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The operation of Nb-Ti superconducting magnets in He II relies on superfluidity to overcome the severe
thermal barrier represented by the cable electrical insulation. In wrapped cable insulations, like those
used for the main magnets of the Large Hadron Collider (LHC) particle accelerator, the micro-channels
network created by the insulation wrappings allows to efficiently transfer the heat deposited or gener-
ated in the cable to the He bath.

In this paper, available experimental data of heat transfer through polyimide electrical insulation
schemes are analyzed. A steady-state thermal model is developed to describe the insulation of the LHC
main dipole magnets and the Enhanced Insulation proposed for the High Luminosity LHC upgrade (HL-
LHC), according to the relevant geometric parameters. The model is based on the coupled mechanisms
of heat transfer through the bulk of the dielectric insulation and through micro-channels between the
insulation tapes.

A good agreement is found between calculations and tests performed at different applied pressures and
heating configurations. The model allows identifying the heat fluxes in the cable cross-section as well as
the dimensions of the micro-channels. These dimensions are confirmed by microscope images of the two

insulations schemes.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Superconducting accelerator magnets are confronted with heat
deposit and heat generation due to several mechanisms such as
beam losses and AC losses, respectively. An efficient heat extrac-
tion from the coil is required to maintain the superconducting
state, in particular to overcome the highest thermal resistance be-
tween cables and cooling bath that is represented by the cable
electrical insulation [1,2].

In the Nb-Ti conductors constituting the main magnets of the
Large Hadron Collider (LHC), the choice of superfluid helium (He
II) coolant and of a porous insulation scheme allowed improving
the heat transfer [3] with respect to sealed insulation schemes as
that of the Superconducting Super Collider [4]. In case of the fore-
seen High Luminosity LHC (HL-LHC) upgrade, the required mag-
nets will have to withstand larger heat loads than in the current
LHC operation [5]. For this reason they will make use either of
the NbsSn technology that provides a large temperature margin,
or of the Nb-Ti technology featuring an increased heat extraction
capability thanks to a thermally enhanced insulation scheme [6,7].
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So far the thermal characterization of electrical insulations of
superconducting cables has been mainly addressed using the stack
method, an experimental setup reproducing the coil configuration.
This kind of measurement was first performed at CEA-Saclay using
solid conductors during the R&D phase of the LHC main magnets
[3,8], as well as at KEK using resistive cables with the same geom-
etry of the superconducting ones to study the LHC MQXA interac-
tion region quadrupole [9,10]. These tests highlighted the presence
of a direct He II link between cables and bath. Heat transfer tests
carried out at CERN [11] concerned in a first stage the analysis of
high ramp rate quench data of 1 m long LHC model dipoles. In a
second stage, tests were carried out on a smaller scale setup, closer
to the CEA and KEK mentioned ones. The sample was in this case a
segment from a (superconducting) LHC production coil. More re-
cently, stacks made of resistive cables were used at CERN to assess
the enhanced thermal behavior of the HL-LHC insulation with re-
spect to the LHC one, with particular attention to the effect of
the applied pressure [12,13]. The results of such recent measure-
ments are analyzed in the paper. The different experimental setup
used in [14], rather than considering the entire heat transfer in a
stack, focused on a simplified one-dimensional heat transfer. This
allowed a first decoupled modeling of the polyimide and helium
heat transfer contributions.
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The work presented in this paper aims at extending the latter
quantitative method. We aim at understanding the mechanisms
of heat transport occurring in Nb-Ti cable insulations in order to
describe the coil thermal behavior. A simple thermal model
accounting for anisotropic three-dimensional coupled heat transfer
mechanisms was developed. It is focused on the superfluid helium
region, where the strands temperature is below the /. temperature
T;. The model allows to reproduce He II stack measurements and to
determine the heat fluxes distribution. The insulation characteris-
tic dimensions are also identified, and confirmed by microscope
images of the insulation tapes deformed under pressure. This mod-
eling approach is applied to the two polyimide insulation schemes
of interest for the current and future exploitation of the LHC parti-
cle accelerator, hereafter referred to as LHC and HL-LHC insulation
schemes.

2. Experimental setup

In this section we briefly introduce the experimental setup and
test procedure of the measurements analyzed in the paper. A de-
tailed description can be found in [12,13]. Cu-Ni (Cu-10 wt% Ni)
resistive cables were used instead of the Nb-Ti superconducting
ones. They feature the same Rutherford geometry as the inner layer
cables of the LHC main dipoles [15]. They are made of 28 strands
with a diameter of 1.065 mm. They have a width of 15.1 mm and
a mid-thickness of 1.9 mm. The cables were insulated according
to the schemes described in Sections 4 and 5. A rectangular stack
of six cables was made for each insulation scheme, by alternately
piling up the cables to compensate for the keystone angle. The
stacks underwent a curing cycle at a pressure of 130 MPa and a
temperature of 190 °C. An example of cured stack is shown in
Fig. 1(top). The sample was instrumented with an array of Au-Fe
(Au-0.07 at% Fe) vs. Chromel thermo-couple junctions, located in
different positions. Fig. 1(bottom) shows an instrumented sample,
where the thermo-couples wires can be observed in the central

Fig. 1. Top: top and side view of a cured LHC six-units stack. Bottom: instrumented
sample. The direction of the applied pressure (P) is also shown.

part and the wires for current injection in the cables at the extrem-
ities. Fiberglass plates were added on each side of the stack and
epoxy plugs at its extremities to prevent transversal and longitudi-
nal parasitic cooling, respectively. The error in the temperature
measurement was estimated to be less than 3 mK or 3% of the mea-
sured value, whichever is bigger. The error in the power measure-
ment was evaluated to be smaller than 0.1% of the measured value.

A compressive pressure was applied on the cables large faces, as
schematically shown in Fig. 1(bottom). Both cables small faces are
open to the He Il bath, which is pressurized at 0.1 MPa and kept at
1.9 K, stabilized within 0.2 mK. Because of the differential thermal
contractions between the materials constituting the stack and the
sample holder, the pressure applied at room temperature results in
a slightly higher pressure at low temperature. In the following we
will refer to the pressure applied at room temperature. Either one,
three or five cables were uniformly heated by Joule effect, while
their steady-state temperature difference with respect to the bath
was measured.

3. Model description

The experimental setup is simulated by a network model where
steady-state heat transfer balance equations are solved at the nodes.
The model is two-dimensional and describes the cables cross-sec-
tion. Indeed the Joule heating dissipated in the cable is uniform in
the longitudinal direction and the epoxy plugs at the sample extrem-
ities prevent from parasitic cooling in that direction, so that heat is
transversally extracted from the cable. Furthermore it was observed
[13] that all the thermo-couple junctions located in different cable
cross-sections measure the same temperature below T, due to the
superfluid helium filling the interstices among the strands. There-
fore the strands temperature is the same for every sample cross-sec-
tion, which justifies the two-dimensional hypothesis.

However the temperature gradients between the outer strands
surface and the external bath develop in the three spatial direc-
tions. The model is developed to take into account the three-
dimensional shape of the helium channels and their thermal cou-
pling to the insulation tapes, through the definition of nodes in
the cable insulation.

The mentioned experimental evidence of equal temperature
measured in the different thermo-couple locations below T; also
means a uniform strands temperature over the cable cross-section.
This allows describing all the strands by a single node. The heat
transfer between adjacent nodes can occur through polyimide so-
lid conduction, superfluid (He II) conduction or both contributions
in parallel. The simplified implementation of the coupling between
these thermal mechanisms, as well as the location of the nodes in
the insulation, depend on the insulation scheme and will be specif-
ically addressed in Sections 4.1 and 5.1. In this section we define
how every contribution is calculated and we discuss the model
hypotheses and limits.

The polyimide conduction heat transfer Q,,,, is calculated with
the Fourier law. The linearity of the polyimide thermal conductiv-
ity in the considered temperature range allows to approximate its
integral with an average value:

& Apali T
Qo = 3 202t /T Kpor (T)dT
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T; and T are the temperatures of two adjacent nodes, k. is the
temperature dependent polyimide thermal conductivity and
kpoLa»(Tj, Ti) is the average value between Tj and Ty. P is the number
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Fig. 2. Polyimide thermal conductivity at low temperature, compiled from different
sources [16-21].

of insulation portions between nodes j and k having surface Apy;
and thickness d,0.;.

The polyimide thermal conductivity at low temperature was
investigated by several authors, as summarized in Fig. 2. Data from
Baudouy [16] in the superfluid region agree with those from Law-
rence et al. [17] that are taken over a larger temperature range.
Furthermore data from Lawrence et al. and from NIST [18], which
refer to two different temperature ranges, are in agreement in the
overlap of the two ranges. In the following we will retain values
from Baudouy rather than from Cryocomp [19] or Barucci et al.
[20]. The latter differ by a factor two below T, and to our knowl-
edge there are not other experimental values confirming them.
The sensitivity of the model to the polyimide thermal conductivity
was assessed. Assuming different values than those from [16], the
results of the computations do not change by more than 10%.

As for the heat transport through the micro-channels located
between the insulation tapes, we assume that it follows the known
laws of the superfluid dynamic regimes. However a complete study
assessing whether these macro-scale laws are valid in such narrow
channels is missing. The validity of the classical laminar and turbu-
lent regimes in pressurized He II has been so far only confirmed
down to 17 pum thick channels [13,22,23]. Fundamental investiga-
tions are ongoing to study possible dependencies on the geometri-
cal size and shape for smaller dimensions [13]. This is mainly of
concern for the LHC insulation, since as it will be shown the aver-
age size of the channels in the HL-LHC insulation is typically larger.

The integral expressions of the laminar (Landau) and turbulent
(Gorter-Mellink) equations are implemented in the numerical
model. In particular the Landau heat flux Q. is calculated as:

KN Aai -y [T [p(T) ST
Uuan = ; len ./T, B-n(T) ar. @

where p is the density of the bulk helium, s the entropy, T the tem-
perature, 7 the viscosity and 8 is a coefficient depending on the
channel cross-section. N is the number of channels between nodes
j and k featuring surface Aqy;, length I, ; and diameter dy,; (if circu-
lar). In the considered case of channels rectangular cross-section
with sides ag,; and by, the relation between normal fluid velocity,
pressure and temperature gradient [24,25] yields a fof 12 and a d¢p;
expressed as a combination of a,; and by ;:
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The Gorter—-Mellink heat flux Qg is calculated as:
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where p, and p; are the density of the superfluid and of the normal
components respectively, Ay is the Gorter-Mellink coefficient and
fis the He II equivalent thermal conductivity.

The variables p, s, 1, ps, pn, f and Agy are temperature depen-
dent. Their values come from the HEPAK database [26] with an er-
ror typically smaller than 1%. They all refer to a helium pressure of
0.1 MPa.

The transition between the two dynamic regimes of superfluid
helium is related to the onset of vorticity in the superfluid and in
the normal components. It occurs at a critical heat flux density that
depends on the channel dimension. Also in this case, a fundamen-
tal study in pressurized He Il would be needed, to experimentally
determine the critical heat flux density in such small dimensions
[13]. In the following we will use the critical heat flux density
Q.; predicted by Ladner and Tough [27]. This critical heat flux is
associated to the critical velocity of the superfluid component
and is expressed as:

4.0
7D Ps(Thath) - S(Toath) - Toath- (5)
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o is an experimentally determined constant value depending on
dimension and shape of the tested channels, that is approximately
equal to 1. D is the hydraulic diameter and ), is a temperature
and geometry dependent parameter, equal to 102 s/cm? for a bath
temperature Tpqp, 0f 1.9 K. The other functions ps and s are also eval-
uated at the same Tyq. It is worth noticing that Eq. (5) was deter-
mined in saturated He II for particular channel geometries, by
making use of empirical coefficients.

The temperature sensors aiming at measuring the strands tem-
perature are electrically insulated from the strands themselves.
This results in a measured temperature that lies in between the
temperature of the strands and that of the helium inside the cable.
Because of the associated uncertainty, we neglected the Kapitza
resistance between strands and helium. The polyimide-helium
Kapitza resistance is neglected as well, because more than one or-
der of magnitude smaller than the thermal resistance of the poly-
imide bulk material [16]. The strands-polyimide contact resistance
is not considered because of the large associated uncertainty [28].

Although the geometry of the insulation scheme is considered
in the model, it is important to stress that a fundamental uncer-
tainty remains on some parameters, mainly the channels cross-
section and the presence of possible restrictions along the channels
length. Besides the effect of the pressure applied during the test,
several other mechanisms can influence the micro-channels topol-
ogy and dimensions. For instance the curing cycle [29], the plastic
deformation due to the applied pressure [30] as well as to creep ef-
fect [29], or the stress induced by the differential thermal contrac-
tions of the coil components. All these mechanisms affect the
micro-channels among the insulation tapes, thus making hard to
precisely determine their shape and dimension from a mechanical
standpoint. In the following, we will determine the channels aver-
age dimensions from a thermal point of view, assuming that they
do not vary along the channels length. Because of the mentioned
uncertainties, we prefer not to over complicate the modeling.

The steady-state hypothesis allows to assume in each node that
the algebraic sum of the heat fluxes exchanged with the other
nodes and of the heat sources is zero. All the heat balance
equations are written in the form of a matrix system: H-T = Q. Each
term of the matrix H is the sum of the heat transfer coefficients
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associated to the heat fluxes entering or exiting a node. Each row
contains all the contributions relative to a single node. T is the vec-
tor of the temperatures at the nodes. Q is the vector of the heat
sources, where the only terms different from zero are those corre-
sponding to the nodes representing the cables, whether heated.

All the heat flux contributions except the heat sources are tem-
perature dependent, as from Egs. 1, 2, and 4. Therefore the matrix
system is solved by subsequent iterations, as long as the elements
of the vector T feature a percentage relative variation smaller than
0.01%. Another iteration loop is present, external to the previous
one. It is performed to determine the free parameters of the model
that allow reproducing experimental measurements carried out
with different heating configurations and different applied pres-
sures. These parameters are the unknown channels dimensions
and will be detailed in Section 4.1 for the LHC insulation and in
Section 5.1 for the HL-LHC insulation.

4. LHC Insulation

The LHC insulation scheme used for the main dipole magnets is
shown in Fig. 3, where some helium heat transfer paths are also
highlighted. They will be discussed in the next section.

The geometric parameters of the three wrapped polyimide
tapes constituting the insulation are listed in Table 1. The first
two tapes ensure the electrical insulation by minimizing the risk
of punch-through and providing a sufficiently long surface path
for electrical discharge. The 3rd tape is wrapped with a spacing
of 2 mm in order to create channels for the He II coolant between
the coil turns. Furthermore, the last tape provides cohesion be-
tween adjacent cables thanks to a thin layer of polyimide glue on
its outer surface that is activated during the curing cycle. It is
worth noticing the importance of the development work done to
avoid flowing of the polyimide glue [31]. This is a necessary condi-
tion for the He Il permeability of the analyzed insulations.

4.1. Model implementation

The first two tapes create large aspect ratio micro-channels fea-
turing different thickness whether located on the compressed or
on the non-compressed cable face, as shown in Fig. 4. Therefore
we distinguish the behavior of the cable large face from that of
the cable small face. In the following we will refer to these mi-
cro-channels as slits in the cable longitudinal direction having
the width of the relevant cable face.

Fig. 5 shows a detailed sketch of the insulation and of the heat
transfer paths implemented in the model. The top and bottom pic-
tures refer to the cable small and large face, respectively.

The slits on the cable small face provide the same heat extrac-
tion for every pressure applied on the stack, because they are not
affected by the pressure applied by the sample-holder. Further-
more they are open to the bath. Their length depends on the tapes
overlap, varying between a minimum of 6 mm if they exit on the
spacing of the third layer, thus in the external bath (path 1), and
a maximum of 11 mm if they exit in the middle of the third layer

2rd tape

13t tape @

Fig. 3. LHC insulation scheme. Two helium heat transfer path are also shown (see
text for description).

Table 1
Geometric parameters of the LHC insulation scheme.
Insulation scheme  1st tape 2nd tape 3rd tape
LHC 11 mm wide 11 mm wide 9 mm wide
No spacing No spacing 2 mm spacing
50 um thick 50 pm thick 69 pm thick

50% overlap 1st tape  Cross wrapped

Slits in cable
small faces
> Slits in cable
large faces
Channels of
the 3™ layer

Fig. 4. Sketch of the LHC insulation slits on the cable small and large faces, in the
stack setup (from [32]).

AAA

P
/1
/7

@ © ®

Fig. 5. Sketch of the heat transfer paths implemented in the LHC model, where the
black balls represent the nodes. The top picture refers to the cable small face,
whereas the bottom picture refers to the cable large face.

(path 2). We calculate the total number of slits from the sample
length and the width of the first two tapes. 18% of them are
6 mm long slits. For the remaining longer slits an average length
is assumed.

The heat extraction through the cable small face is completed
by solid conduction through polyimide, which does not feature
any dependence on the applied pressure either. It is the sum of
two contributions: conduction through the only first two tapes
where the spacing of the third layer is (path 5), and through all
the three tapes elsewhere (path 6). According to [32], we assume
the polyimide conduction surface equal to the total surface with
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two polyimide tapes for the heat path 5, and with three tapes for
the heat path 6. The considered thickness is 100 um for heat path
5 and 169 pum for heat path 6.

The cable small face is the only one for which it is assumed that
He II and polyimide conduction heat transfer are decoupled. This
hypothesis was demonstrated to be consistent in [14].

The description of the cable large face is more elaborate. The
length of the slits is the same as before, whereas their thickness
depends on the applied pressure. The slits (heat path 3) are not
directly open to the bath, but to the channels located in the
2 mm spacing of the third layer. These third layer channels are in
contact with the bath at their extremities, through the heat paths
4, Polyimide heat transfer between the cables and the third layer
channels along their length is also taken into account, through
the first two insulation tapes (heat path 7). The above mentioned
hypotheses on the polyimide conduction surface and thickness
are made here as well. As depicted in Fig. 5 (below), several nodes
are defined to describe the link between slits and third layer chan-
nels, as well as the coupling between He Il and polyimide heat
transfer. The model accounts for the possibility that the He II link
between slits and third layer channels might occur in each of the
three nodes shown (for each half cable width), calculating the cor-
responding surface.

The polyimide heat path 8 allows a direct coupling of adjacent
cables through the contact surface between their third tapes, as
well as a link between one cable and the third layer channels of
its adjacent cable, through their relevant surfaces. The compressed
insulation thickness on the large cable face is derived from the
mechanical measurements reported in [29].

Several other nodes are defined: they correspond to the cables
where the heat can be deposited, and to the bath that is kept at
a constant temperature of 1.9 K.

Fig. 6 shows the simplified sketch of the model cross-section,
where all the six cables of the measured stack are described. It is
worth underlining that, although the sketch refers to the cables
cross-section, the third spatial direction is taken into account:

- to describe the slits in the cable longitudinal direction and the
third layer channels, as explained;

- to consider all the slits, channels and polyimide surfaces along
the sample length, which are lumped in one single cross-
section.

The unknown dimensions, which constitute free parameters of
the model, are:

a. the thickness of the slits in the cable small faces: thgna;

Fig. 6. Sketch of the model developed for the LHC insulation. The black ovals are the
nodes. The dark blue resistances represent the helium heat paths, whereas the light
green resistances represent the polyimide heat paths.

b. the cross-section of each slit in the cable large faces: Ajarge;

c. the cross-section of the third layer channels. This parameter
Achannet Will be expressed in terms of percentage of the non-
pressed channels cross-section, i.e. 2 mm x 69 pm.

4.2. Results

The results are presented in terms of temperature increase as a
function of the power dissipated in the 156 mm long central con-
ductor, in a pressurized He bath at 1.9 K. The first results shown
in Fig. 7 are obtained with a simplified model not considering
the slits in the cable large faces. Calculations are compared to mea-
surements in case of two heating configurations: one heated cable
(the central one) and five heated cables. The choice of the same
optimized values for thgmq; and Acpanner does not allow reproducing
both measurements: if the calculation is in good agreement with
the measurement for the five heated cables case, some heat re-
moval is missing in the one heated cable case. Adding the slits in
the cable large faces provides a solution to this problem, since
the corresponding heat extraction is larger if the cables adjacent
to the central one are not heated. It is worth noticing that heat
transfer measurements from a stack sample already provided qual-
itative information on the mechanisms occurring in the cable large
faces [13]. They proved that the helium penetrating the void spaces
between adjacent cables plays a role in the cable cooling.

Fig. 8 reports results obtained with the full model described in
the previous subsection, compared to measurements performed at
an applied pressure of 50 MPa. Good agreement is found for the
different heating configurations, with the following choice of the
unknown parameters:

b thsmall =6.64 pm;
o Ajarge = 1.69 pm?;
® Achanner > 10%.

The small value of Agg is associated to a regime of pure super-
fluidity, as it will be shown, that allows an extremely larger heat
transfer than in other regimes. It is useful to remind that such va-
lue is obtained in the assumption of a constant cross-section along
the channel length. In case of the large (pressed) cable face this
hypothesis is not as reliable as for the small (non-pressed) face, be-
cause the channels will feature several and important restrictions.
Ajarge has to be considered as the equivalent cross-section under the
mentioned assumptions. It is worth noticing that larger values of
Achanner do not substantially modify the results of the calculation,
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Fig. 7. Heat transfer curves through the LHC insulation for different heating
configurations, simplified model without channels in the cable large faces (curves)
vs. measurements (markers).
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Fig. 8. Heat transfer curves through the LHC insulation for different heating
configurations, model (curves) vs. measurements (markers).

since the bottleneck of the heat extraction through the cable large
faces is represented by the He Il and polyimide heat transport to-
wards the channels of the third layer.

The different heat fluxes exiting the cable can be grouped into
the following contributions:

e He II through cable small faces (heat paths 1 and 2);

e Polyimide conduction through the cable small faces (heat paths
5 and 6);

e He Il through the cable large faces towards the third layer chan-
nels (heat path 3);

e Polyimide conduction through the cable large faces towards the
third layer channels (heat path 7);

e Polyimide conduction between adjacent cables (heat path 8).

Fig. 9 reports such contributions, in case of three heated cables
compressed at 50 MPa. The He II heat flux through the cable small
faces is the largest contribution. It represents more than 60% of the
total heat extraction for small temperature increase. It tends to-
wards a vertical asymptote while approaching T;, and its relative
contribution decreases to 50%. The polyimide conduction through
the cable small faces and between adjacent cables is small,
whereas the two mechanisms of heat transfer to the channels of
the third layer in the cable large faces play a non-negligible role.
In particular, the polyimide contribution through the cable large
faces represents 20% of the total heat extraction. The critical heat
flux delimiting the Landau from the Gorter-Mellink region is esti-
mated to be 16 mW for the slits of the cable small faces and
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Fig. 9. Contributions to the heat extraction through the LHC insulation.

100 mW for those of the cable large faces. This means that the
He II heat transfer is always described by Eq. (4) for the slits of
the cable small faces and by Eq. (2) for the slits of the cable large
faces.

Fig. 10 presents the case of three heated cables for different ap-
plied pressures. The same thgyq; of 6.64 pum is used in all cases, be-
cause it does not depend on the pressure. The other parameters
decrease while increasing the pressure, as reported in Table 2. In
general the agreement between the LHC model and the relevant
measurements is within 7%, except for the one heated cable config-
uration where the error can be larger below a temperature increase
of 100 mK.

4.3. Slits on the cable small and large faces

Stacks made of two insulated cables were prepared in order to
visualize their electrical insulation under the microscope [13].
The two-units stacks were cured according to the cycle mentioned
in Section 2 and inserted inside a small sample holder to apply a
pressure of around 50 MPa at room temperature. A cut of sample
and sample holder was realized in the cable transversal direction,
and the cross-section was then polished.

The pictures reported in Fig. 11 are details of the cable small
faces, where the strands and the slits between the tapes can be
clearly identified. They feature a not constant thickness ranging
approximately from 3 to 18 um, which is in agreement with the
theoretical thickness of around 7 um determined through the
modeling.

Fig. 12 shows two details of the insulation on the pressed cable
large faces. It is possible to distinguish some slits between the
tapes, as those assumed in the model. However, they are far from
featuring a constant shape and thickness. This observation qualita-
tively confirms hypotheses and results of the model developed for
the LHC insulation.

5. HL-LHC insulation

The HL-LHC insulation scheme is shown in Fig. 13. It is made of
three wrapped polyimide tapes which geometric parameters are
listed in Table 3.

Compared to the three tapes of the LHC insulation scheme, the
role of the second tape in this scheme is not to provide electrical
insulation, but spacing between the other tapes. This creates a
structure more open to He II. The electrical insulation function is
taken over by the third tape, which is overlapped with respect to
the first one. The last tape features also in this case a thermally
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Fig. 10. Heat transfer curves through the LHC insulation for different applied
pressures, model (curves) vs. measurements (markers).
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Table 2

Summary of the average slits and micro-channels dimensions for the LHC insulation.
They were determined with the developed model as a function of the applied
pressure.

Insulation scheme Slits/channels 25 (MPa) 50 (MPa) 100 (MPa)

LHC thsman 6.64 um 6.64 um 6.64 pum
Alarge 1.72pm?  1.69um?  1.63 um?
Achannel >20% >10% >5%

activated adhesive film on its external part to provide the coil with
mechanical stability. Breakdown voltage measurements on cables
stacks showed satisfactory electrical performance of this insulation
scheme [23].

5.1. Model implementation

The main innovations of the HL-LHC scheme are the channels
created along the second tape, as well as the openings between
first and second layer and between second and third layer. This
provides a large direct path through He II from the strands to the
bath.

The mentioned channels, hereafter referred to as second layer
channels, are 9.5 mm long. They can either come out in the cable
small face (heat path 1), hence directly to the bath, or in the cable
large face (heat path 2). In the latter case a supplementary channel
length has to be considered before reaching the bath, along the
edges of the third tape (heat path 3). We will refer to this supple-
mentary length as to third layer channels. The total length between
strands and bath through second and third layer channels can
reach a maximum of 17.4 mm. These He II heat paths are presented
in Fig. 13.

Every second layer channel lies on the cable large faces for most
of its length. In this zone it is submitted to the pressure applied on
the stack, hence all the channels feature the same minimum cross-
section. For this reason, unlike what we did for the LHC insulation,

-

15t tape

2" tape

®

Fig. 13. HL-LHC insulation scheme. The main helium heat transfer path are also
shown (see text for description).

the heat transfer contribution of the large face will not be differen-
tiated from that of the small face.

n
4.04pum

Fig. 11. Slits in the LHC insulation scheme located on the cable small faces. Left: insulation around a strand located between the cable small and large face. Right: insulation

close to strands in the cable small face.

4.90 pm
I

2.19 ym

7 4.04 um

Fig. 12. Slits in the LHC insulation scheme located on the cable large faces.
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Table 3
Geometric parameters of the HL-LHC insulation scheme.
Insulation scheme  1st tape 2nd tape 3rd tape
HL-LHC 9 mm wide 3 mm wide 9 mm wide
1 mm spacing 1.5 spacing 1 mm spacing
50 pum thick 75 pm thick 69 pm thick

Cross wrapped  50% overlap 1st tape

The choice of not separating the thermal behavior of small and
large cable faces has also a physical meaning. The described helium
heat transfer paths run indeed around the cable, concerning at the
same time its small and large faces. This is confirmed by the results
of the heat transfer tests performed in [33], through a setup aimed
at reproducing the behavior of the only compressed large face. The
measurements performed in such conditions show a small
improvement of heat transfer through the HL-LHC insulations with
respect to the LHC insulation, of around 25%. This is much smaller
than the major improvement measured in [12] through the stack
method. Small and large cable faces must therefore work together
to fully exploit the He II open structure of the HL-LHC insulation.

Fig. 14 shows a detailed sketch of the insulation and of the heat
transfer paths implemented in the model. Both the second layer
channels (helium heat path 1 or 2) and the third layer channels
(helium heat path 3) are described. 12% of the second layer chan-
nels exit directly in the bath. The remaining ones are coupled to
the third layer channels.

A node is defined in the middle of the second layer channels, to
consider the coupling with the polyimide heat transfer occurring
through the first insulation tape (heat path 4). Other nodes are de-
fined along the third layer channels. They account for heat deposit
along their length due to:

- helium second layer channels (heat paths 1 and 2);

- polyimide conduction through the first insulation tape (heat
path 4);

- polyimide conduction through the first and second insulation
tapes (heat path 5).

The model accounts for the possibility that the He II link be-
tween second and third layer channels might occur in each of
the 3 nodes shown in Fig. 14 (for each half cable width), calculating
the corresponding surface. The remaining nodes concern the link
between polyimide conduction and third layer channels. This fea-
ture of the model is schematically shown in Fig. 15, in the heat
transfer paths shown above and below the strands.

Two more nodes are defined, corresponding to the cable strands
and to the 1.9 K external bath. The polyimide solid conduction con-
tributions through the cable small face, as well as towards the
adjacent cables, are implemented. The geometrical insulation
thickness (of either two or three tapes) is considered for the small
face. The average compressed insulation thickness, derived from
the measurements reported in [29], is used for the large face.

Fig. 15. Sketch of the model developed for the HL-LHC insulation. The black circles
are the nodes. The dark blue resistances represent the helium heat paths, whereas
the light green resistances represent the polyimide heat paths. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

The slits in the cable longitudinal direction, that were consid-
ered for the LHC insulation, are neglected in this case because
noticeably smaller than the second layer channels.

It was shown in [12] that adjacent cables insulated with the HL-
LHC scheme are thermally decoupled to each other well above T;. A
model focusing on one single cable could therefore be developed,
assuming the adjacent cables to be at the bath temperature. Its
simplified sketch is reported in Fig. 15. As for the LHC model, be-
sides the cable cross-section we also take into account the third
spatial direction to describe all the helium channels along their
whole length, as well as the coupling with the polyimide conduc-
tion mechanism.

The unknown dimension constituting the only free parameters
of the model is the cross-section of the second layer channels. The
cross-section of the third layer channels is considered to scale
accordingly. This parameter Acpanner is €xpressed in terms of per-
centage of the non-pressed channel cross-section, i.e.
1.5 mm x 75 pm.

5.2. Results

Fig. 16 reports the results obtained in case of one and five
heated cables, compared to measurements performed at an applied
pressure of 50 MPa. A good agreement is found with an Acugnner Of
39% in the five heated cables case and of 44% in the one heated
cable case. This difference is due to the fact that, in the one heated
cable case, the central conductor can profit of the channels net-
work of its cold adjacent cables. Therefore the actual channels
cross-section should be estimated in the five heated cables case.

The different heat fluxes exiting the cable can be grouped into
the following contributions:

e He Il through the second layer channels (heat paths 1 and 2);
e Polyimide conduction through the first tape to the middle of the
second layer channels (heat path 4);

Fig. 14. Sketch of the heat transfer paths implemented in the HL-LHC model. The black balls represent the nodes.
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Fig. 16. Heat transfer curves through the HL-LHC insulation for different heating
configurations, model (curves) vs. measurements (markers).
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Fig. 17. Contributions to the heat extraction through the HL-LHC insulation.
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Fig. 18. Heat transfer curves through the HL-LHC insulation for different applied
pressures, model (curves) vs. measurements (markers).

e Polyimide conduction through first and second tape to the third
layer channels (heat path 5);

e Polyimide conduction through cable small faces (heat path 6);

e Polyimide conduction between adjacent cables (heat path 7).

Table 4
Summary of the average micro-channels dimensions for the HL-LHC insulation. They
were determined with the developed model as a function of the applied pressure.

Channels 25 MPa 50 MPa 100 MPa
Achannel 41% 39% 35%

Insulation scheme

HL-LHC

Fig. 17 reports such contributions, in case of five heated cables
compressed at 50 MPa. The He II heat flux through the second layer
channels is by far the largest contribution, representing 90% of the
total heat extraction. The critical heat flux delimiting the Landau
from the Gorter-Mellink regime is estimated to be 36 mW through
Eq. (5), thus confirming the establishment of a fully developed tur-
bulent regime. The polyimide heat fluxes have a minor impact.
Among them, the most significant one is that through the first tape
to the middle of the second layer channels. It represents less than
10% of the total heat extraction.

Fig. 18 presents the case of five heated cables for different
applied pressures. The Acpanner Values that better fit the exper-
imental data are reported in Table 4. Acpanner decreases while
increasing the pressure, and is sufficiently large even at the highest
pressures required for magnet operation. In general the agreement
between the HL-LHC model and the relevant measurements is
within 6%.

The average channels cross-section obtained with the pre-
sented thermal model is comparable to that obtained with similar
models on other variants of HL-LHC insulations [34,35], albeit not
validated for the different mechanical and heating configurations
tested. A finite elements model was also developed to investigate
the channel deformation in the HL-LHC scheme from the mechan-
ical point of view [36]. The main approximation of our thermal
model is to consider average dimensions for the channels,
uniform along their length. As far as the mechanical model is
concerned, it does not take into account plastic deformations
due for instance to the curing cycle and to creep mechanisms,
as well as the stress induced by the differential thermal contrac-
tions of the coil components. Despite that, the values of minimum
Achanner Predicted by the mechanical model at 50 and 100 MPa
(48% and 39%, respectively) are not far from those determined
in this section.

5.3. Micro-channels

The samples for visualizing the HL-LHC insulation were pre-
pared similarly to those described in Section 4.3. The cut direction
was in this case perpendicular to the second layer channels of one
of the cables.

The pictures in Fig. 19 show details of the insulation in the com-
pressed cable large face (between adjacent cables). It is observed
that the second and third layers channels are open in the majority
of the cases, though they feature drastic cross-section reduction in
few other cases (bottom right picture). In general, the microscopic
visualization of the HL-LHC insulation confirms the presence of an
extremely open structure, even at high applied pressures. This
observation agrees with the large measured and modeled heat
extraction. The insulation structure is far from regular, therefore
it is worth stressing once more that the channels dimension deter-
mined through the thermal model has to be considered as an aver-
age cross-section.

We also took images of the cable small faces, where we could
observe similar slits as in the LHC insulation scheme (Fig. 11).
These slits featured a not constant thickness between approxi-
mately 0 and 25 pm. Such dimensions cannot provide an explana-
tion for the large heat transfer capacity of the HL-LHC insulation, as
the thermal model also confirmed.
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Fig. 19. Micro-channels in the HL-LHC insulation scheme on the cable large faces (between adjacent cables). The top left picture is obtained with a small zoom, whereas a

larger enlargement is used for the others.

6. Conclusions

We investigated the thermal behavior of electrical insulations of
Nb-Ti superconducting cables cooled by superfluid helium. We
developed a theoretical model that allows to quantitatively explain
the results of experimental heat transfer tests. By comparison to
available experimental measurements performed in different heat-
ing configurations and at different applied pressures, the model al-
lowed identifying the main mechanisms for heat extraction in the
LHC and HL-LHC insulation schemes. The He II micro-channels
were recognized to be the responsible for the most significant heat
transfer. Their unknown dimensions were identified from the ther-
mal analysis, and confirmed by microscope images.

In the LHC insulation, the micro-channels consist of slits created
by the tapes overlap. They feature an average thickness of about
7 um in the non-pressed (small) cable faces, permitting the estab-
lishment of a turbulent regime. In the pressed (large) cable faces
the equivalent cross-section of each slit is smaller than 2 um?,
resulting in a laminar regime. In the HL-LHC insulation, the mi-
cro-channels are located between the wrappings of the intermedi-
ate tape. In the mechanical conditions typical of magnet operation
they feature an average cross-section of about 40% of their non-
pressed geometrical size, which allows the establishment of a fully
developed Gorter-Mellink regime.
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