0.025 W, is given by conduction from
line D at 20 K to the support posts at 7 K.

The bottom and the top flanges of the support posts are considered respectively part
of the vacuum vessel and the cold mass. For the sliding support post, we assume ideal
thermal contact between the bottom flange and the vacuum vessel. The thermal
contacts between the flanges and the cooling lines have been characterised by the
following thermal impedances: 3.5 K/W at 4.5-20 K and 2 K/W at 50-75 K. These
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values have been calculated by taking into account conduction along the
thermalisation braids and the thermal impedance due to the bolted contact between the
braids and the flanges. Knowing the heat inleaks to the support posts, it is possible to
evaluate the temperatures of the two intermediate flanges: 7 K (line C at 4.5 K) and
65 K (line E at 50 K).

The cold bores and the connection tubes housing the electrical busbars have been
included in the cold mass component. For the vacuum barrier, the BPMs and the
cryogenic valves a heat interception at 50-75 K has been considered in order to lower
the heat inleak at 1.9 K.
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CHAPTER 2
Experimental tools and methods for assessing

thermal performance of cryostats

In the LHC magnet cryostats, the heat inleaks represent a large fraction of the total
heat loads: 100% at 50-75 K, 19% at 4.5-20 K and 53% at 1.9 K. Following
calculation of heat inleaks, the thermal design has been experimentally validated on
component prototypes.

Thermal performance assessment has been undertaken first on critical components
(e.g. multilayer reflective insulation [37, 43], support posts [53, 54], cryogenic valves
[55]) and then on complete cryomagnets. Full-scale prototype units have been
designed, constructed and used to analyse their thermo-mechanical and cryogenic
behaviour. Tests on a dedicated Cryostat Thermal Model (CTM) [56], on single
magnets [57] and on a LHC prototype magnet string [58] permitted to validate the
basic choices of the LHC cryostat design.

2.1 The Cryostat Thermal Model (CTM)

The CTM (figure II-2.1), has been designed built and tested in order to provide
precise measurements of heat inleaks at 1.9 K, 4.5-20 K and 50-75 K without any
contribution of interconnection regions and other parasitic equipment.

Precise calorimetric measurements cannot be performed during single magnet tests
and string test as parasitic heat losses (supply and return end boxes, cryogenic valves,
equipment for warm magnetic measurements in the apertures, large-current
feedthroughs) largely exceed the cryostat heat inleaks to be measured.

The CTM simulates a real prototype cryomagnet (10 m long and 0.56 m in
diameter) thermally and mechanically (figure I1-2.2).

Heat inleaks at the three temperature levels have been measured and several
(nominal and degraded) operational conditions have been tested in order to investigate
the most critical components (superinsulation systems, thermal shield, radiative
insulation, heat interceptions and support posts). The variation of temperature of
cryostat components allowed a thorough investigation of the total heat inleak
sensitivity to the temperature of these components. Furthermore, the effect of
changing the residual gas pressure and the direct consequences on the thermal budget
were investigated.
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Return Supply
_end box CTM end box,
o - — ==

Figure II-2.1:  Longitudinal view of the CTM with end boxes
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1.  Vacuum vessel 7. LineE
2. LineC 8.  Heat exchanger tube
3. Radiative insulation 9. He collector
4. L@ne D 10. Dummy cold mass
5. LineF 11. Pseudo tubes A and B
6.  Support post 12. Thermal shield

Figure II-2.2:  Cross-section of the CTM
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2.1.1 Specifications

The CTM [59] consists of a standard prototype dipole cryostat with a dummy cold
mass. The dummy cold mass contains only 500 kg of stainless steel and 70 1 of He
versus 18000 kg of stainless steel and 250 1 of He for the real cold mass. Consequently
cooldown and warmup times are minimised. Moreover, the dummy cold exhibits none
of the large-section electrical connections found in a real cryomagnet.

The dummy cold mass (figure II-2.3) presents the same outer surface area and
emissivity as a real cold mass. It is made of two concentric stainless steel cylinders
1.5 m long which are spot welded together at regular intervals to form a double walled
structure promoting a uniform hydraulic cross-section of 5 cm?. Seven such elements
are axially welded together in series and stiffened with internal rings to form a hollow
cylinder 0.56 m in external diameter and 10.252 m long offering a uniform
temperature distribution under steady-state conditions. The pressure drop at 300 K and
2 g/s of the helium gas flow is 100 mbar. The maximum longitudinal thermal gradient
during cooldown is fixed at 150 K/m and the design pressure at 4 bar. The outer skin
of the double walled structure is thicker than the inner one thus giving a smoother
surface with a maximum ripple of 1 mm. The self supporting cylindrical structure has
a maximum deflection of less than 0.5 mm transverse and less than 2 mm
longitudinal.

The helium collector, made of stainless steel, is placed inside the dummy cold mass
and is hydraulically connected in series with it. It contains a copper heat exchanger
and a stainless steel tube to simulate a cold bore. The tube representing the cold bore
is open on both sides; the heat exchanger is opened on one end to be connected to the
supply end box.

Longitudinal view

Jacket Jacket
inlet  outlet
- 28 = =8 .

Developed dummy cold mass

X

i
i

..Ialcket E"’i 5"_‘; r-é [ —g Jacket
Infet | T ) ? ! ? i outlet
1 i 1] 1
b nm o e it | e i e
il i Vi i M i r
i I A |
[ i Pl
i o oo
L] Lo Lo
Helium path

Figure I1-2.3:  Simplified layout of the dummy cold mass

The dummy cold mass is closed with aluminum covers fixed to the end flanges.

The 1.9 K lines A and B are simulated with preformed copper sheets fixed and
thermally linked to the cold mass. The line D at 20 K is of identical diameter to that of
the LHC prototype dipole cryostat, but double walled in order to minimise the helium

inventory.
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The thermal shield, radiative insulation, support posts, vacuum vessel, 4.5 K line C
and the 50-75 K lines E and F are all identical to those of the LHC prototype dipole
magnet cryostats.

The CTM is closed at one end by the supply end box and at the opposite end by the
return end box. The two end boxes, housing all the cryogenic components for the
helium supply at the three different temperature levels, have been designed to be
easily dismountable to cope with any modification or intervention on the cryostat
under test.

The specified thermal budget of CTM in steady-state condition is the following:
58 W at 50-75 K, 1.3 W at 4.5-20 K and 1.6 W at 1.9 K. The system must allow
measurements at 4.5-20 K and 1.9 K in the range of 1 W and guarantee the required
precision of 10%. This can only be attained if the error introduced by the parasitic heat
losses (end boxes and instrumentation) and instrumentation reading is of the order of
0.1 W and therefore can be included in the measurement tolerance.

2.1.2 Cryogenics

The nominal steady-state temperature levels are the same as for the LHC cryogenic
system: a thermal shield at 50-75 K intercepting the heat inleak from ambient, a
4.5-20 K level allowing initial filling and thermalising the radiative insulation and a
dummy cold mass at 1.9 K cooled by quasi-isothermal saturated superfluid helium.

The process and instrumentation diagram of the CTM is shown in figure II-2.4.

Helium at 4.2 K and 1.25 bar from the phase separator is distributed to line C at
4.5 K, line E at 50 K, the supply end box screens and the cold mass for initial filling.

Cooldown of the cold mass occurs in two phases. In the first phase gaseous helium
at 4.2 K from the helium collector reaches the cold mass, cooling it from 300 K to
4.2 K. During this phase valve V3 is open and valve V1 is closed. Valve V3 will be
closed once the dummy cold mass is filled with liquid helium at 4.2 K. In the second
phase liquid helium from the phase separator passes through the Joule-Thomson heat
exchanger where it cools down to the lambda point. Subcooled liquid helium expands
to saturation (1.6 kPa) in the Joule-Thomson valve V1 and is directed through a small
bore tube to the blind end of the heat exchanger inside the helium collector.
Returning, saturated helium at 1.9 K vaporises and cools the cold mass from 4.2 K to
1.9 K by conduction heat exchange. The low pressure on the 1.9 K helium bath is
maintained by a pumping unit with a specified capacity of 1.4 g/s at 1.54 kPa.

In steady-state condition the helium inventory of the system is listed in table II-2.1.

Table II-2.1:  Helium inventory in the CTM

Item Volume Mass
[m’] kel
Line C (4.5 K, 1.25 bar) 0.033 0.67
Line D (20 K, 1.25 bar) 0.024 0.07
Line E (50 K, 1.25 bar) 0.026 0.03
Line F (75 K, 1.25 bar) 0.020 0.02
Cold Mass (1.9 K, 1.25 bar) 0.070 10
Total [kg] 10.79
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2.1.3 Supply and return end boxes

In the supply end box (figures II-2.5), the phase separator, made of stainless steel,
is linked to the supply cryolines, the dummy cold and the Joule-Thomson heat
exchanger at 1.8 K. The Joule-Thomson heat exchanger is made of stacked copper
mesh plates.

Double walled stainless steel screens at 80 K and 4.5 K are connected in series and
covered with 20 layers of type B superinsulation (see table II-1.4 in Part 2-Chapter 1).
Heat inleak at 1.9 K from the valves V1 and V3 is lower than 0.1 W. In order to
minimise conduction in superfluid helium the tubes connecting the phase separator
with the Joule-Thomson heat exchanger, and the Joule-Thomson heat exchanger with
the corrugated copper heat exchanger were dimensioned to keep heat inleak at 1.9 K
lower than 0.05 W.

d i = 3
i =i il A
i il I
' 4
5
|
6 1 Valve V1
2. Valve V3
3. Vacuum tank
4. Screen at 80K
5. Phase separator (4.2 K)
7 6. Joule-Thomson
heat exchanger (1.8 K)
7. Screenat4.5K

Figure II-2.5:  Supply end box of the CTM

All the interconnection tubes from the supply (C and E) to the return cryogenic
lines (D and F) are located in the return end box (figure II-2.6). The screens at 4.5 K
and
80 K are connected in series respectively with the 4.5-20 K lines and the 50-75 K lines
and each of them is covered with 20 layers of type B superinsulation.
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1. Vacuum tank
2. Screen at 80 K
3. Screenat4.5K

Figure I1-2.6:  Return end box of the CTM

2.14 Methods for measuring steady-state heat inleaks

In order to understand how the heat inleaks were measured, a brief recall of the first
principle of thermodynamics is needed. In the following, we follow the formalism of
reference 60. The first principle of thermodynamics expresses the conservation of
energy in a system, as follows:

dU, =80+ W (I-2.1)

where O and W are respectively the heat and the work exchanged by the system. U, is
the total internal energy which is given by the sum of the internal energy (U) the
kinetic energy (K) and the potential energy (Z):

dU,=dU +dK +dZ (I1-2.2)

Consider the open thermodynamic system shown in figure II-2.7. The introduction
of an elementary mass of a fluid s into the system brings a contribution of total
internal energy and transfers work to the system.

The mass dm, contains a certain amount of total internal energy which can be
expressed:

dU,, = u,,dm; (I1-2.3)

The fluid performs work to the system against the pressure P at the inlet section. This
contribution is called flow work and is given:

Wy, = v, Pdmy (II-2.4)
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The work exchanged by the system results to be the sum of the flow work (W) and
the mechanical work (W,,):

SW = 8W), +8W,, (11-2.5)
d?—l
8W1 ””” "\\\/ 8Q2
N \
/ \\
/', \
f = oW
] I
dM, —»_ /
< J
\\ y /
\
\}‘ "/
\‘x - -~
s A
dM,

Figure I1-2.7:  Exchange of heat, work and mass in a thermodynamic system

The first principle of the thermodynamics is thus given by:
dU, = 8Q +8W,, +8W, +dU,, (II-2.6)
and considering equations II-2.3 and II-2.4:
dUu, = 8Q + oW, +u, . dm, + v P.dm (I1-2.7)

We introduce a new function of state called enthalpy defined as:

h, =u, +vP (II-2.8)

From equations II-2.7 we obtain:

dU, = 8Q + 8W,, + h, dm, (I1-2.9)

In the most general case different contributions of heat, work and masses are
exchanged between the system and the external environment:

dU, =3 80, + Y. 8W,,, + > hdm, (I1-2.10)
i z s

By integrating equation II-2.10, we obtain:
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AU, = 0;+ 3 Wy + Y, [ ydm, (I1-2.11)
i z s

Dividing equation II-2.10 by dt, we obtain the first principle of thermodynamics
expressed in watts:

fgfa:zg,. £ W+ S i, I-2.12)

i z

Consider now a fluid flowing in a fixed-wall horizontal channel subjected to a
pressure gradient in steady-state condition (figure II-2.8). There is no production of
mechanical work, so that the term W is only due to the flow-work. In presence of
small variation of velocity, the kinetic energy can be neglected and the first principle
of thermodynamics reduces:

O+ Y hyir=0 (I1-2.13)

Applying equation II-2.13 between the sections 2 and 1, we obtain:

Q= r(h, - hy) (I1-2.14)

Figure I1-2.8: Heat inleak in a steady-state open system

4.5-20 K and 50-75 K levels

At 4.5-20 K and 50-75 K levels steady-state heat inleaks are calculated from
equation II-2.14 after measuring mass-flow rates and inlet-to-outlet temperature
difference as follows:

Q= r(h(T,)~ W(T,)) (1-2.15)
This method, applied to several values of the mass-flow, permits to evaluate the

corresponding temperature difference and thus to confirm the measured heat inleaks.

1.9 K level

Two measurement methods are used to evaluate the steady-state heat inleak at
1.9 K: helium boil-off and temperature drift over time.
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Helium boil-off

The heat inleak at 1.9 K are determined by knowing the mass flow rate of helium
boil-off at 1.9 K (m,) and its temperature in the Joule-Thomson heat exchanger. The
steady-state heat balance equation gives:

Q=r,L (I1-2.16)

where L is the latent heat of vaporisation at 1.9 K.

During the measurement the valve V1 is closed and the liquid level in the J-T heat
exchanger decreases. In this condition, to obtain m,, the measured mass-flow rate

m,, should be divided by a factor taking into account that the level is decreasing. This

factor can be neglected for saturated helium at 1.9 K. Consider the system represented
in figure II-2.9.

Pumping
unit

Pumping
unit

Time t, Time t,

Figure I1-2.9: Measurement of heat inleak at 1.9 K by helium boil-off

To compensate for the heat inleak at 1.9 K, the liquid mass vaporises and at the time t;
the volume dV is occupied by the gas. At the times ty and t; the mass in the system
volume can be expressed:

my =p,V (I1-2.17)

my =py(V —dV)+p,dV (I-2.18)
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The mass variation during the time dt (¢;-1y) is given:

- d dv 1 d
ﬁ,i‘_%=d—rf=( e 1) g =~(Ps—p) -8 @-2.19)

Introducing the mass-flow rates m,, (m, = %) and m,, (m,, =@ ), we obtain:
= mv(&——pij (I1-2.20)
Pi
For saturated helium at 1.9 K, p is 145.52 kg/m® and Py 15 0.60896 kg/m®, so that:
m, =1004m,, (I1-2.21)

Temperature drift over time

The heat inleak at 1.9 K can also be measured by evaluating the temperature drift
with time of the quasi isothermal helium II bath over the interval between 1.9 K and
the lambda point. This requires only one temperature sensor.

—»

Enthalpy

>
Time

- |
[\v]

ty t

Figure I1-2.10: Measurement of heat inleak at 1.9 K by temperature drift

Starting from steady-state condition, at the time #y (figure II-2.10) one stops the
pumping unit and as a consequence the temperature of the cold mass increases, while
still remaining uniform due to the high conductivity of helium II. Applying the first
principle of the thermodynamics to the cold mass we obtain the heat inleak at 1.9 K
as:

dhy (T dh T
- He(T) g sise(T)

1St
| A

O=m (11-2.22)
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where my, and mgs; are respectively the masses of the superfluid helium and the
stainless steel. The contribution of the superfluid helium is predominant since that of
the dummy cold mass is about 20 times lower. In equation II-2.22 an assumption has
been made by considering constant the mass mg,. The cold mass is connected with the
phase separator at 4.2 K. Knowing that for superfluid helium at 1.9 K an increase of
temperature corresponds to an increase of density we can conclude that helium at
4.2 K reaches the cold mass to make up for contraction of the Hell. This introduces a
measurement error, which can be estimated and compensated. It has been measured
that the cold mass warms up from 1.86 K to 1.92 K in about 4 min. From the density
difference (0.0382 kg/m®) and knowing the total superfluid helium mass (10 kg) we
can estimate the mass introduced into the cold mass (0.0025 kg). The supplementary
heat inleak at 1.9 K has been calculated and is equal to 0.08 W (5 % of the total heat
inleak at 1.9 K).

At the time ¢; one may introduce a known additional power (Q,;) in the superfluid
helium bath by means of an electrical heater. In this case the heat balance equation
gives:

(D] Hsisi(T) (I1-2.23)

0, +Q=m
“ He dt 1 <t<t, ’ dt 1 <t<t,

Equations II-2.22 and II-2.23 form a system from which we can calculate the heat
inleak at 1.9 K. We should remember that at 1.9 K the CTM cryogenic system does
not allow to separate the heat inleak of the end boxes from that of the cryostat.

2.1.5 Instrumentation

Precise calorimetric measurements at very low temperatures are difficult to perform
since parasitic heat inleaks coming from the cryostat, instrumentation wires and
current introduce perturbations [61-65].

The cryostat thermal model is equipped with the following cryogenic
instrumentation: temperature sensors, pressure and liquid level gauges and mass
flowmeters.

Allen-Bradley carbon sensors (1/8 W) are used in the range 1.5-50 K while Pt100
platinum sensors cover the range 30-300 K. The thermal impedance between the
thermometer and the component to be measured must be negligible. Thermal
conduction through the wires and self-heating due to Joule effect must not affect the
measurement. The current supply for carbon sensors is 10 pA and that for platinum
sensors is 100 pA. Thermally resistive cryogenic wire is used and appropriate
intermediate thermalisation implemented on all instrumentation.

Platinum sensor resistivity comprises a constant term due to defects (residual
resistance) and a term varying with temperature. This variation is directly proportional
to the temperature for temperatures above 100 K and becomes very small for
temperature below 20 K. Sensibility of a platinum sensor (100 Q at 273.15 K) varies
from 0.04 /K to 0.07 Q/K between 20 and 300 K, whereas for temperatures below
20 K it decreases to 0.01 €/K. These thermometers do not need individual calibration.
The law which fits best the temperature (7) variation over resistance (R) is the
following [66]:
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T R+7.67253

193.15<T < 323.15 (I1-2.24)
0.3932
T=w 123.15<T <193.15 (II-2.25)
0.409
R+12.368
= R+12.3686 73.15<T <123.15 (I1-2.26)
0.4224

T= 1-90032" R 30<T<73.15 (I1-2.27)
0.00524

Carbon sensors are not reproducible and therefore each of them needs an individual
calibration. The carbon sensors are calibrated with respect to two reference sensors
(LAKESHORE carbon glass CGR-1-1000 and Alley-Bradley 50 Q carbon sensor)
and one gauge reading saturation pressure. According to the temperature range of
interest, two types of functions have been used in the CTM:

T= B (1.5 K<T<30 K) (11-2.28)
Log, R+ —-A
810 Log,oR
6 C.
T=10exp| ¥ ——L—| (L.5K<I<50K) (11-2.29)
i=0 (LogioR)

where B, K, A, C; are constant values obtained after calibration of the carbon sensor.
The precision of the Allen-Bradley carbon sensor calibration is given in table II-2.2.

Table I1-2.2: Precision of Allen-Bradley carbon sensor calibration

Temperature Precision
[K] (K]
1.5-42 0.010
42-6 0.020
6-10 0.050
10 - 20 0.100
20-80 0.500
80 - 300 1.000

Platinum and carbon sensors (figure II-2.3) installed on the cryogenic lines are
duplicated and used to measure temperatures both in steady state and in transient
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conditions. Platinum thermometers on the cold mass measure both transverse and
longitudinal temperature distribution during cooldown and warmup. Platinum sensors
on the thermal shield permit to measure its temperature profile both during transient
modes and steady state operations. Each flange of the support posts has been equipped
with two sensors, one inside and one outside the glass-fiber column.

Mass-flows are measured at the three temperature levels with thermal flowmeters
(table II-2.3) working at 300 K.

Table 1I-2.3: CTM flowmeters

Circuit Range Precision Reproducibility
[g/s] [% of full scale ] [% of full scale]
50-75 K 0.03-1.5 2 0.25
4.5-20K 0.018-1 2 0.2
1.9K 0.005-0.25 2 0.25

Heaters are made of thin resistive copper wire (25 Q at 300 K) and wrapped around
the inlet section of each line.

The range of measurements is limited by the maximum heater power (50 W for
EY1, EY2 and EY4, and 150 W for EY3) and by the maximum and minimum flow-
rates at the different temperature levels.

Measurements of heat inleak have been carried out with an error which takes into
account both the reading and the calibration error

The reading error is due to the reading of voltage and mass-flow. The current /
through the carbon sensor is 10 pA with an error of + 0.05 pA. At about 4.5 K, the
voltage V is 9 mV and the voltmeter sensibility is 1 uV in the range 0-300 mV. The
resistance R is obtained from:

(I1-2.30)

r=Y
I

and the error:

AR= ‘—AV ' lAI (I1-2.31)

which gives numerically 9.1 Q.
The carbon resistance temperature (equation II-2.28) is a function of the resistance,
therefore:

AT = l ‘AR (II-2.32)

which gives an error of +0.3 %. The calibration error for Allen Bradley carbon sensor
(see table II-2.3) is +0.01 K from 4.2 K to 6 K and +0.05 K from 10 K to 20 K, so the
total error in temperature measurement (calibration plus instrumentation) is +£0.02 K at
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4.5 K and £0.06 K at 20 K. The error in the mass-flow reading is +0.01 g/s (see
table I1-2.4).

The heat inleak at 4.5-20 K is calculated by equation II-2.15 and the error is given:

90 oh

-é;l-a—T'AT1 (I1-2.33)
1

. 190], . |90 on|
A= Ton a2 T

From equation II-2.33 the total error in heat inleak at 4.5-20 K results to be +4.7%.

Similarly the errors in heat inleak measurements at 50-75 K and 1.9 K are found to
be +5% and +2.5% respectively.

2.1.6 Control and data acquisition

The control and data acquisition system is based on the LabVIEW [67] application.
The computer (figure II-2.11) used for this task is equipped with a GPIB interface
(IEEE 488) [68] communicating with the multimeter and the scanner, an analog
output card (NB-AO-6) [69] used to command the heater power supplies and a
multifunction card (Lab-NB) [70] for reading out of flow-meters, valves, pressure and
level gauges.

The multimeter can perform three measurements per second and is used in
combination with the scanner which is made of 6 modules, each of them containing
20 on/off switches with one common contact per pair, such that it can be used as 10
change-over switches.

CTM Computer
4 )

Temperature

sensors —_—

Digital voltmeter

Level and pressure
gauges

Level+pressure+
flowmeters

Heaters - Analog outputs
Valves — -

J Heater+valve
\ control modules

Figure II-2.11: Schematic layout of acquisition and control system

The program is mainly formed of five parts communicating with each other:
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o the library with all the information concerning type of sensors and
calibrations
« the acquisition process storing all the variables in a buffer ring
« the control process containing the controls loops for heaters and valves
o the data in on-line trend graphs
« the archiving of all data in spreadsheet files
Temperatures TTC1 and TTC2 on lines C and D and TTP1 and TTP2 on lines E
and F as shown in figure II-2.3 are controlled either automatically or manually by
varying heater power on EY1, EY2, EY3 and EY4. The temperature difference
between the heat exchanger and TTC3 is maintained at less than 20 mK by controlling
the flow of liquid helium through valve V1.
During all operational phases (cooldown, steady operation and warmup) data are
saved on files as spreadsheets readable by most data analysis applications.

2.2 LHC Prototype Magnet String

The first version of the LHC Prototype Magnet String, aiming at validation of LHC
systems, was assembled, commissioned and operated for the first time at the end of
1994 [71]. It makes use of one prototype short straight section and three 10 m long
dipoles.

2.2.1 System layout

To reproduce the same condition as in the LEP tunnel, where LHC will be
installed, the string was built on a concrete beam with a slope of 1.4 %. Due to delays
in the delivery of 10 m-long prototypes, the first version of the String comprised only
one quadrupole and two dipoles. The string was extended after the first run when the
third dipole was installed [72, 73]. The correction elements, such as sextupoles, tuning
quadrupoles and closed orbit correctors which belong to the short straight section,
were replaced in the prototype short straight section by dummy steel masses of
equivalent thermal capacity.

The string is closed at each end by the String Feed Box (SFB) and the String
Return Box (SRB). The String Feed Box contains the main cryostat with current leads,
a gas counterflow heat exchanger, a liquid/gas heat exchanger, a very low pressure
liquid subcooler and all the valves necessary for supplying the cryogenic fluids to the
different circuits. The SRB closes the cryogenic loops, the electrical circuit as well as
the cryogenic vacuum. The SFB is connected to the short straight section where
quench protection diodes for quadrupole and dipoles are also mounted. Between
magnets there are the interconnection regions where 14 pipes are connected in such a
way as to cope with 30 mm magnet contraction during cooldown and 20 bar pressure
rise which may be produced during a quench magnet.

2.2.2 Cryogenics

The cooling scheme of the extended string is represented in figure II-2.12. It is
implemented in three independent cooling loops: 1.9 K, 4.5-20 K and 90 K.

Liquid He I is taken from the main cryostat and is subcooled in a very low pressure
heat exchanger. In the co-current two-phase flow version LHe at 2.2 K, 1 bar is
distributed to line A and expands to saturation through a Joule-Thomson valve located
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in the cryogenic service module and reaches the far end of the heat exchanger tube.
The saturation pressure is maintained by pumping the vapour helium through line B
by means of a low-pressure pumping unit with a specified capacity of 6 g/s at 1 kPa.
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CWU=Cooling and Warming Unit LDB=Liquid Distribution Box
WPU=Warming Pumping Unit QBV=Quench Buffer Vessel

Figure II-2.12: Simplified process and instrumentation diagram of the LHC
prototype magnet string

In the extended version the helium superfluid cooling loop was modified in order
to test counter-current two phase flow. A Joule-Thomson valve was introduced at the
higher end of the String together with a phase separator and a connection to the
pumping line. In such a configuration pumping is shared between the two ends of the
helium II heat exchanger tube, although the contribution of the higher end dominates
due to the pressure drop in the heat exchanger tube.

Line C supplies supercritical helium to intercept residual conduction heat from the
support posts and to perform the operation of cooldown, filling and warmup of the
magnet cold mass. Line D is used to discharge helium in order to contain the pressure
rise below 2 MPa after a magnet resistive transition (quench). In the first version three
quench valves were implemented, one at the beginning of each magnet. Following the
experience gained after the first run of measurements in the second version only two
quench valves were installed, one at each end of the String.

Lines E and F are cooled by saturated nitrogen to intercept heat at 90 K from the
magnet support posts (line E) and the thermal shield (line F).

The methods to measure the string heat inleaks are the same as those used in the
CTM. The resistive dissipation in non-superconducting cable splices can be evaluated
both by electrical (current and voltage) and calorimetric measurements.
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2.2.3 Instrumentation, data acquisition and process control

The temperature sensors are of the same type as those for the CTM: Pt100 platinum
sensors from 30 K to 300 K and Allen-Bradley carbon sensors from 1.6 K to 50 K.
The carbon thermometers are recalibrated in situ since the magnet temperature needs
to be regulated to within better than 0.05 K at a temperature around 1.9 K. The
temperature reference is given by the pressure of saturated liquid helium flowing
inside the distributed heat exchanger. Temperature sensors are placed on cryogenic
lines, heat exchanger, cold mass, support posts, vacuum barriers, thermal shield and
heat intercepts.

To measure liquid helium mass flow in the superfluid helium cooling circuit a
Venturi flowmeter [74] at 4.5 K is used. It covers the range 0.6-8 g/s with an accuracy
of £15%.

The magnet pressure is measured by means of piezoresistive cold sensors [Siemens
KPY1] used in the range from 0 to 3 MPa.

The control system [75, 76] of the String is mainly based on industrial
Programmable Logic Controller (PLC) in which the number of I/O channels is of the
order of 250 and the closed control loops are about 30. The supervision of the String
PLCs makes use of a workstation running software packages (Factory Link [77]). For
running the String and analysing the experimental data a data acquisition system was
created. This system comprises the archiver monitoring continuously up to 600
channels and an externally triggered transient recorder sampling some of the previous
channels at rates up to 1 kHz. All the data recorded by the acquisition system are
periodically transferred to a database and then can be retrieved and analysed on an
Excel sheet.

2.3 Single Magnet Test

The LHC magnets will be produced by European industry and delivered to CERN
for reception testing before installation. Reception tests include procedures such as
cooldown and warmup, powering to nominal current, magnetic measurements in the
apertures, leaktightness and thermal check of the cryostat. The first cryogenic bench
has started to operate for testing prototype magnets in the spring of 1994 [78, 79].

2.3.1 System layout

Cryogenic and electrical feed is done through a Magnet Feed Box (MFB)
connected to one end of the magnet. On the opposite end the magnet is closed by the
Magnet Return Box (MRB). In order to allow magnetic measurements to be
performed, the magnet apertures are equipped with warm bore inserts. The simplified
process and instrumentation diagram is shown in figure II-2.13.

In order to minimise the connections to the cryogenic pipework, the cryostat does
not function in the test bench as it is designed to operate in the LHC. In particular, the
helium IT heat exchanger tube is not used and the heat load to the superfluid helium
bath is transported by conduction along the magnet to a heat exchanger inside the
MFB, with a nominal capacity of 55 W at 1.8 K. This heat exchanger is fed with
liquid helium drawn from the bottom of the 4.5 K bath and later subcooled in a copper
mesh heat exchanger before Joule-Thomson expansion to saturation at 1.35 kPa. The
4.5 K saturated helium bath, intercepting residual heat at the lower end of the vapour
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cooled current leads, is thermally and hydraulically separated from the pressurised
“helium II enclosure by two “lambda plates”.

Line E and F are cooled by saturated nitrogen at a temperature around 80 K.
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Figure I1-2.13: Simplified process and instrumentation diagram of the single
magnet test bench
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2.3.2 Instrumentation and process control

The bench is instrumented with cold sensors for measuring temperatures (platinum
and carbon resistors), pressures (Siemens KPY and Validyne sensors) and levels
(superconducting wire gauges) in order to monitor and control the cryogenic
processes. Transient phases of operation, such as cooldown and warm up, make use of
signals from sensors mounted on the magnet cold mass and on the thermal shield.

All the main components of the cryogenic system are controlled by industrial PLC,
supervised by a central supervision package (Factory Link).
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CHAPTER 3

Calculated and measured thermal performance

of the cryostats

Precise assessment of heat inleaks [80] has been carried out making use of the
previously described tools.

Screen temperatures and residual gas pressure have been varied to investigate their
influence on the cryostat heat inleaks.

The quality of heat interception of the thermal shield, support posts, vacuum barrier
and cryogenic valves has been investigated.

Resistive dissipation [81] in the non-superconducting cable splices was measured
both calorimetrically and electrically.

Measured heat loads have been compared with those calculated.

3.1 Heat load assessment

The heat inleaks depend on intermediate screen temperatures and residual gas
pressure [82-85]. Thermal shield temperature is one of the most important parameter
in the evaluation of the thermal budget since it influences directly the heat inleaks at
the three temperature levels: 50-75 K, 4.5-20 K and 1.9 K. In particular, the heat
inleak to the magnet cold mass is very sensitive to the screen temperatures. Line C
intercepts heat from support posts affecting thus conduction heat to the magnet cold
mass. Furthermore, heat inleaks at 1.9 K and 4.5-20 K strongly increase as the
insulation vacuum degrades.

3.1.1 Heat loads under nominal steady-state conditions

Cryostat Thermal Model

In the first evaluation of heat inleaks, nominal LHC conditions were considered.
After imposing mass-flows at 4.5-20 K and 50-75 K steady-state nominal condition
(table II-3.1) were reached in about 20 hours and this time was mainly dictated by the
thermal shield thermal capacity.
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Table II-3.1: CTM parameters in nominal steady state condition

Mass-flow [g/s] 0.5
Line E inlet temperature [K] 50
50-75 K level Line E outlet temperature [K] 56
Line F inlet temperature [K] 65
Line F outlet temperature [K] 75
Mass-flow [g/s] 0.24
Line C inlet temperature [K] 53
4.5-20 K level Line C outlet temperature [K] 6.5
Line D inlet temperature [K] 7.3
Line D outlet temperature [K] 7.7
1.9 K level Mass-flow [g/s] 0.8
Cold mass temperature [K] 1.9

Under steady-state conditions the longitudinal temperature gradient of the thermal
shield was less than 0.3 K/m. At 1.9 K the thermal gradient between the pressurised
and the saturated helium was 100 mK and the longitudinal thermal gradient on the
cold mass was below 50 mK under nominal operating conditions. After measuring the
mass-flows and the inlet and outlet temperatures at each temperature level heat inleaks
were calculated. Table II-3.2 lists the measured and the calculated heat inleaks of the
cryostat in steady-state conditions at 107 Pa without the contribution of the end boxes,
which amounts to 40 W at 50-75 K, 4.2 W at 4.5-20 K and 0.1 W at 1.9 K. Heat
inleak measurements are in agreement with those calculated. In order to evaluate the
heat inleak at 1.9 K due to the end boxes the first measurement of heat inleak was
made on the two end boxes as one unit (“calibration test”).

Table I1-3.2: CTM heat inleaks under steady-state conditions

Heat 50-75 K 4.5-20 K 19K
inleak Measured Calculated Measured Calculated Measured Calculated
[W] 47.813 45.8 2.310.15 24 1.82+0.1 1.92

[W/m] 4.66+0.29 4.47 0.2340.01 0.23 0.18+0.01 0.19

The heat inleak to the cold mass is the sum of thermal radiation from the thermal
shield and conduction from the support posts. The heat inleak to the cold mass from
the support posts has been maintained low by two heat intercepts at 10 K and at 88 K.
Conduction from the support posts to the cold mass can be calculated and the radiative
term can thus be evaluated.

Table II-3.3 shows the heat inleaks from the support posts. The heat inleak to line
C is due to radiation heat from the thermal shield and conduction heat from the
support posts. Radiation from the thermal shield has been considered half of that to
line D in order to evaluate the measured heat inleak due to the support posts.
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Table I1-3.3:  Heat inleaks to support posts

Heat Line E Line C Cold mass
inleak Measured  Calculated Measured Calculated Calculated
[W] 15.8+1.2 14.2 1.8+0.13 2.08 0.21

The heat inleak from the support post to line E takes into account both radiation
and conduction from the vacuum vessel at 300 K through the glass fiber-epoxy
composite column.

The heat flux, from 300 K to 50-75 K through the MLI system only, was estimated
to 32 W, corresponding to an average of 1.2 W/m’. Radiation heat inleak from
50-75 K to 4.5-20 K confirmed the value of 90 mW/m? already found during tests of
multilayer reflective insulation [43].

LHC prototype magnet String

Heat inleaks in nominal steady state condition have been measured at the three
temperature levels. Heat inleak contributions from auxiliary components (end boxes,
quench valves) largely exceed those from the cryostat and render their measurements
difficult. This justifies a posteriori the interest of the CTM for proper validation of
cryostat design.

The main differences between LHC design and String test (table II-3.4) refer to the
cooling fluid of the circuit E-F, the thermal shield temperature and the heat intercept
temperatures.

Table I1-3.4: Main differences between LHC design and LHC prototype magnet

String

Item LHC design String test
Cooling Fluid GHe LN,
Line E-F 50-75 K 90-100 K
Support Post Heat Intercept 1 65 K 115K
Support Post Heat Intercept 1 7K 11K
Vacuum Barrier Intercept 80K 125K
Cryogenic Valves Heat Intercept 80K 100K

Adding a third dipole increased the length of the LHC prototype magnet String
from 33.7 m to 45.6 m.

Calculated and measured heat inleaks from Run 1 (1 quadrupole, 2 dipoles and
auxiliaries) and Run 2 (1 quadrupole, 3 dipoles and auxiliaries) are presented in
table II-3.5. The calculated values have been obtained by using the temperature
conditions as quoted in table II-3.4.

PART 2 - CHAPTER 3 63



CALCULATED AND MEASURED THERMAL PERFORMANCE OF THE CRYOSTATS

Table I1-3.5: Heat inleaks of the LHC prototype magnet string under steady-state

conditions [W]
RUN 90-100 K 4.5-10 K 19K
Measured Calculated Measured Calculated Measured Calculated
1 250+20 179.40 15+1.1 13.11 20+0.2 16.91

2 358+27 238.74 20.6x1.5 16.69 27.2%2.77 21.21

Measured global heat loads have been performed with a reasonable precision and
are quite in agreement with those calculated. The calculated heat inleak at 1.9 K
neglects helium II leakage across quench valves. The measured heat inleak from the
thermal shield to the cold mass is larger (0.3 W/m) than what expected (0.2 W/m)
because of the higher thermal shield temperature. The increase of the average heat
inleaks at 90 K during Run 2 is mainly due to the composite vacuum barrier installed
in the String return box before Run 2. At 1.9 K the presence of only two quench
valves compensates for the further heat inleak introduced by the second vacuum
barrier in the SRB.

Single-magnet test

The heat load measurements during single magnet tests have been carried out at
zero magnet excitation under steady-state conditions with the equipment for “warm”
magnetic measurements in the apertures maintained at 1.9 K. Even in this case,
component heat loads are difficult or impossible to measure. The measured heat
inleaks presented in table II-3.6 include end boxes, current leads and bore anticryostats
which represent a large contribution to the total heat inleaks. The calculated heat
inleaks only refers to the cryostat.

Table I1-3.6: Heat loads of the single-magnet test under steady-state

conditions [W]
80 K 4.5-10 K 19K
Measured  Calculated Measured  Calculated  Measured  Calculated
150+20 87.9 40+5 53 94+1.5 6.4

Heat load at 4.5-20 K due to current leads is about 30 W representing thus 75 % of
the total heat losses. A precise calculation of heat inleaks is difficult and base load
measurement of MFB and MRB would be needed in a “calibration test” without the
magnet in place.

3.1.2 Influence of cryogenic line temperatures

The influence of thermal shield and circuit C-D temperatures on the cryostat
thermal performance has been investigated in the CTM. Several tests have been
performed during which only one parameter at a time has been changed (table II-3.7).
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Table II-3.7: Range of cryoline temperatures investigated in the CTM

Thermal
shield [K] [ 50 | 65 | 75 | 90 | 105| 120 135 | 150

Line C [K]
45 X | X

10

15

25

XXX XX

35

X Nominal condition

The CTM cryogenic system allows temperature of the line E to be varied, while
keeping constant temperature of line C. Maintaining the residual gas pressure at
nominal value (102 Pa) the temperature of the thermal shield has been varied from
50 K to 150 K in steps of 10-15 K and the temperature of line C from 4.5 K to 35 K in
steps of 5-10 K. Off-design measurements were particularly difficult to control since
the mass-flows were low and as a consequence longer time was required to reach
steady-state stability.

Figures II-3.1 and II-3.2 show the measured and the calculated steady-state heat
inleaks at 1.9 K as a function of respectively line F and line C temperatures.

The increase on the heat inleak at 1.9 K with the temperature of line C mirrors the
variation of the glass fiber-epoxy composite thermal conductivity between 4.5 K and
20 K. The thermal shield temperature largely affects the heat inleak to the cold mass
since radiation heat represents the predominant contribution on the total heat inleak.
Heat transfer through the MLI system has been calculated from equation II-1.16
(part 2- chapter 1), where the parameters « and £ have been obtained by knowing the
heat inleaks from 300 K to 75 K (1.2 W/m?) and from 75 K to 4.5 K (0.09 W/m?).
This relationship fits well experimental data for thermal shield temperatures around
75 K, but its slope is steeper than that of the experimental curve.

Heat inleak at 4.5-20 K depends on line E and line C temperatures by conduction
through the support posts and line F temperature by radiation from the thermal shield
(figures 1I-3.3, 1I-3.4, II-3.5 and II-3.6). Heat inleak at 4.5-20 K due to heat flux
through MLI represents a small contribution only for thermal shield temperatures
below 80 K.

Radiation from the vacuum vessel (line F) and conduction from the support posts
constitute the main contributions to the heat inleak to 50-75 K. Heat inleak to 50-75 K
(figures II-3.7 and II-3.8) increases as the thermal shield temperature decreases. On
the other hand a lower thermal shield temperature has the advantage to lower the heat
inleaks at 4.5-20 K and 1.9 K.
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Figure I1-3.1: Heat inleak at 1.9 K versus line C temperature (residual gas
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The comparison between calculated and measured heat inleaks show that
experimental data are in good agreement with expectations. The mathematical model
used to calculate the cryostat heat inleaks, now validated against experimental data,
constitutes an useful tool to simulate any nominal and accidental operating conditions.
For all the different tests reported in this chapter the temperatures and pressures of the
single components are listed in Annex 2.

Heat flux from the vacuum vessel to the thermal shield and from the thermal shield
to the cold mass through respectively 30 and 10 layers of type-B MLI as a function of
thermal shield temperatures is listed in table II-3.8. The heat flux from the thermal
shield to the cold mass through MLI has been evaluated by subtracting the calculated
heat by conduction through the support post from the measured heat inleak at 1.9 K.

Table I1-3.8: Measured heat flux through multilayer reflective insulation systems

(type B).
Thermal shield 300 K to thermal shield = Thermal shield to 1.9 K
[K] [W/m®] [W/m’]
50 1.28 0.08
75 1.19 0.09
100 1.06 0.14
125 0.92 0.20
150 0.76 0.32

The relationships, expressed in W/m?, which better fits the experimental values are
the following:

300 K to thermal shield (Ns=30)

s

-10
_ 0.154 (300_ ];s)_}_ 1.304-10 (

300% -7 4 I1-3.1)
- N i)

Thermal shield to 1.9 K (Ns=10)

2.732-107°
=

. 0011
G = N_S(z;s ~19)+ T - 1.94) (I1-3.2)

The heat fluxes calculated by equations I.3.1 and II-3.2 have been compared to
measured values and results are shown in figures II-3.9 and II-3.10.
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Figure I1-3.10: Heat flux from 300 K to the thermal shield through 30 layers of
type-B MLI (residual gas pressure=1 0° Pa)
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3.1.3 Influence of insulation vacuum

In the cryostat thermal model, under nominal steady-state temperatures, the
insulation vacuum was degraded in steps from 4-10* Pa to 10™" Pa by introducing dry
helium gas into the insulation space. From 4-10* Pa to 2-102 Pa the cold mass
temperature could be maintained below the lambda point (7). According to the
hydraulic section of the dummy cold mass (5 cm?), the peak conduction in superfluid
helium from 1.8 K to the lambda point is about 10 W. Above 2107 Pa the heat inleak
at 1.9 K is larger than 10 W and the cold mass temperature cannot be kept below T,
and therefore rises. From 2-10% Pa to 10" Pa the cold mass temperature was
maintained between 4.5 and 10 K but the heat inleak from the thermal shield to the
cold mass does not change significantly if the cold mass varies from 1.9 K to 10 K.

Following a degradation of the vacuum insulation the 1.9 K level (figure II-3.11) is
the most affected since in nominal steady-state conditions the heat transfer through the
radiative insulation represents 80 % of the total heat inleak.

30 T )
: £3
25 ¢ T
=z 20+ va
% - ¢
.Ls) 15 : {
lan) 10 B / *
E = ‘ét!
5 s X g
- t _____ e
R BT J— A *
0
1.00E-04 1.00E-03 1.00E-02 1.00E-01

Residual He pressure [Pa]

& Measured (CTMI1-R3) & Measured (CTM2-R1) —- Calculated

Figure I1-3.11: Heat inleak at 1.9 K versus residual helium pressure
(Lines C-D=4.5-20 K, Lines E-F=50-75 K)

Calculated heat inleak at 1.9 K versus residual helium pressure is in agreement
with that measured. Calculations are based on heat flux through MLI measured in a
dedicated vertical cryostat [43]. This means that thermal performance of type-B MLI
does not depend on the cryostat position and the effect of gravity appears negligible.

Multilayer reflective systems present a great advantage for residual gas pressure
higher than 2-10” Pa. At 10? Pa heat flux through 10 layers of type-B MLI from 80 K
to 4.5 K is about 0.25 W/m” while conduction in helium gas is 0.8 W/m®.
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Heat inleaks at 4.5-20 K and 50-75 K are less sensitive to the residual gas pressure.
At 10 Pa heat inleak at 4.5-20 K is 2.5 W and at 50-75 K is 55 W.

Degradation of the insulation vacuum has been performed also in the LHC
prototype string where residual gas pressure was increased from 10 Pa to 4-102 Pa
by introducing dry helium gas. The test was stopped at 4-10 Pa as, above this value,
heat inleak at 1.9 K exceeds the available refrigeration capacity. Table II-3.9 compares
measured to calculated heat inleak at 1.9 K for different values of residual helium
pressures. At 10™ Pa, the measured heat inleak at 1.9 K is higher than the value
presented in table II-3.5 because of the increased leakage across the cryogenic valves.
For degraded insulation vacuum the calculated heat inleaks are lower than those
measured and the difference confirms the results obtained at nominal insulation
vacuum.

Table I1-3.9: Heat inleak at 1.9 K under degraded insulation vacuum (LHC

prototype String test)
Insulation vacuum Measured Calculated
[Pa] [W] (W]
10 37.2 21.21
5-107 49.0 37.1
10° 62.7 48.3

- 3.1.4 Resistive dissipation in non-superconducting cable splices

Splices in superconducting cables are needed either to subdivide coils into regions
of different current density in order to match the local field (current grading) in a
magnet, or to join magnets after installation. Common solder (40% lead, 60% tin) is a
superconductor with a critical field of only 0.3 T. The solder becomes resistive in
most magnet situations (the electrical resistivity is about 3:10° Q-m from 1.9 K to 10
K, greater than that of copper which is 1.7 10° Q-m) [86, 87].

Figure II-3.12 shows the electrical scheme of the LHC prototype magnet string
during Run 2. The quadrupole magnet and the three prototype dipole magnets (Al,
A2, A3) are connected in series.

At the cold side of the main current leads the superconducting cables are clamped
whereas all other splices are soldered. Most of them are located in regions of high
magnetic flux density.

Resistive dissipation in non-superconducting cables may be evaluated both by
electrical and calorimetric methods.

The current ramping procedure over time is shown in figure II-3.13. The contact
resistance can be deduced from current and voltage measurements. Voltage is
measured with an accuracy of 100 nV.

Due to the high conductivity of the connections it is impossible to measure a single
contact resistance. The average value per splice is evaluated by measuring the voltage
drop over a certain number of splices.
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Quadrupole Dipole 1 (A1) Dipole 2 (A2) Dipole 3 (A3)

MBB=main busbar RBB=return busbar
D=diode busbar AD=auxiliary diode busbar
P=pole

Figure II-3.12: Electrical scheme of LHC prototype magnet string in RUN 2
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Figure I1-3.13: Magnet current ramping procedure for contact resistance
measurement

The voltage changes linearly with the string current. The contact resistance for
different current values is constant since in the splice regions the cooling effect is
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stronger than the heat generation due to high current density. Results of contact
resistance measurements are shown in table II-3.10.

The resistive heating is also deduced by calorimetric measurement of the heat loads
at 1.9 K with and without current. The calorimetric measurement permits to evaluate
only the integral of the heat loads due to contact resistance in the whole magnet string,
whereas the electrical measurement gives the average contact resistance in each
magnet (see figure I1-3.12).

Table 11-3.10: Summary of contact resistance measurements

Calorimetric Electrical measurement
measurement
Number Resisti Average Resisti Average
of splices ve Resistance/sp Ve heating Resistance/sp
heatin lice lice
g
(W] [nQ] [W] [nQ]
Run1
(1 34 8.7+1. 1.7 9.4+1. 1.840.3
quadrupole 5 3
+2 dipoles)
Run 2A
(1 44 9.1+1. 1.3 = =
quadrupole 5
+3 dipoles)
Run 2B
(1 44 10.3+ 1.5 9.1+1. 1.3+0.2
quadrupole 1.5 3
+3 dipoles)

The measurements on contact resistance of superconducting cable performed on the
LHC prototype magnet string, both by calorimetric and electrical methods, are in
agreement and have shown a higher average value of resistance per splice (i.e. 1.5 nQ
calorimetrically and 1.3 nQ electrically) than expected. The average value which
appears in reference 4 is 0.85 nQ and it has been obtained considering 18 internal
splices (1.2 n€ each) and 26 external splices (0.6 nQ2 each). Adding a further magnet
to the LHC prototype magnet string, that is increasing the number of soldered joints,
has not changed essentially the average resistance per splice.

3.2 Experimental investigation of heat interceptions

Cryostat heat inleaks are kept within the budgeted values by performant heat
interception. In the LHC prototype cryostats, thermal shield, cryogenic valves, support
posts and vacuum barrier are cooled by cryogenic lines and through bolted and brazed
contacts.
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The single magnet test and the LHC prototype magnet string have been equipped
with temperature sensors in order to measure thermal gradients across heat
interceptions and evaluate the quality of thermal contacts under vacuum. Impedance
of thermal contacts should ideally be very low and easily reproducible. This analysis
permitted to understand which type of contacts represents a reliable solution for the
future LHC cryostats.

3.2.1 Prototype magnet support posts

The thermal budget envisaged for the support system is of the order 10 W at
50-75 K, 1 W at 4.5-20 K and 0.1 W at 1.9 K. In the support posts two heat intercept
plates in aluminium alloy (AA-6082) are glued and shrink-fitted to the glass fiber-
epoxy composite column to allow thermalisation at 4.5-20 K (line C) and at 50-75 K
(line E) [20].

Figures II-3.14 and II-3.15 show the heat interception layout. The heat intercept
(table II-3.11) is constituted by copper braids (Cu ETP) brazed on a copper sleeve
which is brazed on the cryogenic lines (C and E). On the opposite side the copper
braids are brazed between two copper plates which are then bolted on the support post
flange. In the quadrupole cryostat in the short straight section the copper braids at
4.5-20 K have been replaced by copper strips (Cu ETP) in order to increase the cross-
section and to reduce the thermal gradient across them.

Table I1-3.11: Main dimensions of support post heat interceptions

Temperature Braids (Cu ETP) Plates (Cu ETP)
Number  Cross-section Length | Number  Cross-section Length
[mm?] [mm] [mm’] [mm]
4.5-20K 8 30x3.5 320 2 20x3.5 140
50-75 K 4 30x3.5 115 1 20x3.5 140
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Sleeve mounted
to line C

Plate bolted
to the support post

Figure I1-3.14: Heat interception between the magnet support post and line C
Line E
Plate

Braid

Support post
: -1
Sleev: i\1 ' ;

Thermal shield

Figure I1-3.15: Heat interception between the magnet support post and line E

The quality of thermal contacts and the braid dimensions determine the thermal
gradient between the support flange and the cooling line as a function of the heat flux
(figure II-3.16) reaching the support post flange.

PART 2 - CHAPTER 3 77



CALCULATED AND MEASURED THERMAL PERFORMANCE OF THE CRYOSTATS

l Flange at 1.8 K |
£
Qsc4
Qsc5 Qsc5 Oscs
B p— ] O O
£ 4 AA-6082-CuETP  Braids CuETP-CuETP
, . 1
Qsc2 Qr2 1|
: Qsc3 Qsc3 Qsc3
r e QSC3 I B0 O
A A if AA-6082-CuETP  Braids CuETP-CuETP
. R 1 N
Qscl Qrl | \\ Qr0
1 N
r Flange at 300 K I | Vacuum vessell

Heat transfer processes

sy SOlid conduction
~wm=—p Radiation

Figure II-3.16: Thermal network of support post

Line C

Line E

The total thermal gradient between the support post flange and the cryogenic line is

given by the following contributions:

. thermal contacts between the line and the braids (line and collar plus collar and

braids)
. conduction along the strips

. thermal contacts between braids and flanges (braids and plates plus plates and

flanges)

Thermometer sensors (figure II-3.17) placed at each extremity of the braids
permitted to evaluate the thermal gradients of interest. Furthermore, the thermal
gradient in the aluminum flange has been investigated by installing two temperature
sensors on each flange. Due to calibration and instrument errors we expect to measure

temperatures with an estimated precision of 0.5 K.
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Sleeve

I—I Flange at 1.8 K |_I

TTC3

TTC4 mummm

TTP4 NE— j TPS

k Flange at 300 K )

Thermometers

Heat intercept between Line C and support post Heat intercept between Line E and support post
(carbon sensor= . ) (platinum sensor= m—m )

TTC1=Line C temperature TTP1=Line E temperature

TTC2=Braid temperature at tube side extremity TTP2=Braid temperature at tube side extremity
TTC3=Braid temperature at flange side extremity TTP3=Braid temperature at flange side extremity
TTC4=Flange temperature TTP4=Flange temperature

TTC5=Flange temperature TTP5=Flange temperature

Figure I1-3.17: Instrumentation scheme of support post

Table II-3.12 lists the measurement results from two prototype dipole magnet
cryostats: A3 and N2. Measurements have been performed with a precision of +15%.
The difference in the thermal performance of the bolted contacts shows that this type
of contacts is not easily reproducible.
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Table II-3.12: Measurements on instrumented prototype cryostat

Heat interception Cryostat identification
A3 N2
TTC1 4.5 4.5
Temperature TTC2 6.1 5.9
K] TTC3 7.5 7.5
TTC4 16.3 94
TTCS = 10.2
4.5-20 K Tube-braids 1.6 1.4
Thermal gradient Braids 1.3 1.6
[K] Braids-flange 8.8 1.9
Total 11.8 4.9
Thermal impedance Tube-braids 1.6 1.5
[K/W] Braids-flange 8.9 2.0
TTP1 75.0 75.0
Temperature TTP2 86.9 90.7
K] TTP3 101.9 108.6
TTP4 114.8 110.2
TTPS = 112.4
50-75 K Tube-braids 11.9 15.7
Thermal gradient Braids 15.0 179
[K] Braids-flange 12.9 1.6
Total 39.8 352
Thermal impedance Tube-braids 0.9 1.2
[K/W] Braids-flange 1.0 0.1

The steady-state heat balance equation applied to each support post flange yields:

Osc5 = Qsc2 + Or2 — Osc4 (I1-3.3)

Qsc3 = Oscl+ Orl+ Or0 — Osc2 - Or2 (II-3.4)

Heat by conduction to line C (Qsc5) and line E (Qsc3) can be calculated by knowing
either the flange temperatures (from equations II-3.3 and II-3.4) or the temperatures
across the braids. Table II-3.13 shows that the calculated thermal budget exceeds the
budgeted values. The measured temperature of the flange linked to line E is probably

PART 2 - CHAPTER 3 80



CALCULATED AND MEASURED THERMAL PERFORMANCE OF THE CRYOSTATS

higher than the real value and this may explain the difference in heat inleaks obtained
by applying the two methods

Table II-3.13: Calculated heat inleaks of prototype magnet support system

(2 posts)
Cryostat A3 N2
identification
Temperature ~ Heat balance Braids Heat balance Braids
[K] [W] [W] [W] [W]
1.9K 0.72 = 0.34 =
45-20K 3.01 221 3.26 2.30
50-75 K 16.8 20.5 17.1 20.2

The heat inleaks to 4.5-20 K and 1.9 K strongly depend on the temperatures of the
support post flanges (figures II-3.18 and II-3.19). If the temperature of the flange
linked to line C increases from 5 K to 10 K the heat inleak to the cold mass is a factor
4 higher. In the heat inleak to the 50-75 K level (figure II-3.20) radiation from the
vacuum vessel to each support post account for about 2.5 W and can be lowered to a
negligible value by wrapping a reflective aluminium foil around the glass fiber-epoxy

composite column [88].

1.2
; pd
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0.8 : /
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Heat inleak (2 posts) [W]

5 10 15 20

Temperature [K]

Figure II-3.18: Calculated heat inleak at 1.9 K versus the temperature of the
flange cooled by line C
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Figure I1-3.19: Calculated heat inleak at 4.5-20 K versus the temperature of the
flange cooled by line E (CF=temperature of the flange cooled by
line C)
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Figure I1-3.20: Calculated heat inleak at 50-75 K versus the temperature of the
flange cooled by line E (CF=temperature of the flange cooled by

line C)
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From the measurements on the prototype dipole N2 the thermal gradients through
the intermediate flanges result to be 1.6 K at 4.5-20 K and 4.4 K at 50-75 K. Imposing
heat inleaks of 1.5 W per post at 4.5-20 K and 10 W at 50-75 K, the estimated
temperature difference across the flanges were 1.05 K at 4.5-20 K and 4.6 K at
50-75 K confirming thus the measured data.

A summary of the measurements performed in several prototype magnet cryostats
is shown in table II-3.14.

Table I1-3.14: Summary of measurements on prototype cryostats

Heat interception Cooling line  Flange Temperature difference
[K] [K] K]
Al 4.5 23* 18.5*
A2 4.5 18%* 13.5*
N1 4.5 10 5.5
45-20K A3 4.5 16 11.5
N2 4.5 94 4.9
CT™M 7 13 6
String quadrupole 6 12 6
Al 85 130%* 45%
A2 85 125% 40*
N1 75 98 23
50-75K A3 75 115 40
N2 75 110 35
CT™M 50 82 32
String quadrupole 85 102 17

* instrumentation wires non properly thermalised

The temperature differences at 50-75 K and 4.5-20 K across the copper braids can
be lowered by increasing their cross-sections. The thermal impedance between line C
and the support posts, even in the best case (5-6 K), does not guarantee heat inleak to
the 1.9 K within the budgeted value.

The large spread in the results presented in table II-3.14 is mainly due to the non-
reliability of bolted contacts. They depend of many parameters (e.g., force applied,
pressure, material, surface roughness, temperature) which are hardly controllable and
as a consequence they do not represent an adequate solution for the future LHC

cryostats.

3.2.2 Prototype magnet thermal shield

The thermal shield (AA-1100) is cooled by line F made of an extruded aluminum
profile and forming an integral part of the bottom tray. The circular upper shell is
divided into four longitudinal sections and the bottom tray into 2 longitudinal parts
The upper parts are clipped to the bottom tray and are then tack-welded to provide a
continuous thermal path azimuthally. Thermometer sensors (figure II-3.21) located on
different sections of the thermal shield permitted to investigate the azimuthal and the
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longitudinal temperature profiles and the thermal impedance between the cooling pipe
and the thermal shield.

Figure I1-3.21: Instrumentation scheme of the thermal shield of the LHC
prototype magnet String (Run 2)

Table I1-3.15: Measured temperatures on the thermal shield

SRB Line F inlet 88.5K
TT3681 91.1K

TT3651 899K

A3 TT3621 924K
TT3622 91.7K

TT3623 91.1K

TT2681 92.6 K

TT2651 91.7K

A2 TT2621 943K
TT2622 935K

TT2623 92.1K

TT1681 92.1K

TT1651 912K

Al TT1621 933K
TT1622 92.6K

TT1623 91.8K

TT0681 90.7K

String quadrupole TTO0651 893K
TT0621 90.8K

SFB Line F outlet 920K
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Measurements from the LHC prototype string (table II-3.15) show that the
longitudinal (over 40 m) and the azimuthal temperature differences are lower than 3
K. The thermal contact between the shield and line F performs well since the
maximum temperature difference between the shield and line F is only 5 K which
gives a thermal impedance of 4 K-m*W for a measured heat flux to the thermal shield
of 1.2 W/m®. Measurements from the CTM and single magnet tests confirmed the
above results.

3.2.3 Prototype magnet vacuum barrier

In the extended version of the string test two vacuum barriers were installed: one
made of stainless steel, located in the short straight section and the other one, in non-
metallic composite material, placed in the SRB. In order to reduce heat inleak at 1.9
K, conduction and radiation are intercepted by line E at 50-75 K. In the stainless steel
vacuum barrier the heat sink is made of a copper ring (A=120 mm?; 1=3 m) brazed on
the outer edge of the off-centered disk (see Part 1 - Chapter 3), while in the composite
vacuum barrier copper braids (A=129 mm? 1=3.05 m) replace the copper ring.
Thermometer sensors (figure II-3.22) have been mounted on both vacuum barriers in
order to evaluate the thermal contact to line E and the maximum temperature
difference in the disk linked to the cooling pipe.

The measured temperatures (table II-3.16) were higher than those expected. The
average temperature difference between the vacuum barrier and line E is about 32 K
and the maximum average temperature difference in the heat intercept is 19 K. The
estimated heat flux to line E is about 5 W and the thermal impedance between the
vacuum barrier and line E results to be 1.6 K/W. The thermal contact needs
improvement and the maximum temperature difference may be lowered by increasing
the copper cross-section. Considering a heat interception at 120 K, the calculated heat
inleak at 1.9 K is 1.5 W which is a factor 2.5 higher than the budgeted value.

Table I1-3.16: Measured temperature on the vacuum barrier heat intercepts

Line E 855K

Stainless steel vacuum barrier Heat intercept: line E side 1174 K
Heat intercept: line E opposite side 138.5K

Line E 88.5K

Composite vacuum barrier =~ Heat intercept: line E side 120.2K

Heat intercept: line E opposite side 137.8 K

3.2.2 Prototype cryogenic valves

The cryogenic valves situated in the cryogenic service module of the short straight
section are thermalized to line E. The valve body is linked to the cooling line by
means of brazed copper braids (0.002x0.2x0.27).

The quality of the thermal contact is evaluated by measuring the temperature of the
of the valve body at the thermalisation section. The measured temperature difference,
about 20 K, takes into account the thermal contact between line E and the braids,
conduction along the braids and the thermal contact between the braids and the valve.
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Table I1-3.17: Measured temperatures on the valve heat intercepts

Line E 855K
Valve TCV2 106.2 K
Valve CFV 103.7K
Valve TCV1 102.6 K

Copper braids
Copper ring

a) Vacuum Barrier (stainless steel version) b) Cryogenic valve

Figure I1-3.22: Temperature sensors on vacuum barrier and cryogenic valves
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CHAPTER 4

Potential of an actively cooled screen at 4.5-20 K

The residual heat inleak from the thermal shield at 75 K to the cold mass represents
the largest contribution to the thermal budget of the cryostats at 1.9 K [4]. The
insulation system at 4.5-20 K of the prototype magnet cryostats is constituted of
multilayer reflective insulation (“floating” system). The thermal performance of
multilayer reflective insulation systems at low boundary temperature have already
been investigated on representative samples and geometries, and measurements
confirmed that multilayer insulation system [37] represent a great advantage over
single reflective surfaces in case of degraded insulation vacuum [43, 89].

In order to lower the heat inleak at 1.9 K, the possibility of inserting an actively
cooled screen, as an alternative solution to the “floating” insulation system, has been
envisaged. The actively cooled screen, made of aluminum, can be cooled at 4.5-20 K
by line C’. It is not self-supported (“soft” screen) and leans on the cold mass through
net-type insulating spacers [90, 91].

In this chapter the potential of different configurations of an actively cooled “soft “
screen at 4.5-20 K is presented and the results are compared to the “floating” solution

A program to qualify the thermal contact between screen and cooling line has been
undertaken and a dedicated cryostat has been developed. Different samples have been
tested at 4.5-20 K and 50-75 K and the measurements of thermal impedance are

presented.

4.1 Actively cooled screen at 4.5-20 K

In the prototype magnet cryostat [see figure I-3.1, page 16] the residual heat inleak
from the thermal shield is shared between the cold mass and the cryogenic lines A, B,
C and D. Due to the large surface area, the cold mass receives about 70% of the above
heat inleak which represents 40 % of the total heat inleak at 1.9 K.

In the LHC cryostats (figure II-4.1), 95% of the heat from the thermal shield
reaches the cold mass (figure II-4.2) and consequently its contribution to the total heat
inleak increases to 60%.

Depending on the thermal contact to the cooling pipe and the thermal insulation to
the cold mass an actively soft screen at 4.5-20 K may perform better than a floating
insulation system.
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Figure II-4.1: LHC dipole cryostat, reference design
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Figure II-4.2: Heatinleak at 1.9 K [4]

PART 2 - CHAPTER 4



POTENTIAL OF AN ACTIVELY COOLED SCREEN AT 4.5-20K

4.1.1 Thermal design

The principle schemes for floating and thermalized multilayer systems are shown
in figure II-4.3. According to the position of the multilayer insulation different
configurations of thermalised system are envisaged (2.1, 2.2, 2.3). In cases 2.1 and 2.3
the cold mass is covered with 1 aluminum foil in order to lower its emissivity. From
77 K to 4.2 K the emissivity of stainless steel (as found) is about 0.12, while that of
one aluminum reflective foil is around 0.01. This means that by wrapping one
aluminum foil around the cold mass radiation heat from 77 K to 4.2 K can be reduced

by a factor 10.

2.1)

1) Cold mass

Superinsulation

Actively conled
sereen

Cooling pipe

Thermal shield

2.2)

Case 1: Reference design

Case 2.1: MLI on the thermal shield

Case 2.2: MLI on the thermal shield and cold mass

Case 2.3: MLI on the thermal shield and actively cooled screen

Figure I1-4.3:  Principle schemes for ‘floating” (1) and “thermalised” (2)
multilayer systems

The thermal network of the “floating” and thermalised superinsulation systems is
represented in figure II-4.4.
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In the “floating” version the distributed heat inleak to the cold mass (Q’cm ) is
represented by the heat flux through multilayer insulation which is the combination of
solid conduction (Qsc2'), residual gas conduction (Qgs2') and radiation (0r2").

Q' . = 0gc2'+Qr2'+Qsc2’ (I-4.1)

1) 2)
Thermal shield [T,] Thermal shield [T, ]

Qgcl Q! Oscl

Qgc2' Qsc2' * <
Actively cooled soft screen [T]
| 1

Qgc2j Qr2'Qsc2j Qsc3
Spacert[ A  Thermal contact [R]
‘- g dy
|
Vi

Qr2'

g st e e e

Heat transfer processes

Radiation Solid conduction  Conduction in residual gas
------ > M - - ’

Figure II-4.4: Thermal network of “floating’’ and thermalised multilayer systems

In the thermalized case the actively cooled soft screen receives heat (Q,,) from the
thermal shield by solid conduction (Qscl), residual gas conduction (Qgsl) and
radiation (Qr1). From the soft screen heat flows to the thermalisation pipe (at 5 K) by
solid conduction (Qc ) and to the cold mass (Q,,, ) by solid conduction through the
spacers (Qsc2), res1dual gas conduction (Qgc2 ) and radiation (Qr2).

0., = Qgcl ++Qrl +Qscl (I-4.2)

Q,, = Qsc3 (I-4.3)
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Qcm = Qgc2+Qr2 +Qsc2 (I1-4.4)

Solid conduction, residual gas conduction and radiation are expressed respectively
by Fourier’s law, Kennard’s law and Boltzmann’s law.

The steady-state heat balance equation applied to the actively cooled soft screen
yields:

Qs = Oom +Qsp ([-4.5)

Heat inleak at 1.9 K depends on the soft screen temperature and on the thermal
impedance between the soft screen and the cold mass:

. T.-T
O =—S—"0M  with R, =-om (I1-4.6)
Rcm AS
. T.-T
0, =—-2L (I-4.7)
R,

Low residual heat flux to the cold mass can be attained if the thermal contact
between the screen and the cooling pipe performs well (R, small) and if the cold mass
is well insulated from the screen (7., large)

4.1.2 Potential of a thermalised multilayer insulation system

Applying the mathematical model presented above to a 15-m long LHC dipole
cryostat, we can find the range of values of R, and ., for which a thermalised system
performs better than “floating” multilayer insulation. Considering cases 2.1 and 2.2
and assuming an emissivity of the soft screen of 0.05 in the 5 to 30 K range we can
firstly define the variation of the thermal impedance (R,;) between the thermal shield
and the soft screen as a function of the soft screen temperature.

LT (II-4.8)

RSS
QSS

Figure II-4.5 shows the thermal impedance R;; does not change significantly if the
soft screen temperature increases from 5 K to 30 K. At 10™ Pa the heat inleak from
the thermal shield to the soft screen is about 2.8 W and is not very sensitive to the
lower temperature.

By knowing Ry we can calculate the break-even lines by comparison with 10 layers
of type B MLI, which presently equip the LHC prototype cryomagnets and constitute
the reference solution. The surface covered by the spacers has been considered
equivalent to 25% of the total cold mass area.

Figure 1I-4.6 shows that the thermalized version has lower heat inleak at 1.9 K if
the design point of the two thermal impedances, R, and 7, is placed in the region
above the break-even lines.
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Figure II-4.5: Thermal impedance between the thermal shield and the soft
screen
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Figure II-4. 6: Break-even lines for thermalized versus ‘floating” systems, in
terms of Rcp and r.p,
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4.1.3 Thermal contact to cooling pipe and net-type insulating spacers

A dedicated experiment has been performed to measure the impedance of thermal
contacts which is representative for the heat intercepts to be implemented in large
numbers in LHC cryostats.

The thermal contact between a stainless steel tube and an aluminium sleeve shrink-
fitted on it has been tested at different temperatures and performs as follows:
1.240.1 K/W at 4.5 K and 0.5+0.05 K/W at 20 K. Measurements and results obtained
from different samples are presented in detail in the next chapter.

A specific experiment (figure II-4.7) has been developed to measure, by means of a
heatmeter, the heat flux between two circular aluminium plates separated by spacers.
The cold plate temperature is at 2 K and that of the warm plate, which simulates the
soft screen, can be varied from 10 K to 30 K.

The insulating spacers considered in this study consist of a set of piled-up nets of
non-metallic, low-thermal conductivity materials which provide support at low
residual heat flux. Different types of nets are alternatively inserted to avoid large
contact area due to accidental superposition.

At liquid helium temperature and under good insulation vacuum, the most
significant heat transfer process through the spacers occurs by conduction. A
mathematical model [92, 93] has been developed in order to estimate the heat flux
from calculated thermal impedances and solid conduction.

In the test set-up, the variation of the compressive pressure between the two plates
is attained by adding weight on the top of the warm plate. In this fashion, the
compressive pressure can be increased from 40 Pa to 331 Pa. The spacers are made of
a combination of two types of glass fiber nets (N1 and N2) from industry. N1 has a
10x10 net grid with a thread thickness of 1 mm. N2 has a 6x6 net grid with a thread
thickness of 0.5 mm.

Al plate at 10-30 K
(¢=600 mm) o

Net-type spacer

Al plate at 1.8 K

Heat-meter

Figure II-4.7: Experimental measurements of thermal impedance of net-type
insulating spacers under variable applied pressure [94, 95]

For 1 mm thick aluminum alloy shield of diameter equal to 570 mm, leaning 40° on
the cold mass, the pressure on the spacer is P=238 Pa. Considering three net-type
spacers and a warm temperature of 15 K, the measured thermal impedance at 10* Pa

is 482 K-m¥W.
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4.1.4 Comparison of thermal performance

Considering a thermal contact resistance of 4 K/W which corresponds to a thermal
contact over 30% of length of 15-m soft screen at about 12 K, and an insulator spacer
thermal impedance of 482 K-m*W at 10™* Pa we can calculate the variation of heat
inleak at 1.9 K as a function of residual gas pressure for the three different cases of
interest. The change of thermal resistance R., and soft screen temperature
(figure I1-4.8) with insulation vacuum have been evaluated.

50
s | /‘
20

40
-
15

35
10 : B 4 .3 L3 *W-W

T

30
25

T T rrr T rrr e

Temperature [K]

5

O‘ I [ N TR Y B | ! IR S N N B | . e L L
1.00E-04 1.00E-03 1.00E-02 1.00E-01

Residual He pressure [Pa]

—e—case 2.1 —m—case 2.2 - case 2.3

Figure II-4.8: Temperature of the screen at 4.5-20 K versus residual helium
pressure (R.,=4 KIW; r.,=482 K-m’/W at 10 Pa)

The multilayer insulation wrapped over the screen at 4.5-20 K (case 2.3) reduces
the heat inleak at 4.5-20 K decreasing thus the soft screen temperature. In this
configuration the soft screen temperature decreases with increasing residual gas
pressure since the heat inleak to line C decreases (in other words, the heat inleak to the
cold mass increases more rapidly with pressure than the heat inleak to the soft screen).

In case 2.2 the screen temperature is very sensitive to the quality of the insulation
vacuum, as the superinsulation preserves low heat inleak at 1.9 K. In this case in order
to satisfy the heat balance equation the soft screen temperature must increase. As the
residual pressure grows from 10* Pa to 10 Pa the soft screen temperature increases
from 14 K to 48 K.

By knowing the soft screen temperature for different values of insulation vacuum
we can calculate the heat inleak at 1.9 K and compare it to the performance of the
reference solution (figure 11-4.9).
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Figure II-4.9: Comparison of heat inleak at 1.9 K between ‘floating” and
thermalized systems (R.,=4 KIW; ron,=482 K-m*/W at 10” Pa)
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Figure I1-4.10: Heat inleak at 4.5-20 K versus residual helium pressure
(Rey=4 KIW; roy=482 K-m’/W at 10~ Pa)
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Under nominal steady-state conditions the thermalized system has always lower
residual heat flux at 1.9 K. Case 2.2 corresponding to the cold mass wound with 10
layers of multilayer reflective insulation, shows the lowest heat inleak at 1.9 K since
the temperature difference through the spacer is smaller than in the other cases. If the
cold mass is only wrapped with one aluminum foil (case 2.1) the heat flux to 1.9 K is
higher than that of the reference solution for residual gas pressure above 5- 10” Pa.

The thermalized system increases the heat inleak at 4.5-20 K (figure II-4.10) in
comparison with the “floating” system, specially in the case 2.2 due the higher soft
screen temperature. The evolution of the heat inleak at 4.5-20 K mirrors that of the
soft screen temperature behaviour. Results of heat inleaks at 1.9 K and 4.5-20 K for
cases 1 and 2 and for a 15-m long LHC dipole cryostat are summarised in table II-4.1.

Table II-4. 1: Heat inleaks under steady-state conditions (15-m dipole)

Residual He Cold mass Screen at 4.5-20 K
Pressure Case2.1 Case2.2 Case2.3 Casel Case2.1 Case2.2 Case2.3
[Pa] (W] W] (W] (W] (W] W] (W]
10 0.24 0.44 0.16 1.66 2.82 2.83 1.62
10° 0.86 0.74 0.61 2.37 3.91 3.88 2.31
102 8.10 3.51 4.96 6.88 1242 1019  6.70
10" 88.38 34.45 44.06 46.63 93.45 45.23 45.54

At 10" Pa the residual heat flux to the cold mass as low as 15 mW/m? can be in
principle achieved, thus resulting in a 4-fold reduction with respect to the reference
solution. The total heat load at 4.5-20 K is mainly due to the dynamic heat load and as
a consequence the corresponding increase of heat inleak at 4.5-20 K with respect to
the reference solution appears negligible.

A particular case of this study may be represented by a self-supporting screen at
4.5-20 K which is not in contact with the cold mass. In such a case the conducting
thermal impedance between the soft screen and the cold mass (spacers) can be
considered infinite and the only heat transfer processes involved are radiation and
conduction in residual gas. We can calculate the heat inleak at 1.9 K assuming the
same thermal impedance to line C as above (4 K/W for 15-m long LHC dipole
cryostat). Considering cases 2.1 and 2.3, figure II-4.11 shows the heat flux to 1.9 K at
10" Pa could be reduced to 4 mW/m? The heat inleak to 4.5-20 K is about 2.8 W in
case 2.1, 2.4 W in case 2.2 and 1.6 W in case 2.3.

At present an actively cooled screen has been mounted in two LHC prototype
dipole cryostats. The screen is linked to line C by means of thermalisation braids and
wrapped with 10 layers of type-C superinsulation (case 2.3). The thermal insulation
between the screen and the cold mass is made by fiber glass plates.

The measured steady-state screen temperature was about 16 K at line C inlet
section and 30 K on the opposite extremity. Line C was at about 4.5 K and the
longitudinal screen temperature increase may be attributed both to bad heat intercept
performance and higher heat inleaks.
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FigureII-4.11: Heat inleak at 1.9 K with “hard” screen at 4.5-20 K (R.,=4 K/W;
rem=0 at 10* Pa)

4.2 Improvement of thermal contacts

In this chapter a simple, reliable and cheap technical solution for heat intercepts at
4.5-20 K and 50-75 K is proposed. Samples with different materials and diameters
have been tested in order to investigate the consequences on the thermal impedance.
The dependence of thermal impedance on temperature and residual gas pressure has
also been investigated.

4.2.1 Test set-up

The heat intercept is formed of a conducting sleeve (figure II-4.12) which is shrink-
fitted onto a stainless steel tube. A filler cylinder is inserted inside the stainless-steel
element in order to cool the sample uniformly and obtain the same flow velocity and
thus the same heat transfer coefficient as in the LHC cryogenic lines.

The sleeve is connected to an isothermally heated block by means of either strips or
braids to simulate cryostat heat inleaks.

A copper screen at 50-75 K covered with 20 layers of superinsulation intercepts
radiation heat coming from ambient thus reducing the heat inleak to the sample to a
negligible value.

Helium at 4.2 K and 1 bar is tapped from the phase separator to cool the screen and
the test sample. The inlet temperature of the sample can be varied from 4.5 K to 150 K
by increasing the electrical input on the heater Q.
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He recover‘

LHe

Vacuum tank|

Screen 80 K

Figure II-4.12: Test set-up for measuring thermal impedance of thermal contacts

The characteristics and main dimensions of the different samples are summarised
in table II-4.2. Materials, geometry and operational temperature define the differences
between the samples.

Table II-4.2: Test program of the cryostat to measure the impedance of thermal
contacts
Sample | Operational | Stainless | Conducting sleeve | Connection between heater
temperature | steel tube block and conducting sleeve
Diameter | Material Diameter | Material Type Size
[K] [mm] [mm] [mm’]
1 50-75 65/69 Al 69/80 Al Strip  5x(30x3x200
)
2 4.5-20 65/69 Al 69/80 Al Strip  5x(30x3x200
)
3 4.5-20 65/69 Cu 69/80 Cu Strip 4x(30x3x210
)
4 50-75 65/69 Cu 69/80 Cu Strip 4x(30x3x210
)
5 50-75 65/69 Al 69/80 Al Braid 5x(30x6x200
)
6 4.5-20 15/18 Al 18/29 Al Strip  1x(200x1x5)
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4.2.2 Instrumentation

Temperature sensors (figure II-4.13) placed at four different locations on the
sample permit to measure the thermal impedance due to the contact between the
stainless steel tube and the conducting sleeve. The thermal contact resistance due to
the welding of the strips (or braids) on the sleeve and the thermal gradient across the
strips are also measured.

v l o1 112
] AMAA oo
% yv
Stainless stecl
tube
Uonducting sleevs
V|
I
[
Filler cylinder

Figure II-4.13: Experimental measurement of thermal impedance of thermal
contacts

For each sample, several tests have been performed by changing the helium
temperature TT2 and the heating source Q11 . Maintaining constant temperature TT2,
the heat input Q11 was varied from 0.5 W to 15 W. Following a change in setting of a
parameter, steady-state conditions could be reached in less than 30 minutes as the heat
capacity of the sample is small.

4.2.3 Results

For each sample the measurements of thermal impedance, under different
operational conditions, are presented. The thermal impedance between the conducting
strips (or braids) and the stainless steel tube has been evaluated from temperature
measurements with a precision of +10%. In steady-state condition the insulation
vacuum was maintained at 10" mbar.

Sample 1

All the tests showed that the thermal contact between the stainless tube and the
conducting sleeve is higher on the helium inlet extremity (TT16-TT19) than on the
opposite extremity (TT17-TT18). This may be attributed to longitudinal conduction in
the sample. The thermal impedance slightly depends on helium temperature, as shown
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in figure II-4.14. The temperature difference between the aluminum sleeve and the
stainless steel tube showed, as expected, a linear dependence on electrical power Q11
(figure 1I-4.15). The temperature difference (figure II-4.16) between the aluminum
strips and the aluminum sleeve is comparable to that between the aluminum sleeve
and the stainless steel tube. The temperature difference across the aluminum strips is a
factor 8-9 higher than that between the strips and the sleeve.

0.5
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0.4 + I
035 + L
0.3 £ I~ T
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- I ~ =
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02 1 I \&\ !

0.15 § =
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Thermal impedance [K/W]

Temperature [K]

Figure I1-4.14: Thermal impedance of the shrink-fitted contact versus helium
temperature (sample 1)

: 1
2+ /
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Electrical power [W]

Temperature difference [K]
w

Figure I1-4.15: Temperature difference across the shrink-fitted contact versus
heating power (sample 1)
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84%

Figure 11-4.16: Breakdown of thermal impedance (sample 1)

Sample 2

The thermal contact between the aluminum sleeve and the stainless steel tube
measured on helium inlet side has the highest thermal impedance. Since the
conduction heat coming from the strips is not equally distributed to the aluminum
sleeve, the temperature differences (TT22-TT21) and (TT23-TT24) are lower than
those on the strip side. The helium temperature was varied from 4.5 K to 20 K and the
results of the thermal impedance between the sleeve and the tube are shown in figure

I1-4.17.
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Temperature difference [K]
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¢ Helium inlet=4.7 K & Helium inlet=17 K
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Figure II-4.17: Temperature difference across the shrink-fitted contact versus
electrical power (sample 2)

The thermal impedance between the strips and the sleeve is a factor 2.5 higher than
that between the sleeve and the tube. Conduction heat calculated from the temperature
difference across the strips confirm the value of heating power Q11and the resulting
thermal impedance is a factor 5.5 higher than that between the sleeve and the tube.

Sample 3

The helium temperature was maintained at 8 K and the thermal impedance between
the copper sleeve and the stainless steel tube resulted to be 5.540.5 K/W. The heat
intercept does not perform as well as that made of aluminum probably because of the
lower thermal contraction of the copper.

The insulation vacuum was degraded from 10 Pa to 5-10° Pa and the quality of
thermal contact did not vary. Measurements for residual helium pressure higher than
5.10" Pa were not carried out as the heat inleak at 1.9 K would have affected the test
results.

The thermal impedance along the copper strips is 1.5+0.12 K/W, as well as that
between the strips and the sleeve.

Sample 4

The thermal impedance between the copper sleeve and the stainless steel tube was
found to be 240.2 K/W with the helium temperature at 50 K. The thermal impedances
across the welding is about 1.9+0.2 K/W, as well as that due to conduction along the

strips.

Sample 5

The measured thermal impedance of the contact between the aluminum sleeve and
the stainless steel tube is 0.4+0.05 K/W at 75 K. The welded contact performs better
than in sample 1 as its thermal impedance is only 0.5+0.05 K/W. The thermal
impedance due to conduction along the strips is 2+0.02 K/W. Since this value is lower
than that found in sample 1, we can conclude that the copper cross section is higher
than 50% of the cross-section of the braid.

Insulation vacuum was degraded from 10™* Pa to 10 Pa and the values of thermal
impedances did not vary significantly.

Sample 6

To simulate a possible heat intercept configuration between the soft screen and the
cooling line, the sample has been connected to the heated block by a thin aluminum
sheet (1 mm thick) welded onto the conducting sleeve. The inlet helium temperature
was maintained at about 8 K. The time to reach steady-state conditions was shorter
than in the previous samples because of the lower heat capacity.

The thermal impedance between the conducting sleeve and the stainless steel tube,
measured in four locations, is about 1#0.1 K/W and is not dependent on the
measurement position. This is due to the smaller diameter which guarantees a more
uniform heat distribution. The welded contact gives a thermal impedance of

1.310.15 K/W.
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424 Summary of tests

The heat intercept presented in this chapter, formed by a conducting sleeve shrink-
fitted onto a stainless steel tube, represents an efficient and reliable solution for the
LHC cryostats. The samples with the conducting sleeve made of aluminum give a
lower thermal impedance both at 50-75 K and 4.5-20 K. The thermal impedance
increases by a factor 2 when temperature decreases from 20 K to 4.5K. The thermal
impedance due to the welded contact is higher than that of the shrink-fitted contact.
Insulation vacuum and geometry do not affect strongly the quality of the heat
intercept. Samples with smaller diameters guarantee a more uniform thermal contact
between the conducting sleeve and the stainless steel tube.
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CHAPTER 1

Forced-flow cooldown and warmup

Standard operating modes of LHC cryogenics, such as magnet forced-flow
cooldown and warmup, have been experimentally investigated in the LHC prototype
magnet string [96]. These thermal transient modes [97-99] have been studied to assess
thermal gradients in magnets during cooldown and warmup and thus verify design
calculations. A one-dimensional non linear mathematical model has been developed
in order to estimate the parameter characterising the global magnet-to-helium heat
transfer. Simulated behaviour has been compared to measured results. The now
validated mathematical model can be used to simulate the magnet behaviour during
fast cooldown and warmup.

1.1 Short description of the cold mass

LHC prototype dipole

The two sets of coils are supported by collars (201x381 outer dimension) and iron
yoke (580 mm outer diameter), surrounded and compressed by a shrinking cylinder
(figure II-1.1) [100]. The inner diameter of the coil is 50 mm and the outer diameter
is 120.2 mm. The axis of the two sets of coils are separated by 180 mm. The shrinking
cylinder is at the same time the outer shell of the helium tank, while its inner wall
forms the beam vacuum chamber. The cold mass is closed at the ends by covers ,
which leave passages for the beam vacuum chambers, the heat exchanger tube and the
pipes containing the electrical connections.

LHC prototype quadrupole

The lattice quadrupoles, like the dipoles, have a two-in-one geometry with a beam
axis spacing of 180 mm. A common yoke (444 mm outer diameter) is shared by the
two quadrupole coils as for the dipoles. The coil inner diameter is 56 mm and the
outer one is 110.6 mm. The collars are made of stainless steel and their outer diameter
is
164 mm.
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The mass M (table I-1.1) and the specific heat of the cold mass Cpy

(figure II-1.2) have been calculated from magnet design data. Materials properties
were obtained from reference 30.

\\\\\\\\\ V. 777

N 7/ s

Figure III-1.1: Transverse cross-section of the LHC prototype dipole magnet

Table III-1.1: Mass of the LHC prototype main lattice magnets

Main Prototype Main Prototype
Dipole Quadrupole
Material Mass Material Mass
(kg/m] (kg/m]
Coils Copper 111.7 Copper 96.5
Collars Aluminum 124.6 Stainless steel 221.8
Yoke Iron 1451.0 Iron 768.3
Shrinking cylinder + | Stainless steel 144.1 Stainless steel 179.2
Pipework

Total 18314 1265.8
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Figure III-1.2: Heat capacity of the cold mass of the LHC prototype magnet string
(1 quadrupole and 3 dipoles)

1.2 Mathematical model

Cooldown from room temperature to 80 K and warmup from 80 K to 300 K are
achieved by flowing gaseous helium respectively at decreasing and increasing
temperatures. The inlet helium temperature is controlled by the overall string gradient
in order to limit thermal stresses in the magnets.

The evolution of the temperatures of the cold mass and helium can be calculated
from the energy conservation. Consider the elementary volume shown in figure III-
1.3.

Cold Mass
(Ty[K1], mylkg], C,u[V/kg-K])

Helium 1151, Cptte The "15.C pHe (THe + a;;’ £ J
(Tg[K], tog [kg/s], ——ppt
CuelV/kg-K], v[my/s])

Figure III-1.3: Scheme of the mathematical model for forced-flow cooldown and
warmup

PART 3



The cold mass laminated structure allows longitudinal heat conduction to be
neglected. As a consequence only convective heat exchange contributes to the heat
transfer between cold mass and helium. The equations representing the heat exchange
between helium and cold mass are the following:

oT,
mMcpMa—;”= ~hy(Ty — Ty, ) (III-1.1)
: 0Ty, 10T,
mHeCpHe(—f‘+ ;7’”) =hy(Ty —Tg,) (II-1.2)

The one-dimensional non linear model constituted by equations III-1.1 and III-1.2 can
be solved explicitly using the finite difference method [101]. The cold mass can be
divided in sections, for each of them we can write:

’tl »
T(x +)_T1$le)

iy Copg =t = =y (T 59 = T, ) (-1.3)

. T(x+1,t) _ T(x,t) 1 T(x,t+1) _ T(x,t)
mHeCpHe He > He +; He = He — hl (TM(x,t) _ THe(x,t)) (m_1.4)

The boundary conditions are the following:
o atany location,  Ty(t=0) = constant
 atany time, The(x=0) = constant

At each node, we can thus calculate the cold mass temperature (7)) and the helium
temperature (T7,) as a function of time (7).

The heat transfer coefficient h; between helium and magnet has been calculated
from design data. Helium flows through several channels connected in parallel and for
each of them the heat transfer coefficient #; has been estimated from the Nusselt
number (Nu). For channels (1, 2, 4, 7, 8 and 9) in which the Reynolds number is taken
lower than 2000, fully developed laminar flow was assumed. In this condition Nu is
taken as constant and equal to 3.7 [25]. For the other channels, Nu has been evaluated
by using the Dittus-Boelter correlation [32] which is valid for fully developed
turbulent flow:

Nu = 0.023Re%8 pr™ (II-1.5)

where n is 0.4 for heating and 0.3 for cooling

Table III-1.2 shows results for the different channels in the case of cooldown. Dy, is
the hydraulic diameter, 7, is the mass-flow, A /[is the wetted perimeter and v is the
helium velocity.

The channels which contribute to heat exchange are mostly those seeing turbulent
flow (channels 3, 5, 6). Neglecting heat exchange in the channels which see laminar
flow, the overall coefficient A; results to be 220 W/K-m at 300 K. The heat transfer
coefficient depends on temperature and decreases to 175 W/K-m once the cold mass is
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at 50 K (figure III-1.4). These calculated values are in good agreement with
observations during magnet cooldown and warmup.

The helium specific heat C,y, has been considered constant in the range of
temperatures of interest and its value, 5200 J/kg-K, has been evaluated from property
tables [49].

Table III-1.2: Helium-to-magnet heat transfer coefficient (forced-flow cooldown)

Channel Dy, M e All v hy WAl

[m] [kg/s] [m¥m] [m/s] [W/m%K] [W/mK]

1 (Hx tubes) 5.00E-03 6.74E-04 6.60E-01  5.09 43.10 28.44
2 (Bore tubes) 4.00E-03 2.76E-04 6.03E-01  2.85 28.35 17.10

3 (Collar) 9.23E-03 2.44E-03 2.08E-01 31.66 164.45  34.19
4 (Collar) 4.84E-03 8.45E-04 3.22E-01 13.52  94.74 30.50
5 (Yoke) 1.48E-02 8.78E-03 3.75E-01 39.47 17850  66.87
6 (Yoke) 2.50E-02 3.64E-02 3.14E-01 115.64 379.81  119.32
7 (Yoke) 5.40E-03 5.69E-04 2.58E-01 10.19  73.91 19.05
8 (Yoke) 1.00E-03 1.08E-06 4.24E-01  0.06 1.78 0.75
9 (Collar/Yoke) 1.00E-03 2.16E-06 4.24E-01  0.13 3.10 1.31
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Figure I11-1.4: Calculated heat transfer coefficient between magnet and helium
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1.3 Results

Table III-1.3 lists the value of the cold mass my,, the helium mass-flow 7z and the
maximum temperature difference (A4T)n.) between helium and magnet during the
different measurement runs.

The time needed for cooldown and warmup strongly depends on the imposed
maximum driving temperature difference between helium and cold mass as well as on
the mass-flow.

For the first three runs, string cooldown started once the insulation vacuum was
around 107 Pa whereas during Run 2B residual gas pressure was maintained at about
1 Pa. Residual gas pressure of 1 Pa did not affect the cooldown time, as the added heat
inleak is negligible in comparison with the high heat capacity of the cold mass.

During the first two runs the string was warmed up by helium forced flow, while in
Run 2 natural and accelerated warmup, with or without pumping of the insulation
vacuum, were experimented. In Run 2B the insulation vacuum during warmup was
maintained at 5-107 Pa.

Table I1I-1.3: Main parameters of the string forced-flow cooldown and warmup

Cooldown Warmup
myv MHe ATmax Time mHe ATmax Time
ke] | [gs] K [b] g/s] (K] [h]
Run0 45.10° | 50 50 85 50 50 100
Runl 45.10° 50 60 70 80 60 55
Run2A 65-10° 60 60 85 natural and accelerated warmup
Run2B 65-10° 80 60 70 natural warmup

For all the measurement runs, calculated results have been compared with those
measured. The forced flow cooldown (Run 2A) and warmup (Run 1) of the LHC
prototype string are shown in figures III-1.5 and III-1.6.

During Run 1 the helium inlet section corresponds to the quadrupole (Q) inlet, the
middle section to the first dipole (D1) inlet and the outlet section to the second dipole
(D2) outlet. During Run 2 the middle helium section corresponds to the first dipole
outlet and the outlet section to the third dipole (D3) outlet.

Since good agreement has been found between measured and simulated results, the
mathematical program has been used to simulate fast cooldown and warmup. During
fast cooldown (figure III-1.7), the helium entered the cold mass at 80 K from the
beginning and in the fast warmup (figure III-1.8) it was at 300 K from the beginning.
In both cases the time needed to cooldown or to warmup is reduced by a factor 4
respect to the case of an imposed temperature difference of 75 K between helium and
magnet. On the other hand, the maximum temperature difference in the magnets
results to be 180 K for cooldown and 130 K for warmup.
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PART 3



300

250 |

200 -+

150 +

Temperature [K]

100 +

w;\fé’&.-l-u-l-l-l-

50 et
0 5 10 15 20 25 30

Time [h]

—o— Qinlet —#— Dlinlet —&— D2inlet - D3inlet —%— D3outlet

a) Cold mass temperature

200 +
175 +
150 A /'

o ATAR .

g 100 I v \\/ \/ X\B\
= AL AL A X
< VS SN

o Ve

Time [h]

—+—D1-Q —#—D2-DI ~a—D3-D2 ~- D3outlet-D3inlet

b) Temperature difference across magnet

Figure III-1.7: Simulation of the fast forced-flow cooldown of LHC prototype
magnet string (Run 2; He mass-flow=65 g/s)

PART 3



300

250 ‘AA }X‘xx

o 200 H ]
2 I
L 150
: 2
=

100

50

0 5 10 15 20 25 30 35 40 45
Time [h]

—o— Qinlet —~#@~ Dlinlet - D2inlet ~» D3inlet —%— D3outlet

a) Cold mass temperature

200 1
175
150 +
125 +
100 +
75 |

Temperature [K]

50
e
05 P,

0

0 5 10 15 20 25 30 35 40 45
Time [h]

——Q-D1 ~#@~ D1-D2 -4~ D2-D3 -3¢~ D3inlet-D3outlet

b) Temperature difference across magnet

FigureIIl-1. 8: Simulation of the fast forced-flow warmup of LHC prototype
magnet string (Run 2; He mass-flow=65 gls)

PART 3



CHAPTER 2
Natural warmup and accidental loss of

insulation vacuum

Warmup with no helium supply in the cryogenic lines (natural warmup) and
accidental loss of insulation vacuum (accelerated warmup) was performed in the LHC
prototype string [102].

Since interventions on the LHC machine may concern only a few of magnets, it is
of interest to know the time required for warming up, pumping down and cooling
down and to understand how the rest of the machine will behave in case of natural
warmup, with or without active pumping of the insulation vacuum.

An accidental loss of insulation vacuum may occur because of an air leak from the
ambient surroundings, or an internal helium leak from a cryogenic circuit [103]. The
vacuum vessel for the LHC dipole cryostat is made of ISO 430 carbon steel and in
case of loss of insulation vacuum it will progressively cool down, but must not reach
the embrittlement temperature of the material.

In this chapter the evolution of residual vacuum pressure and temperatures in
natural warmup, as well as in the case of catastrophic loss of insulation are presented.

One-dimensional non linear mathematical models are found to fit experimental
data reasonably well, and consequently can be used to simulate other off-design
modes.

2.1 Mathematical model

The thermal networks used for the one-dimensional radial model simulating heat
transfer during natural and accelerated warmup are shown in figures II-2.1 and
II-2.2.

Heat by radiation (Qr,,) and convection (Qcv,,) flows from ambient to the
vacuum vessel.

Qrvv = OKvv(Tamb4 - Rv4) (-2.1)

Qcv,, = hcA, (T —T,y) (10-2.2)
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h. is the natural convection heat transfer coefficient:

\%%

T 0.25
h. = 1.3(-5-”4} (I0-2.3)

The total heat reaching the vacuum vessel can be written as follows:

0,, = 0r,, +Qcv,, (L1-2.4)

From the vacuum vessel to the outer layer of superinsulation, heat is exchanged by
radiation ( Qry;) and convection (Qcv,; ):

Orsy = 045 Ey(T,,* - Tgy*) (II-2.5)

T, +T,
)

chts =
,,,(D_WJ

DIS + 2eSl

(T~ Ts1) (III-2.6)

where T; is the temperature of the outer layer of MLI, E; is the emissivity factor and
es; is the thickness of MLIL f. is the convection factor [25] which depends on the
Prandtl (Pr) and Grashof (Gr) numbers which are function of the isobaric thermal
expansion, the density and the viscosity.

f. =a(PrGr) (I-2.7)

where: a=0.53 and b=0.25  if (Gr-Pr)=10*-10° [25]
a=0.13 and b=0.33  if (Gr-Pr)=10°-10'% [25]

Heat transfer through the 30 layers of MLI covering the thermal shield (Q'sts) is
given by solid conduction (Qsc,, ), conduction in residual gas (Qgc,;) and radiation

(Ors)-

Osc, = ZSl[ N, s L +T( )] (I-2.8)
s1
AT o
st

Since conduction in residual gas depends on the insulation vacuum, the heat
transfer is governed by molecular regime during natural warmup (P<1 Pa) and by
viscous regime during accelerated warmup.



Oge,s = Aq¥5iP(T,, - T,,) molecular regime (I11-2.10)

o T
)ge,s = T,, — 1T, ) viscousregime -2.11
Qg ts ; [D +2eS1J ( v ts) g (III )

D,

ts

Finally, the heat transfer from the vacuum vessel ( Q,s) to the thermal shield is given
by:

Oy = Org +Qcv,, = Os,q (I1-2.12)

From the thermal shield heat by radiation (Qrg,) and convection (Qcvy, ) reaches
the outer layer of MLI wrapped on the cold mass:

Qrsz = GZS2E2 (];34 - Ts24) (III-Z. 1 3)
()
Qev - (T~ Ton) w-2.14)
DIS
Inf] ——&5
[Dcm + 2652 ]

Heat transfer to the cold mass through the MLI system (Qs,,, ) is given by

. — s L+ T,
SCom = A (T, —-T,, I-2.15
Q cm 52 [ NS2 2 ( :l ( )
Bs (4 4
or.,, ASZ[ N (T,* - T, ") (I1-2.16)
08Com = Asy¥52P (T~ T,y ) molecular regime ~ (I11-2.17)
2 IK(_T_"'T_]
0gc,m = 2 (Ts - T, ) viscous regime (II1-2.18)
ln( Dcm + 2e32 ]
DCm

The heat transfer from the thermal shield to the cold mass yields:

O = 01y + Qv = 05,y (I1-2.19)

In the case of natural warmup, convection in the residual gas is negligible, while it
becomes relevant during accelerated warmup. Conduction in residual gas can be



neglected in the case of natural warmup with active pumping of the insulation
vacuum. Solid conduction through the insulator spacers and radiation between the
layers of MLI are negligible for residual gas pressure higher than 102 Pa as
conduction in residual gas is predominant. Radiation is negligible in the case of
accelerated warmup. Convection cannot occur in the MLI system due the restricted

space between spacers.
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Figure III-2.1: Thermal network of natural warmup
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Figure III-2.2: Thermal network of accelerated warmup

Applying the energy conservation to the vacuum vessel, thermal shield and cold mass,
we obtain a system of three differential equations, from which we can calculate T,,, T}

and T, :

daT, . .
M,, - vav (T, ) d:V =0, (T, )~ Qi (T, Tis) (I1I-2.20)
dT;s 0 :
M, Cps (T )1 = 0Ty T ) = Qo (T Tom) (m-221)
Mcmcpcm (Tem ) 7 =Qm(Ts, T,) (1I1-2.22)

Masses and main dimensions used as inputs in the mathematical model are
summarised in table III-2.1.

Table III-2.1: Masses and main dimensions of the string test

Vacuum vessel Thermal Cold mass
Material Iron Aluminium Iron/StSt/Al/Cu
Outer diameter [m] 0.980 0.884 0.580
Inner diameter [m] 0.960 0.877 -
Lateral surface [m%m] 3.079 2.777 1.822
Mass [kg/m] 238.3 27.6 1601.7
Superinsulation thickness [m] = 0.015 0.005

2.2 Test procedure and results

Natural warmup without active pumping of the insulation vacuum was performed
during the Run 2A and started after a quench when the cold mass temperature was
around 30 K and the thermal shield at 90 K. After about 20 hours of natural warmup
residual gas pressure in the insulation vacuum degraded rapidly to 1 Pa (figure III-
2.3). The final gas composition at 50 K was mainly composed of hydrogen (10%) and
carbon monoxide (25%) from the superinsulation outgassing, as well as of nitrogen
(40%) and oxygen (10%) from a known air leak. The gas species at this pressure is not
relevant since the thermal impedance given by radiation is at least a factor 5 higher
than that due to conduction in the residual gas. The test was stopped after 6 days when
the cold mass was at 90 K and the thermal shield at 180 K. In order to simulate an
accidental loss of insulation vacuum, warmup was then accelerated by injecting N, in
the insulation space of the cryostat. Atmospheric pressure inside the cryostat was
reached after 30 minutes. After another 30 minutes, condensation followed by frost
was observed in distinct cold spots on the external surface of the cryostat beneath the
lower end of each dipole. They could be attributed to the longitudinal heat transfer by
natural convection. The lowest temperature reached was 230 K locally. In order to
prevent embrittlement of the carbon steel wall of the vacuum vessel the insulation



vacuum was re-pumped down to 5.10* Pa. The string temperatures were allowed to
evolve at this pressure for 2 weeks until they reached 300 K.
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Figure III-2.3: Evolution of the residual gas pressure respect to the cold mass
temperature measured during natural warmup without active
pumping of the insulation vacuum (Run 2A)

Figure ITI-2.4 shows the evolution of the string average temperatures during natural
(1 Pa) and accelerated warmup (5-10* Pa), and compares experimental and calculated
results. The thermal impedance due to conduction in the residual gas is determinant
and this underlines the important role of superinsulation in case of an accidental loss
of insulation vacuum.

From the measured temperatures, it is possible to calculate the evolution of the heat
flux with time. Considering the accelerated warmup (figure III-2.5), the maximum
calculated heat flux from the thermal shield to the cold mass was 300 W/m, reached
after a few hours. For comparison, in nominal steady-state conditions the heat inleak
at 1.9 K is about 0.4 W/m and during a magnetic resistive transition may reach
100 kW/m.

During Run 2B the natural warmup was performed with active pumping of the
insulation vacuum. The residual gas pressure was stabilised at about 10 Pa when the
cold mass was 30 K and the thermal shield 125 K. The string was left to warmup for 6
days and the test was stopped once the cold mass attained 50 K and the thermal shield
190 K. Figure II-2.6 shows the evolution of the string temperatures over time and
compares experimental and simulated values.

To compare the performances of the two types of natural warmup, figure III-2.7
shows the simulated behaviour of the cold mass obtained by imposing in the two cases
the same starting conditions: cold mass at 30 K and thermal shield at 90 K. After
about 3 weeks the cold mass reaches 65 K if residual gas pressure is 102 Pa and 125



K in the case of no active pumping on the insulation vacuum (1 Pa). The time needed
to recool the magnet string (about 40 m) to 4.2 K is about 1 day if the cold mass
temperature is 125 K at the beginning and 5 h if it is at 65 K. This means a factor 4
reduction between the two cases.
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Figure III-2.4: LHC prototype magnet string temperatures during natural and
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Figure I11-2.5: Heat flux evolution over time during accelerated warmup (Run 2A)
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CONCLUSION

An efficient thermal design of the LHC cryostats is of primary importance in order
to maintain the heat inleaks within the imposed thermal budget of the cryogenic
system.

Cryostats have to be constructed to withstand steady-state and transient modes. For
steady-state operating conditions a lumped parameter mathematical model has been
created to simulate the thermal performance of 10-m long cryostats. For transients
one-dimensional linear models have been developed and solved by the finite
difference method.

Full-scale prototypes amply permitted to investigate the thermal performances of
cryostats and validate thus the mathematical models. In nominal steady operation the
heat inleaks of the LHC prototype dipole cryostats are 5 W/m at 50-75 K, 0.23 W/m at
4.5-20 K and 0.19 W/m at 1.9 K. Performing these measurements with a precision of
10% in a 10-m long cryostat requires specific methods and a very fine
instrumentation. For this purpose, the Cryostat Thermal Model (CTM) was designed
to measure very precise heat inleaks and to analyse the heat interceptions at
intermediate temperatures. The system flexibility and simplicity allowed different
operating conditions to be investigated and analysed. The nominal steady heat inleaks
have been measured and experimental results have confirmed those calculated. The
measured heat flux to
50-75 K through the MLI system only was 1.2 W/m? and from 50-75 K to 1.9 K was
0.09 W/m? confirming results previously obtained. Tests have been performed by
varying the screen temperatures and the residual gas pressure of the insulation space.
Heat inleak at 1.9 K was found to be very sensitive to the residual gas pressure,
increasing by a factor 1.5 if the insulation vacuum degrades from 10* Pa to 10 Pa
and by a factor 3 if it degrades up to 102 Pa. Calculated heat inleaks are in good
accordance to those measured over a large range of parameter variation, and the
mathematical model, now validated, can be used to simulate several other operating
conditions.

Low heat inleaks at the lowest temperature level can be attained by efficient heat
interception at intermediate temperatures. In the prototype cryostats the quality of
thermal contacts has been analysed. It was found that bolted contacts are not reliable
and cannot achieve low-enough thermal impedance. Welded, brazed and shrink-fitted
thermal contacts perform well and represent a valid solution for heat interception in
the LHC cryostats.

Heat inleak at 1.9 K is mainly due to the distributed heat flux from the thermal
shield through the MLI system. It is therefore of interest to try and reduce this source
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CONCLUSION

of heat inleak. A possibility is to replace the “floating” insulation system with an
actively cooled screen at 4.5-20 K. For the LHC cryostats a self supporting screen at
4.5-20 K could not be envisaged due to lack of space. Consequently, a “soft” screen at
4.5-20 K cooled by the supply line C* and leaning onto the cold mass via net-type
insulating spacers was considered. In such a configuration the performance of the
actively cooled screen is function of two parameters: a good thermal contact between
the screen and the cooling pipe and an efficient insulation between the screen and the
cold mass. Considering thermal impedances achieved in practise, the potential of
improvement of such an actively-cooled “soft” screen for the LHC cryostats is a
reduction of the heat inleak to 1.9 K (0.015 W/m®) of a factor 4 with respect to the
floating system version (0.060 W/m?).

Transient operating modes play an important role in the cryostat thermal
performance. They have been performed in a full scale LHC prototype magnet String
and results confirmed the LHC basic design choices.

It has been shown that it is possible to cooldown the 65-10° kg of the LHC String
cold mass in less than 4 days with 60 g/s of gaseous helium and a maximum
longitudinal thermal gradient in the magnet of 60 K. In case of fast cooldown and
warmup this time can be strongly reduced, but at the cost of higher temperature
gradients along the magnets. The mathematical model developed for studying forced
cooldown and warmup have been checked and validated against experimental data
and now can be used to predict the behaviour of the LHC machine cryostats under
nominal and accidental conditions.

Other transient modes which were tested are the natural warmup and the accidental
loss of insulation vacuum. Natural warmup with or without pumping of the insulation
vacuum has been tested on the 40 m long string test. The mathematical models used
for simulating natural warmup give results in good accordance with measured data.
The simulations of natural warmup show that if good vacuum is maintained during 3
weeks warmup, the recooling time can be reduced by a factor 4 with respect to the
case with no pumping of the insulation vacuum.

Accidental loss of vacuum insulation is not considered catastrophic and the
minimum temperature of 230 K attained on the vacuum vessel is still within the limit
accepted for embrittlement carbon steel. The maximum heat power received by the
cold mass is about 300 W/m and is small in comparison with that dissipated after a
magnetic resistive transition.
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ANNEX 1
Detailed heat inleaks

Al.1 Heat inleaks of the LHC prototype magnet string

Table Al1.1:  Calculated heat inleaks in short straight section cryostat in
steady-state conditions

Heat inleak 90 K 4.5-10 K 19K
[W] [W] [W]
Cold mass (6.915 m)
Support posts 10.80 2.90 0.80
Thermal shield 19.57
Radiative insulation 0.27 1.19
Vacuum barrier 9.16 0.19 0.80
Valves 2.15 0.15 0.49
Instrumentation feedthrough 0.41 0.03
Sub-total 42.09 3.51 3.31
Interconnection (0.44 m)
Instrumentation feedthrough 0.43 0.24
Safety valve 0.35 0.48
Thermal shield 1.40
Radiative insulation 0.03 0.08
Beam vacuum feedthrough 0.91 0.01
Sub-Total 3.09 0.03 0.81

Total 45.18 3.54 4.12
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Table A1.2:  Calculated heat inleaks in dipole cryostat in steady-state conditions

Heat inleak 90 K 4.5-10K 19K
[W] [W] [W]
Cold mass (10.252 m)
Support posts 10.80 2.90 0.80
Thermal shield 32.60
Radiative insulation 0.40 2.02
Sub-total 43.40 3.30 2.82
Interconnection (0.44 m)
Instrumentation feedthrough 0.43 0.24
Safety valve 0.35 0.48
Thermal shield 1.40
Radiative insulation 0.03 0.08
Sub-Total 2.18 0.03 0.80
Total 45.58 3.37 3.62

Table A1.3:  Calculated heat inleaks in the LHC prototype magnet string in
steady-state conditions

Heat inleak 90 K 45-10K 19K
[W] [W] [W]
String Feed Box 24.31 1.73 3.46
Short Straight Section 45.18 3.54 4.12
Dipole 1 45.23 3.37 3.14
Dipole 2 45.23 3.37 3.14
Dipole 3 45.58 3.37 3.62
String Return Box 33.21 1.31 3.73

Total 238.74 16.69 21.21
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Al.2 Heat inleaks of the Cryostat Thermal Model

The following tables show the calculated steady-state heat inleaks from measured
data under different operating conditions. The nominal steady-state nominal
conditions are 1.9 K, 5-10 K and 50-75 K at 10* Pa. The tables are presented
according to the parameters varied from the nominal conditions: temperature in the
circuit E-F, temperature in the circuit C-D and residual He pressure in the insulation

vacuuim.

Table Al1.4:  Measured steady-state heat inleaks for different temperatures of the
circuit E-F (precision=+5%)

Temperature level Test TS1 | Test TS2 | Test TS3

Cold mass [K] 1.86 1.88 1.72

1.9 K Mass-flow [g/s] 0.08 0.11 0.27
Heat inleak [W] 1.82 2.53 6.1

Heat inleak [W/m] 0.18 0.25 0.61

Line C_inlet [W] 53 5.6 7.0

Line C_outlet [W] 6.5 7.9 9.8

Line D_inlet [W] 7.3 9.2 12.6

4.5-20 K  Line D_outlet [W] 7.7 9.8 13.8
Support post [W] 11 13 15

Mass-flow [g/s] 0.24 0.2 0.15

Heat inleak [W] 2.35 3.44 5.29

Heat inleak [W/m] 0.23 0.33 0.53
Line E_inlet [K] 46 50 80

Line E_outlet [K] 53 63 101

Line F_inlet [K] 65 84 133

Line F_outlet [K] 76 102 148

Support post [K] 88 105 126

50-75 K Thermal shield [K] 77 100 150

Mass-flow [g/s] 0.5 0.3 0.15

Heat inleak [W] 47.8 44.7 30.0

Heat inleak [W/m] 4.8 4.4 3.0




DETAILED HEAT INLEAKS

In the tests TS the temperature of the circuit E-F was varied keeping constant the
other parameters. Tests LC were performed changing the temperature of the circuit

C-D

Table A1.5:  Measured steady-state heat inleaks for different temperatures of the
circuit C-D (precision=+5%)

Temperature level Test LC1 Test LC2
Cold mass [K] 1.8 1.84
19K Mass-flow [g/s] 0.08 0.11
Heat inleak [W] 1.85 2.58
Heat inleak [W/m] 0.18 0.26
Line C_inlet [W] 5.0 15.4
Line C_outlet [W] 7.0 19.2
Line D_inlet [W] 11.7 25.0
4.5-20K  Line D_outlet [W] 12.3 26.0
Support post [W] 11 18
Mass-flow [g/s] 0.12 0.06
Heat inleak [W] 2.1 1.27
Heat inleak [W/m] 0.21 0.13
Line E_inlet [K] 40 46
Line E_outlet [K] 46 52
Line F_inlet [K] 58 62
50-75 K Line F_outlet [K] 70 73
Support post [K] 77 86
Thermal shield [K] 74 75
Mass-flow [g/s] 0.5 0.5
Heat inleak [W] 48.0 43.2
Heat inleak [W/m] 4.8 4.3

In the following table only the 1.9 K level is shown since the degradation of
insulation vacuum does not affect significantly the steady-state heat inleaks at 4.5-20
K and 50-75 K.
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Table A1.6:  Measured steady-state heat inleaks at 1.9 K under varying residual
He pressure (precision=+5%)

Vacuum Heat inleak
[Pa] [W] [W/m]
Test VD1 5.10™ 1.9 0.19
Test VD2 107 2.1 0.21
Test VD3 44107 3.4 0.34
Test VD4 10 5.4 0.54
Test VD5 5-107 15.1 1.50
Test VD6 10" 29.9 2.97

To confirm that the new end boxes of CTM2, all made of stainless steel, did not
increase the cryostat heat inleaks, steady state heat losses under nominal conditions
were performed and results compared with those obtained with the previous CTM

version (table A1.7).

Table A1.7:  Comparison between CTM1 and CTM?2 heat inleak measurements
in nominal steady-state condition

Temperature level
50-75K 4.5-20K 19K
(W] (W] (W]

CTMI1 (residual He pressure =107 Pa) 47.8+3 2.35+0.15 1.82+015

CTM2 (residual He pressure =4-10 47.4+3 2.21+0.15  1.90+40.15
Pa)




ANNEX 2

Material properties at low temperatures

Knowledge of material properties at low temperatures [104-107] is fundamental in
the design and construction of performant cryostats. Investigations of new materials
constitute an active field of research. This chapter presents a survey of the thermal,
mechanical and electrical properties which are important in cryogenics. Elastic
properties are not mentioned as they do not change significantly at low temperature.

A2.1 Specific heat

In cryogenics, specific heat is involved in numerous calculations including the
dynamics of cooling, thermal energy stored and transient heat transfer.

For solids, two simple theories describe the behaviour of metals and insulators over
the entire range of temperature of interest. The first theory describes the specific heat
of phonons which exist in a solid. For most solids, except metals at very low
temperature, the phonon contribution to the heat capacity dominates (Debye law). For
metals at low temperatures (T around 1 K), the heat capacity is mainly governed the
conduction electrons (Fermi gas model).

The specific heat of material increases with temperature and approaches to zero
near the absolute zero (figure A2.1).

A2.2 Electrical resistivity

Near room temperature, the electrical resistivity of most pure metals decreases with
temperature as the result of electron-phonon scattering representing the temperature-
dependent contribution to the resistivity (o(7)). At vanishingly low temperature, the
resistivity approaches a constant value o, that depends on metal purity and lattice
imperfections. The total resistivity is given by Matthiessen’s law:

p=p(T)+p, (A2.1)

The effect of impurities is to shift the curve uniformly upward. The residual
resistivity ratio [RRR=p(273 K)/p(4.2 K)] is used often as a measure of the purity of
the metal. At very low temperature py is much greater than o(7T) so that temperature
variations do not affect significantly the value of resistivity. At high temperature the
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opposite behaviour occurs and resistivity is independent of purity. The electrical
resistivity of selected materials is shown in figure A2.2.
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Figure A2.1:  Specific heat of selected materials at low temperature [30]

100 +
: Y GO S o o
104
E -
3
G
=
1
2
/d
0.1E ¥ L /
0.01 s

1 10 100 1000
Temperature [K]

—+ Aluminum (99.6% purity) —#&— OFHC Copper —e— Stainless steel

Figure A2.2:  Electrical resistivity of selected materials at low temperature [30]
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A2.3 Thermal conductivity

The thermal conductivity k is a property that determines the temperature gradient
across a substance in the presence of a heat flow. Experimental measurements made to
determine the thermal conductivity of materials showed it depends on many
parameters, such as the chemical composition, the phase (solid, liquid, gaseous), the
crystalline structure, the temperature and the pressure.
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Figure A2.3: Thermal conductivity of selected materials at low temperature [30]

In solids, heat is conducted by two processes: lattice vibration and transport by free
electrons.

For pure metals, the first mechanism is very small and conduction is dominated by
electron motion. The electrons transport both electric charge and thermal energy from
a high-temperature region to a low-temperature region. The pure metals have in
general the thermal conductivity decreasing with temperature, but the presence of
impurities may completely change this tendency. Normally it is possible to represent
the thermal conductivity of a metal with the following relationship:

K =Ky(1+cT) (A2.2)
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where K) is the thermal conductivity of reference and ¢ a constant.

In insulators, the principal mechanism of heat conduction is lattice vibrations. The
thermal conductivity on temperature increases almost linearly with temperature. The
thermal conductivity of several technical materials as a function of temperature is
shown in figure A2.3.

In liquids, the thermal conductivity depends on temperature and is not very
sensitive to pressure. Most liquids show a thermal conductivity decreasing with
temperature.

In gases, in case of classical conduction the thermal conductivity is independent of
pressure and increases with pressure and decreases with molecular weight
(figure A2.4).

1 N
2
E
2 oi
2
2
3}
=]
=l
=
]
~ 001
<
E
o
=
B
0.001 L TR T T B I TR T R B I | I IR T S
1 10 100 1000

Temperature [K]

—e— Oxygen —#—Helium —&— Hydrogen —— Nitrogen

Figdre A2.4: Thermal conductivity of selected gases at low temperature [49]

A2.4 Thermal contraction

All materials change their physical dimensions when they are cooled to low
temperatures [108, 109]. Most of the contraction occurs between ambient and liquid
nitrogen temperatures. When designing a cryostat, it is very important to understand
the thermal contraction behaviour of technical materials. The thermal expansivity or
contraction is given by a thermodynamic definition. For liquids and gases the factor to
consider is the volume expansivity given by:

1(oV
Pr = V(a—T)P (23

where fris generally a function of temperature.
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For solids, the changes in individual dimensions may be different because of
anisotropic effects and the linear thermal expansion coefficient is given by:

or = 1(—81) (A2.4)
I\oT/ p
For isotropic materials:
1
or = EBT (A2.5)

For most common solids near room temperature, the linear expansion coefficient is
almost constant. At low temperatures, the expansion coefficient ar decreases and
approaches absolute zero with zero slope.

Because of the non-linear nature of the expansion of materials, it is often more
useful to have the integrated thermal contraction for the purpose of design.
Figure A2.5 shows the integrated thermal contraction of several materials at low
temperatures. It is important to note that metals typically have integrated contractions
in the range of 0.5% or less. Polymers such as nylon and teflon contract three times as
much as metals. Some amorphous materials, particularly glasses, have nearly zero or
sometimes negative thermal contraction.
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Figure A2.5:  Thermal contraction of selected materials at low temperature
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A2.4 Mechanical properties

It is important to know which structural materials remain ductile at low
temperature. The low-temperature embrittlement represents one of the limits in the
choice of the material. In particular, the structural materials should operate above the
ductile-to-embrittlement transition temperature. Ductility is desirable, so that eventual
stresses beyond design values can be redistributed to safe levels. Brittle materials are
not protected against excessive stress as an overstress often produces the failure of the
material. The plastic deformation in crystalline materials depends on the mobility of
dislocations within the crystal which also depends on temperature. The face-centered
cubic metals, such as copper and its alloys, nickel and its alloys, aluminum and its
alloys, and austenitic stainless steel show a ductile behaviour at low temperature if
they are ductile at room temperature. In contrast, body-centered cubic metals, such as
iron, carbon and low-alloy steel have a brittle behaviour at low temperatures. Most
plastics become brittle at low temperatures.

Structural materials used in cryogenics should also be characterised by sufficient
yield and ultimate tensile strengths.

Figures A2.6 and A2.7 show the yield and the ultimate tensile strengths for several
materials of interest in cryogenic applications.
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Figure A2.6: Yield stress of selected materials at low temperature [110]

For most common solids, the yield and the ultimate tensile strengths are greater at
low temperatures than at ordinary temperatures. The increase in strength is seen to
result from the reduced thermal excitation within the lattice, which inhibits the
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mobility of dislocations. For metals, the strength at 4 K may be two to five times that
at ambient temperature. For body-centered cubic steels, the yield strength increases so
rapidly with decreasing temperature that below a certain temperature these materials
fracture before their reach their yield strengths. For plastics, the strength at 76 K may
be one and a half to eight times greater than the room-temperature value. Glasses
show less change in strength at low temperature.
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Figure A2.7: Ultimate stress of selected materials at low temperature [110]
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Helium properties

The helium properties [49] mostly involved in thermal calculations are shown in
figures A3.3, A3.4, A3.5, A3.6. The phase and the T-S diagrams are presented in
figures A3.1 and A3.2. Some important constants of helium are listed in table A3.1.
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Figure A3.1: Phase diagram of helium
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Figure A3.2: Temperature-entropy diagram for helium (NBS)
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Figure A3.4:  Density of liquid helium at saturation
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Figure A3.7:  Entropy of liquid helium at saturation
Table A3.1:  Helium characteristics
Gas constant 2077.23476 J/kg-K
Molar weight 4.0026 g/mole
Pressure in standard state 0.101325 Pa
Critical pressure 227.4623 Pa
Critical temperature 5.1953 K
Critical density 69.6412 kg/m®
Saturated condition on lambda
line
Temperature 2.1768 K
Pressure 5.0418 kPa
Density of liquid helium 146.15 kg/m®
Density of gaseous helium 1.1924 kg/m’
Melting condition on lambda line
Temperature 1.7673 K
Pressure 3013.4 kPa
Density 179.83 kg/m’
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ANNEX 4

Thermal contacts

When different surfaces are placed in contact, a thermal impedance is always
present at the interface of the solids. The interface impedance is developed because
the two materials do not fit tightly together. The subject of interface impedance is a
complex one, and no single theory or set of empirical data accurately describes it for
surfaces of engineering importance.

A4.1 Model for solid-to-solid contacts

Imagine two solid bars brought into contact as indicated in figure A4.1. The sides
of the two bars are insulated, so that heat flows only in the axial direction. The
materials may have different thermal conductivity, but if the sides are insulated the
heat flux must be the same through both materials under steady-state conditions.

(b)

Figure A4.1:  Physical situation (a) and temperature profile (b) of the thermal
contact
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Performing an energy balance on the two materials, we obtain:

T, - - o —
g=K, AL Ter _ Iy TCI:KBA ca~-T (A4.1)
Ax 4 b Axp
heA
or
LT (A4.2)

q':
K A heA KA

where the quantity //hcA is the thermal impedance and Ac is the contact coefficient.
This factor can be extremely important in many heat-transfer situations involving
mechanical joining of two materials.

The parameters which mostly influence the thermal impedance are:

« surface roughness,

o pressure holding the two surfaces in contact,
« oxidation,

« interface fluid,

» temperature level.

Examination of an enlarged view of the contact between the two surfaces
(figure A4.2), shows that no particular surface is perfectly smooth and the surface
roughness plays a central role in determining the thermal impedance. The solids touch
only at peaks in the surface and the valleys in the mating surfaces are occupied by a
fluid, a liquid or a vacuum.

There are two principal contributions to the heat transfer at joint:
1. The solid-to-solid conduction at the spots of contact
2. The conduction through entrapped gases in the void spaces created by the
contact
The second factor represents the major resistance to heat flow, because the thermal
conductivity of the gas is quite small in comparison with that of solids.

Designating the contact area by A¢ and the void area by Ay, we can write the heat

flow across the joint
g= T, -Tp +KSAVTA_TB=TA—TB
e . % eg b
2K, Ac 2KpAc hcA

(A4.3)

where e, is the thickness of the void space and K; is the thermal conductivity of the
fluid filling the void space. The total cross-sectional area of the bars is A. Solving for
h¢, we obtain:

1 (Ac 2K,Kz A
he =—(—C—M+—VKJ (A4.4)
eg A KA +KB A
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Figure A4.2:  Joint-roughness model for modeling thermal contact impedance

In most cases, air is the fluid filling the void space and Kj is small compared with
K4 and Kp. If the contact area is small, the major thermal impedance results from the
void space. The main problem with this simple theory is that it is very difficult to
determine effective values of A, Ay and e, for surfaces in contact.

From equation A4.4 we notice that the thermal impedance should increase when
the thermal conductivity of the entrapped gas decreases. The thermal impedance
should decrease for an increase in the joint pressure since this results in a deformation
of the high spots of the contact surfaces, creating thus a greater contact area between
the solids.

Radiation heat transfer across the joint can also be important when high
temperatures are encountered.

A4.2 Empirical correlations

There is no satisfactory theory which will predict the thermal impedance or the
thermal conductance for all types of engineering materials. Experimental studies yield
empirical correlations. The thermal conductance C is expressed in W/m?K. For the
other parameters which appear in the following relationships, refer to the section “List
of symbols”.

¢ Fenech and Rohsenow’s correlation: metallic surfaces in contact [111]

4.26)Jn

4.26\/n %A +1 4.260/n —‘;—B +1

(1-Ac?) +
Ky Kp

C= (A4.5)

where A¢ is the contact factor, defined as follows:

(¢}
3R,

Ac = (contact surface/apparent surface) (A4.6)
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e Hsieh and Touloukian’s correlation: flat surfaces [112]

c-__ K (A47)
472.4241A
e Thomas and Probert’s correlation: same materials [113]
80075kA( F \7F
Cinox =— Aa ( A2 Rr) (A48)
L6613kA( F )7
CAluminum == Aa (AZR,.] (A4.9)
e Fletcher and Gyorog’s correlation: similar metal surfaces [114]
K P A P\*°
C= —exp(17OaTTm f—‘i—) (5.22 110 $2 +0.0360,T,, —j (A4.10)
c AE e E

e Astrabadi, O’ Callaghan, Probert and Jones’s correlation: stacks of thin layers
in high vacuum [115]

0.58
C= 3.025£(i) (A4.11)
e \ R

7

e Miller and Fletcher’s correlation: porous metals [116]

k(P 0.72
C= 2.335—(}—(1 - s)) (A4.12)

€ r

where ¢ is the porosity coefficient given by:

g = | — Dpowder (A4.13)

Pmatrice

A4.3 Methods to improve thermal contact

Thermal conductance increases with applied force [117, 118] in all materials as
well as with plating [119] of the contact surfaces by adequate material. Experimental
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data show that the conductances of the aluminum, brass and copper contacts increase
by approximately a factor 2 by gold plating the contact surfaces.

In many instances a further improvement of thermal performance is attained by
inserting solid thermal interposers or vacuum grease between the contact surfaces
[120]. Since for two surfaces pressed together the heat flow occurs at a few contacts
points, materials such as indium or Apiezon, will increase the actual contact area,
thereby decreasing the resistance due to constriction of the heat flow and improving
the conductance of all the materials. The Apiezon grease becomes rigid at cryogenic
temperatures. If good contact is not made at room temperature the resultant thick, non-
deforming layer of Apiezon separates from the contact surfaces at helium
temperatures, and the thermal impedance across the contact are actually increases. To
be effective, a large force must be applied at room temperature. For indium, a lower
applied force is needed because of its softness. Experiments [121] showed that the
addition of indium foil or Apiezon grease between the contact surfaces improved the
thermal conductance of a factor 3 for aluminum to an order of magnitude for copper
contacts. This suggests that thermal conductivity of the bulk material plays an
important role. It appears that conductance increases in a roughly logarithmic manner
with increasing thermal conductivity of the bulk material.

Surface roughness and oxidation affects the thermal impedance [122]. Slight
differences in surface preparation strongly influence the thermal impedance. If
ultrasonic cleaning after grinding is eliminated, the resulting thermal impedance
increases by an order of magnitude. The oxide present on contact surfaces has a
relevant effect on the temperature dependence of thermal impedance. Oxidation can
increase the thermal contact impedance by as much as a factor of 100.
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