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Abstract

The prototype magnet string, described in a companion paper, is a full-scale working model of a 50-m
length of the future Large Hadron Collider (LHC), CERN's new accelerator project, which will use
high-field superconducting magnets operating below 2 K in superfluid helium. As such, it provides an
excellent test bed for practising standard operating modes of LHC insulation vacuum and cryogenics, as
well as for experimentally assessing accidental behaviour and failure modes, and thus verifying design
calculations. We present experimental investigation of insulation vacuum pumpdown, magnet
forced-flow cooldown and warmup, and evolution of residual vacuum pressures and temperatures in
natural warmup, as well as catastrophic loss of insulation vacuum. In all these transient modes,
experimental results are compared with simulated behaviour, using a non-linear, one-dimensional
thermal model of the magnet string.
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The prototypemagnet string, described in a companieeyper, is afull-scale
working model of a 50-m length dhe future Large Hadroollider (LHC),
CERN's new accelerator projeciyhich will use high-field superconducting
magnets operating below 2 K in superfluid helium. As such, it provides an excellent
testbed for practising standard operating modes of LHC insulation vacuum and
cryogenics, asvell asfor experimentally assessing accidental behaviourfahae
modes, and thusverifying design calculations. We presenexperimental
investigation of insulation vacuum pumpdown, magnet forced-flow cooldown and
warmup, and evolution of residual vacuum pressures and temperatures in natural
warmup, aswell as catastrophic loss of insulation vacuum.dihthese transient
modes, experimental resultse compared withsimulated behaviour, using a
non-linear, one-dimensional thermal model of the magnet string.

INTRODUCTION

The Large Hadron Collider (LHC) project [1], currently under design at CERN, will make agghdield
superconducting magnets operating belb® K in apressurised bath dielium Il. Superconducting
magnet cold masseme housed in horizontal cryostats {#h several layers oheat interception and
screeningPrototypefull-scale model$3] have beerbuilt, testedand assembled intotast String [4,5] in
order to validate nominal and accidental operational modes.

The superinsulation system is composed of an intermedra¢dding at50-75 K and aradiative
insulation at 4.5-20 K. The thermal shield5&-75 K is covered with 3(ayers of multilayer reflective
insulation and the cold mass is wrapped with 10 layers of the same superinsulation [6].

Nominal insulation vacuum of TOPa can be achieved first by insulation vacuum pumpdown and then
by cryopumping duringool-down. Pumpdowrexperiments orthe String have beemade toidentify
times, the effect of conditioning ofthe multilayer reflective insulatiofMLI) and the acceptableitial
pressure for cooldown

Thermal transienteepresent standard operation modésch have to bestudied inorder to beable to
assessnaximumthermal gradients ithe magnet during fast cooldown and warmup. Interventions on the
LHC machine mayequire forced-flow warming abnly a fewmagnets. It is of interest to know thime
required forwarmingup, pumpingdown and cooling down farominaloperation and to understand how
the reminder of the machine will behave in a passive state.

Another transient mode is produced by accidental loss of insulation vacunay dtcurbecause of an
air leak fromthe ambient surroundings or an interdlium leak from a cryogenic circuit. Theacuum
vesselfor the LHC dipole cryostat ismade ofISO 430 carborsteel and in case of loss wisulation
vacuum it will progressively cool down, but must not reach the embrittlement temperature of the material.

INSULATION VACUUM PUMPDOWN

LHC cryostats must be pre-evacuatedathieveboth rapid ancefficient cooldown. Theinsulation
vacuum space of the String is characterised by the*4®lnme and the surface outgassing frorhrifof
MLI. First pumpdown of the insulatiovacuum showsigh water vapour gas load from the M&urface.



prolonged exposure to ambient air during a 3 month shutdown, returned the system to initial conditions.
Pumping of vacuum enclosures is characterised by a volumetric and outgassjmgnent. On String
pumpdowns where th&/stem has been exposed to thie outgassing component dominates after a few
hours pumping, between 2@nd 16 Pa. In the case afonditioning and repumpinghe outgassing
component dominates in the region 1 toPE) For théwo scenarios, a pressure of 1 Pa was achieved in
approximately 30 and 3 hours respectively.
A series of experiments have been performed to investigatepper pressutinit to begincooldown,
and show a pressure of about 1 Pa as acceptable. This value is anyway a requirement for room temperature
leak testing of the vacuum enclosure using helium mass spectrometer technology.

FORCED-FLOW COOLDOWN AND WARMUP

Cooling downfrom room temperature to 80 K amgarming up from 80 K t800 K are achieved by
flowing gaseoushelium respectively at decreasing and increastegnperatures. Thenlet helium
temperature is regulated on the total string gradient in order to avoid thermal stresses in the magnets.

The evolution of magnet arfteliumtemperatures have besimnulated by a one-dimensional non-linear
computer model, showschematically in figure 1The heat transfecoefficient (h) betweenrhelium and
magnets has been estimated2@0 W/KIm from design characteristics and validated from experimental
data. Thanass andhe specificheat of the cold ass (Cp) have been calculated from magnet design and
the helium specificheat (Cpe) from property tables [7Helium flowsthroughseveral channelsonnected
in parallel andonly thosewhich see turbulent flow, contribute to the heat exchange. The roakb
laminatedstructureallows longitudinalheat conduction to be neglectéthllowing this assumptionnly
convective heat exchange contributeshte heat transfer between cold mass elldim. From the heat
balance equation we obtain a system of padiféérential equationswvhich can be solvedxplicitly using
the finite difference method:
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At each node, we calculate cold mass temperatusk diidheliumtemperature (I as a function of
time (t).
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Figure 1: Mathematical model scheme ofigure 2: Forced-flow cooldown of LHC
forced-flow string cooldown and warmup prototype String (300-80 K)
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cooldown and warmup strongly depends onitig@osedmaximum drivingtemperaturalifference between
helium and cold mass as well as on the mass-flow.

Forthe first three runs, string cooldown started once the insulation vacuum was arguPal iiBereas
during Run2B residual gas pressure wasntained atbout 1 PaResidual gapressure of 1 Pa did not
affect the cooldowntime becaus¢he added heahleak is negligible incomparison with thénigh heat
capacity of the cold mass.

Figure 2 shows the forced-flow cooldown of the LH®Gtotypemagnet String (Run2A) and compares
simulated and measured data.

Table 1: Main parameters of the string forced-flow cooldown and warmup

Cooldown Warmup
M m AT max Time 300-80 K m AT max Time 50-300 K
[kg] [9/s] [K] [h] [9/s] [K] [h]
RunO 45.19 50 50 85 50 50 100
Runl 45.19 50 60 70 80 60 55
Run2A  65-10 60 60 85 natural and accelerated warmup
Run2B  65:18 80 60 707 @00 —m—m——————————

NATURAL AND ACCELERATED WARMUP

Figure 3 shows the thermal flow-scheme used for the one-dimensional radial model simulating heat transfer
during warmup[3]. Convection in nitrogen gas megligible inthe case of natural warmup, whereas it is
relevant in case of accelerated warmup. Solid conduthicough the insulation spacers and radiation
between thdayers of superinsulatioare negligible inboth the cases. Convection cannot occur in the
superinsulation due to the restrict space between spacers.

Natural warmup without activeumping orthe insulationvacuumstarted after guench wherthe cold
masstemperature was around 30 K and thermal shield at 90 K. Afteabout 20 hours ohatural
warmup residual gas pressurethe insulatiorvacuum degraderhpidly to 1Pa. Theend composition at
50 K wasmainly composed of hydrogefiO %) and carbon monoxid€5 %) from thesuperinsulation
outgassing and of nitroggd0 %) and oxygen(10 %) from a knowrair leak. The gas species tats
pressure is not relevant since the thermal impedance given by radiation is at least a factor 5 higjiaér than
due to conduction in residual gas. Tthetwas stopped after @ays wherthe cold mass was at 90 K and
the thermal shield at 180 K

In order tosimulate an accidental loss of vacuum insulation, warmup was then acceleratedtingin
N in the insulation space of the cryost&tmospheric pressure inside the cryostat was reached after 30
minutes. After another 30 minutes, condensation followefildsy was observed in distinct cadghots on
the external surface of the cryostat beneath the lower end of each dip®fecould beattributed to the
longitudinalheat transfer by natural convection. The lowest of thesespaits was at 230 K. In order to
prevent embrittlement dhe carbon steeball of the vacuum vessdhe insulationvacuum was pumped
down to 5-16Pa. The String temperatures watlewed to evolve at this pressure for 2 weaksl they
reached 300 K.

Figure 4 shows the evolution of the String average temperatures during naleb(ld accelerated
warmup (5-16Pa)and compares experimental and simulateth. Thermal impedancdue to conduction
in residual gas isiot negligible and this underlinethe important role oSuperinsulation in case of an
accidental loss of insulation vacuum.

The maximumcalculated hedlux from the thermal shield tahe cold nasswas 300W/m and it was
reached after a fewours. Innominalconditions the heahleak at1.9 K is about 0.4V/m and during a
magnetic resistive transition is of the order of 200 kw/m.
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Figure 3: Flow scheme of natural and acceleratdeigure 4: LHC prototype String temperatures
warmup during natural and accelerated warmup

CONCLUSIONS

Thermal and vacuum transient modes infulk scale LHC prototype string have been performed
successfully and confirmetie basic design choices. It has be#towed that it ipossible tocooldown or
warmup the 65-Tkg of the LHC string cold mass in less than 4 days with/6®f gaseouseliumand a
maximum longitudinal thermal gradient in the magnet of 60 K.

Simulation of loss of vacuum insulation by nitroggas injection at5-10 Pa is notconsidered
catastrophic and theacuum vesseminimum temperature of 230 K istill within the limit accepted for
carbon steel embrittlement. Thmower received by the coldnass is small icomparison withthat
dissipated after a magnetic resistive transition .

Mathematical models developddr studying forced cooldown and warmup, natural warmup and
accidental loss of insulation have been checked and validated against expemtatenthesesimple
models can be used to predice behaviour othe LHC machinecryostats undenominaland accidental
conditions.
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