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ABSTRACT

In the context of the High Luminosity upgrade of the Large Hadron Collider at CERN, a framework implementing experimental techniques and numerical analysis
has been developed to systematically assess the temperature distribution in complex He II-cooled composite magnet geometries. The experiments are designed to
measure the heat transfer coefficients in the magnet coil layers using coil samples in a stagnant superfluid helium bath. A numerical tool-kit has been developed
to facilitate intensive parametric studies, in addition to estimation of helium content via a phenomenological model. The workflow of the tool-kit is built to handle
complex geometries composed of different materials each with their temperature-dependent properties, at low computational cost. This framework has been validated
with experimental data obtained from laboratory-scale experiments on impregnated coil samples, reported and discussed here. Three use cases for the developed

numerical tool, with increasing levels of complexity, are presented and its results discussed.

1. Introduction

The cooling requirements of superconducting accelerator magnets
entail, in addition to their working temperature, the reduction of ther-
mal stresses which they are subjected to in the form of radiation-induced
heat deposition due to particle losses from beams and beam collision de-
bris. Contrary to the NbTi accelerator magnets currently operational in
the Large Hadron Collider (LHC) [1], the impregnated Nb;Sn magnets
for the High-Luminosity upgrade (HL-LHC) [2] are not in direct contact
with the cooling fluid, superfluid helium [3]. The internal or external
heat loads in the superconducting cable layers are removed by pure con-
duction to the cold source, through a stagnant, subcooled He II bath. The
heat loads are also not homogeneous in the radial and azimuthal direc-
tions, leading to a non-uniform temperature distribution across the cold
mass structure. While a pressurised He II bath is a very efficient cooling
medium [4], accurate evaluation of the local conductor temperatures
in the coils is essential to ascertain that they are maintained below the
critical surface for superconductivity, under expected thermal load con-
ditions.

At the Central Cryogenics Laboratory at CERN, a framework to eval-
uate the heat transfer characteristics of the impregnated Nb;Sn magnets
has been proposed. The program encompasses experimental techniques
to directly measure the heat transfer behaviour in magnet coil sam-
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ples in representative conditions, accompanied by the development of
a numerical tool-kit to simulate this behaviour and extrapolate it to full
cross-sectional geometries of a magnet’s cold mass, as designed for the
accelerator upgrade. The main objective of this framework is to system-
atically assess the temperature fields and resulting theoretical margins
in the magnet coils, and validate the heat extraction design of the cold
mass under peak power deposition conditions at nominal luminosity.

This article reports observations and analysis from experimental
measurements and details of the numerical tool-kit along with use cases
to demonstrate the robust nature of the framework.

2. Experimental studies

For this program, a test station has been systematically developed to
study the heat transfer characteristics of superconducting cables and coil
samples in a superfluid helium bath. This station was initially used to
characterise NbTi cable stacks [5,6]. It has subsequently been upgraded
and is currently operational as part of the test program. A detailed de-
scription of the test station is reported elsewhere [7,8]. In this section,
the experimental methods employed and observations obtained for two
types of magnet [9-11] coil samples viz. D11T-GE02 and MQXF-P06,
detailed in Table 1, each in their series production stages, are briefly
described.
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Table 1
Sample specifications.
D11T-GEO2 MQXF-P06

Cable parameters
Number of strands 40 40
Nominal strand diameter [mm] 0.700 0.850
Average cable width [mm] 14.7 18.36
Average cable thickness [mm] 1.25 1.525
Cable insulation thickness [mm] 0.100 0.145
Cut sample parameters
Inner radius [mm] 30 75
Cables in inner layer 9 7
Cables in outer layer 11 8
Inner insulation thickness* [mm] 0.45 - 0.5 0.7-09
Inter layer insulation thickness* [mm] 0.75-0.9 1.3-1.4
Exposed length [mm] 120 115

*Measured values.
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(a) Segment of the D11T-GEO2 coil, with annular section of sample (to be cut)
marked in green.

¥
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(b) Cut D11T-GEO02 sample before insulation, with holes for temperature sensors
in outer (TL, TR) and inner (BL, BR) cable layers and indication of the inner
surface, which is exposed to the HeII bath.

Polyimide heater

Coil sample

(c) Schematic of an insulated sample, shown with locations of temperature sen-
sors and the polyimide heater placed on the outer surface of the coil sample.

Fig. 1. Sample preparation for experimental measurements. (For interpretation
of the colours in the figure(s), the reader is referred to the web version of this
article.)

2.1. Methods

The aim of the experiments is to measure the heat transfer character-
istics of partially insulated magnet coil samples, which are submerged
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(a) Typical measurement data point, as recorded in this case for the D11T-GE02
sample. Kinks seen in inner layer temperature plots at T, are indicative of helium
presence.
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(b) Initial temperature, T, steady state temperature, T, time constant 7 and
temperature 7, are extracted for each layer, shown here for the outer layer, at
each input heat load.

Fig. 2. Example of experiment data acquisition for one case of an applied heat
load.

in a bath of pressurised He II. An example of an as-obtained D11T-GE02
coil segment is shown in Fig. 1la. A section of this segment (longer in
length than the twist pitch of the cables) is cut out as marked in the
figure. The cut sample is shown in Fig. 1b. Also seen in this figure, are
holes of 1.4 mm diameter drilled into each cable layer at equal lengths
from the ends, to place temperature sensors (LakeShore Cernox™ bare-
chip thermometers) in the center of the cable layer cross-section in
the azimuthal direction. This can be seen in the schematic shown in
Fig. 1c. The sensors are insulated with low viscosity Stycast® and care-
fully placed inside the sample holes, which are then filled with high
viscosity Stycast®. Great care is taken to avoid any voids in the process.
An external polyimide heater foil is bonded to the outer radial surface of
the sample, which is then insulated with a combination of low conduc-
tivity insulating material blocks of G-10 and Ultem® using high viscosity
Stycast®. Importantly, the inner radial surface of the samples, marked
in Fig. 1b, remains uninsulated and therefore directly exposed to the he-
lium bath during the measurements, listed as exposed length for both the
samples measured, in Table 1.

A typical measurement data point is shown in Fig. 2. The two sensor
temperatures at each cable layer are averaged for analysis. On triggering
the heater, as heat flows towards the helium bath, a rise in the tem-
peratures of each layer is seen, with the outer layer reaching a higher
steady-state temperature than the inner layer.

Assuming a lumped model for a thermal system cooled by an external
bath at initial temperature T;), the temperature 7 of the system at time
t can be described by,
dT

L - —2rw-m=-1are &)
t T T
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(a) Variation of steady state temperature, T,, with heat input.
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Fig. 3. Measurement results for D11T-GE02 sample.
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(b) Variation of time constants, 7 with layer temperature 7.

Fig. 4. Measurement results for MQXF-P06 sample.

where 7 is the characteristic time response of the system, i.e. the time
for the system to reach 1 — 1/e ~ 63.2% of the steady-state value. The
solution to the equation (1) is given by,

T(N) =T, e'/". 2

For each acquired measurement, the steady-state temperature of the ca-
ble layers T, the time constant 7 and the layer temperature T, at 7 are
extracted. The measurements are conducted for varying heat loads and
bath temperatures ranging from 1.8 K to 2.1 K.

The measurement error on the helium bath temperature is +2 mK
up to 2.1 K and =11 mK at 4.2 K. The cable layer temperature sensors,
which are calibrated against the temperature sensor in the bath, have a
maximum measurement error of +3 mK at 2.1 K and +50 mK at 4.2 K.

2.2. Measurement results & observations

The steady-state temperatures as a function of the input heat load
and time constants as a function of the layer temperatures measured
for the two coil samples, i.e. D11T-GE02 and MQXF-P06, are plotted in
Fig. 3 and Fig. 4 respectively.

The main observations may be summarised as follows:

1. Atlow heat loads up to 0.5 W, an effect of the bath temperature on
the steady state temperatures 7T is pronounced for both samples.

At high heat loads, T, obtained is irrespective of bath temperature
for both samples.

2. For the D11T-GEO2 sample, a peak in time constants measured for
the inner cable layer is observed at T, of up to 3.44 s. A small peak
is seen for the outer cable layer close to 3 K. A distinct effect of bath
temperature is also seen in the inner cable layer time constants.

3. For the MQXF-P06 sample, a steady rise in time constants is mea-
sured. There are no peaks observed for either cable layer. An effect
of bath temperature is also seen for the inner layer time constants.

The convergence of the steady-state temperatures at temperatures
greater than 3 K irrespective of bath temperature, suggests that above
this temperature, the thermal behaviour is dependent only on the ma-
terial properties of the solid components of the system.

The peak seen in the transient behaviour of the samples was also
previously measured in prototype samples [7]. This is attributed to the
presence of some helium within the sample since He II has a peak in
heat capacity at its transition temperature, T ;.

Compared to the prototype samples wherein helium content was
noted for both cable layers for both magnet sample types [7], the D11T-
GEO02 sample showed significant helium presence in only the inner cable
layer, whereas for the MQXF-P06 sample, helium presence may be noted
for inner cable layer only from steady state temperature curves and
not at all from the transient curves. Improved vacuum impregnation
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techniques [12] in the evolution of the magnet construction may have
resulted in lower helium penetration.

3. Numerical model

In this study, the assessment of the temperature distribution in the
Nb;Sn magnets during operational conditions with a given input power
deposition map using numerical models has been approached via two
ways:

1. Modelling only the thermal conduction within the magnets, with
a Neumann convection boundary condition at surfaces exposed to
the cooling fluid (see sections 4.1 and 4.2).

2. A conjugate heat transfer model, wherein both the solid and fluid
systems are solved separately, and exchange boundary condition
data at each successive iteration (see section 4.3).

The main factors affecting the complexity of a numerical heat transfer
model of He II-cooled superconducting magnet via both approaches are:

1. The complex composite structure of the Nb;Sn magnet coils is re-
solvable to the micron scale [11,13-15]. For example, each cable is
comprised of 40 wires, a stainless steel core and some epoxy resin
after impregnation. The insulation system in itself is also a compos-
ite formulation of $2-glass fibre layers, CTD-101K® epoxy resin and
CTD-1202% binder [12,16]. Reasonable approximations to the ge-
ometry must be made, such that the critical driving components of
the thermal gradients, i.e. the insulating layers, are preserved.

2. The thermal properties of materials are temperature-dependent in
cryogenic conditions. These are usually expressed as polynomial
functions, which add heavily to run-time computation cost. In ad-
dition, available data in literature is either sparse or not available.

3. The phenomena of Kapitza or interface thermal boundary resis-
tances at low temperatures result in discontinuous temperatures at
the interface surfaces of helium and the solid material in contact.

Given these factors, the over-arching goals for the development of a
numerical tool-kit are:

1. Development of a workflow to reduce initial uptake in generating
high-quality conformal meshes, enabling refinement studies at the
interfaces between the various components;

2. Development of numerical solvers capable of solving energy equa-
tions for static superfluid helium and solids with varying thermal
properties;

3. Implementation of an interface resistance boundary condition;

4. Capability of easy parametrisation studies to predict and optimise
operational requirements;

The development of the tool-kit has been undertaken using open-
source software. The creation of the geometries and the numerical mesh
has been undertaken using scripting in Salome-platform V9.7 [17]. The
main numerical analysis is then carried out in OpenFOAM v7.0 [18],
which is an open-source Finite Volume Method (FVM) based Computa-
tional Fluid Dynamics (CFD) toolbox.

3.1. Governing equations

For solid regions, transient heat conduction is governed by the equa-
tion,

pey (TS =V (KW T) + ®

where p is the density, and ¢, and k are the temperature-dependent

specific heat capacity and thermal conductivity respectively.
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Fig. 5. Thermal conductivity as a function of temperature for S2 glass and epoxy
resin insulation systems used for materials in the composite magnet models.

In case of a superfluid helium bath with no net mass flow condition,
the two-fluid model is simplified [19,20] to the energy equation given
by,

pep ()5 = - (Key f(TVTIT) 4 @

where p is the density, ¢, is the specific heat capacity and K, is the
effective thermal conductivity of helium. The implementation of the ef-
fective thermal conductivity used here is elaborated in section 3.3.

3.2. Solid material properties

The assignment of appropriate material properties is critical to the
accuracy of numerical calculations. As aforementioned, the thermal
properties of materials are temperature-dependent at cryogenic tem-
peratures. Due to the composite nature of the superconductor wires,
cables, and their insulation schemes and the complex fabrication process
involved, these properties also have to be extracted indirectly during
measurements [21-23]. A non-exhaustive literature review of available
measured properties [24-34] shows a dispersion in the measured data.
A series of in-house measurements [35,36] to obtain the thermal con-
ductivity of D11T magnet samples has also been carried out.

To reiterate, depending on the problem at hand, an appropriate ap-
proximation of the geometry must be made for numerical simulations.
For the heat transfer case studies, a cable is homogenised as a single
region assuming that the highly conductive copper matrix contribution
and the Rutherford-type geometry ensures an even temperature across
the width of the cables. The insulation layers, which are composites of
glass fibre layers and epoxy resin of different thicknesses, are also ho-
mogenised as a single region.

The thermal conductivity of the insulation systems, comparing some
data from literature [34,35] to those obtained from the experimental
studies reported in this article (see section 4.1), is shown in Fig. 5. The
heat capacity data used for the simulations is shown in Fig. 6. For the ca-
ble layers, they are derived as a function of the volumetric composition
of the components.

3.3. He II properties

The density p and specific heat capacity c, of superfluid helium are
extracted from HePak [37], which is a series of physics-based funda-
mental state equations for calculating the thermophysical properties of
helium-4.

For He II, in steady-state heat transport from the two-fluid model, if
there is no net mass flow, the temperature gradient is given by,
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Fig. 6. Specific heat capacity as a function of temperature used for materials in
the composite magnet models.

__ Pua
d2(ps)*T
where the thermal conductivity in Landau or laminar flow regime [38],

which occurs below a critical flow velocity, especially in the case of low
velocities in narrow channels, is

- f(T.pyq" (5)

d?(ps)*T
 Puy
where p, s, 4, are density, entropy and dynamic viscosity, and d and f
are the diameter and shape factor respectively. In the Gorter-Mellink or
turbulent flow regime [39] the thermal conductivity is given by,

K (T) = ©

1
S~ T.p > 7

K T,VT)=
om( )<WW

where f~1(T, p) is a thermal conductivity function. In this study, Sato’s
empirical correlations [40,41] are used, with m =3.4.

For practical applications where helium is used as a technical
coolant, such as for superconducting devices, conductive heat trans-
port is considered to be in turbulent or Gorter-Mellink regime [42],
where the effective thermal conductivity is as given by equation (7)
and the normal fluid viscous term is neglected. However, for a homo-
geneous initial condition, |VT| =0 in the denominator is a singularity.
This is avoided by using a direct transition model for effective thermal
conductivity [5,6],

o _ K@ if |VT| < 7(T) ®
EIT 7\ Ky (T.VT) if |VT| 2 y(T)

where y(T) is a temperature-dependent critical gradient given by,

2 (ps)2T\ T
d_(’”)T> " ©

By

It is worth noting that # and d used in the laminar regime are defined
for small geometries and in reality, a transition regime exists.

thﬁ<

3.4. Kapitza interface boundary condition

Of importance to the cooling studies of superconducting magnets is
the existence of an interface thermal resistance between solid materials
and superfluid helium, called Kapitza resistance [19]. This resistance
results in discontinuous and higher temperature at the interacting solid
surface compared to that of the He II in contact. In general, this re-
sistance depends on the local temperature of the superfluid helium, in
addition to the material properties of the solid. While many theories
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explaining Kapitza resistance exist, experimental measurements are usu-
ally reported in the form of,

hg =aT" (10)

where hy is the heat transfer coefficient and T is the temperature of He
II at the interface. The quantities @ and n are empirically determined
quantities, with » in between 2 and 4.

Equation (10) may be directly used to implement a heat-flux Neu-
mann boundary condition in case of a solid heat conduction-only model.
Such a case therefore assumes no change in the local temperature of He
II at the interface, and may be applied when a large stagnant He II bath
is used as a coolant, but would not be appropriate for He II in thin chan-
nel geometries. For the latter, a conjugate heat transfer model, which
updates the heat transfer coefficient according to the local variation in
the temperature of the superfluid at the interface, may be essential.

The values of « = 35.05 and 80.57, and n = 3.38 and 3.23 are
empirically determined for the D11T-GE02 and MQXF-P06 samples, re-
spectively, from the experimental measurements described earlier for
AT, < 80mkK, based on the assumption that the role of Kapitza resis-
tance dominates the temperature gradient at very low heat fluxes.

3.5. Estimation of helium content

Heat and mass transfer of He II through porous media is well doc-
umented and reported. Several experimental [43-45] and numerical
[46,47] studies have been reviewed for possibilities to implement a
model for helium content estimation. Generally, the physical charac-
teristics of the porous media such as pore size or porosity, permeability,
specific surface area, and concept of tortuosity are used to describe heat
transfer with Darcy’s law for classical fluids in porous media. These char-
acteristics are however not known for the composite magnet samples,
and would also require a more intensive geometrical modelling at pore
level, whereas a qualitative estimation of the helium content is consid-
ered sufficient for this program.

A phenomenological model is thus adopted to estimate the helium
content observed in the experimental studies. For any cell in a solid
region of the mesh, the contribution to volumetric heat capacity may be
estimated with

(pep)eerr = (1 = @) (PCy)soria + Po(PCH) Herr an)

where ¢,, is the helium content by volume in that cell. The contribution
to thermal conductivity is ignored with this model.

3.6. Implementation

In OpenFOAM, a solver is an application used to solve a specific con-
tinuum mechanics problem or equation. Three user-defined solvers have
been created for the numerical tool-kit, i.e. for solving the governing
equations for transient heat conduction in a composite solid given by
equation (3), in superfluid helium given by equation (4), and a conju-
gate heat transfer multi-region solver combining the two. These solvers
work in cohesion with dynamically-linked custom libraries, which com-
pute the temperature-dependent thermal properties at run-time.

Modelling of heat transfer in solid-fluid or solid-solid systems is
handled natively in OpenFOAM v7.0 by defining each component as
a separate region, with an interface boundary condition between the re-
gions. This equates to solving the discretized equations in matrix form
for each region, while updating the boundary conditions at the inter-
faces at each iteration. Due to the composite structure of the magnets,
this incurs heavy computation costs. To put this in perspective, the to-
tal number of separated solid regions modelled for the experimental coil
samples is 8, while that of a coil pack is 250 and for a full scale mag-
net cross-section is ~500. Such multi-region models also result in very
low to no scaling in terms of parallel computation. It is prohibitive to
conduct a comprehensive parametric study with such high computation
costs.
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Fig. 7. Comparison between experimental vs. simulation results for steady state temperatures at bath temperature of 1.9 K.

An approach to integrate all the different solid material regions into
a single-region mesh instead of defining separate regions or meshes for
each one has been developed for the tool-kit. This has been done by al-
locating an integer index to each material in consideration. A separate
field is supplied as an initial condition, which stores the material index
for each cell of the mesh, according to the material it represents. The
polynomial coefficients of the thermal properties, as supplied by the
user, are read and stored in an instance of a material properties class
at the beginning of the simulation. The diffusion coefficient or ther-
mal conductivity has to be interpolated only using the harmonic mean
for the entire mesh, ensuring conservation of heat flux at the cell faces
where abrupt changes in conductivity, such as at the material interfaces,
are seen. The solver uses the preconditioned bi-conjugate gradient sta-
bilised method to solve the system of linear equations, which allows for
asymmetric matrices as that for a composite system and also for a good
parallel scaling.

The polynomial evaluation of the thermal properties of the solid ma-
terials has been implemented using Horner’s method. With this method,
for a polynomial of degree n, only n multiplications and n additions are
needed instead of (n?+n)/2 multiplications and n additions if the pow-
ers of each monomial are calculated individually.

The authors note that these implementations have lead to a gain
in computation time by a factor of ~10 for the coil-sample simulation
model of a single-region mesh, compared to a multi-region mesh. For
the case study of the MQXF cold mass, a speedup (#(1)/¢#(N) for N cores)
of 2.55 for 12 threads in parallel processing with an Intel Xeon E5645
6-core processor is recorded.

A separate library dedicated to provide superfluid helium properties
uses a C++ wrapper for HePak. This library also implements the lo-
cal calculation of effective thermal conductivity, K, as described in
section 3.3.

With respect to the interface boundary condition, two libraries im-
plementing equation (10) have been created to be used either with a
solid-conduction-only model or a conjugate heat transfer model.

Overall, the solvers and libraries have been developed following the
object-oriented programming paradigm adopted by OpenFOAM. The
functionality of the tool-kit may thus be easily upgraded, such as for
normal liquid helium or vapor flow by following the same modular na-
ture.

4. Use cases

The numerical modelling tool-kit thus developed has been applied
to simulate three different cases, described in this section.

4.1. Coil samples - D11T & MQXF

Transient two-dimensional numerical simulations of the experimen-
tal studies on the two coil samples described in section 2 have been
carried out for a bath temperature of 1.9 K. In this case study, the solid
conduction model has been used and:

1. The cable stacks are approximated as a cable layer, i.e. inner and
outer cable layers.

2. Each insulation layer, i.e. inner, inter-cable and outer layers, is mod-
elled separately,

3. External insulation blocks are also modelled, to include heat losses
to these layers compared to the coil samples.

The geometries are meshed with 0.12 x 10° tetrahedral prism cells,
keeping conformal meshing at the boundaries of the different regions.
Mesh convergence studies showed a requirement greater than 20 cells
across the thickness of the thin insulation layers. A convergence criterion
on residuals of time-step iteration is set on the temperature field to 1 X
1070 K. The time step required for convergent transient simulations is
1 ms.

At the inner surface exposed to the bath, ie. at that of the inner
insulation layer, a Kapitza interface convection boundary condition is
applied, with « and »n values extracted from experimental data, and T =
1.9K for bath temperature. A fixed Dirichlet boundary condition of T' =
1.9K is applied to all other external surfaces. A variation in the heat
load from the polyimide heater is applied as a parameter.

In Fig. 7a and Fig. 7b, steady-state simulation results obtained using
a standard thermal conductivity measurement data (shown in Fig. 5) for
each coil sample are presented. In addition, iterative simulations have
been carried out to fit the experimental data for T, and compare the
thermal conductivity of these insulation layers. A typical sample case
solution at steady-state is shown in Fig. 8 for the MQXF-P06 coil sample,
with the variation in temperature along the mid-plane of the sample in
the azimuthal direction, plotted in Fig. 9.

The usage of a single standard thermal conductivity data (G10 curve
in Fig. 5) for the S2-glass epoxy resin insulation system for all the in-
sulation layers of the magnet samples shows a significant deviation in
simulation results (blue curves in Fig. 7a and Fig. 7b) from experimental
data for both magnet samples. For the D11T-GE02 sample, an under-
estimation of steady state temperatures is reached, whereas they are
overestimated for the MQXF-P06 sample.

The numerical simulations fitted to experimental data (green curves
in these figures) can provide an estimation of the material properties
for the different insulation layers, and are also plotted for comparison
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Fig. 8. Steady-state temperature map of the MQXF-P06 coil sample for a input
heat load of 0.1 W from the foil heater on the outer surface of the sample.
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Fig. 9. Temperature profile along the mid-plane of coil sample MQXF-P06 for
the simulation shown in Fig. 8.

in Fig. 5. A significant difference is seen between these four fits. This is
especially evident for the inter layer insulation for both samples, which
theoretically use the same insulation system (with different dimensions)
and for which a similar thermal conductivity is expected. Between the
two magnet samples, the D11T-GE02 sample shows lower heat transfer
coefficients than the MQXF-P06 sample, by about a factor of 2. This is
attributed to a difference in S2 glass fibre composition, interface re-
sistances and possible difference in vacuum impregnation process or
compression loads followed for the coils. The sensitivity of numerical
simulations to parameters of the composite magnet, such as material
properties (and dimensions) highlights the importance of having rea-
sonably accurate material property measurements, and that these are
relevant not only to the different magnet coil configurations in concern,
but also to the interpretation of the experimental data and its usage for
higher order magnet coil pack or complete cold mass simulations.

In Fig. 10a and Fig. 10b, time constants obtained using the fit thermal
conductivity are shown. For the D11T-GEO2 sample, an estimation of
the helium content has been carried out, to be about ~ 0.5 - 0.7% in
the inner cable layer. This estimation would be expected to be reduced
if the thermal conductivity of He II in the composite insulation layers is
included. A comparison of transient behaviour obtained for MQXF-P06
sample shown in Fig. 10b bodes well for the raw heat capacity material
properties used for the simulations.

4.2. Coil pack - D11T

A steady-state two-dimensional solid conduction heat transfer simu-
lation of the D11T coil pack has been carried out as an intermediate step
between those of the coil samples and a higher-level full cross-section
of a magnet cold mass simulation. The geometry of the D11T coil pack
is shown in Fig. 11. The peak power deposition map shown in Fig. 12
estimated by FLUKA simulations [48,49], assuming an instantaneous
proton loss rate of 8.81 x 10!! protons/s, for a worst-case beam lifetime
of 0.1 h, is used as input into the numerical model for this use-case.
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In this case study, for the solid magnet region:

1. Each cable is represented separately as a single homogeneous re-
gion.

2. In the transverse direction, each cable insulation of 100 pm is mod-
elled.

3. In the radial direction, the inner-, inter- and outer-layer insulations
with thicknesses 350 pum, 500 um, 100 pm, respectively, are mod-
elled.

4. Other components, such as copper blocks, titanium pole wedges,
and stainless steel loading plates are also represented.

At the inner radius, the Kapitza interface convection boundary con-
dition for a solid-conduction simulation given by equation (10) is used.
At the outer radius, a Dirichlet boundary condition of T'=1.9K is ap-
plied. The converged mesh comprises ~0.8 x 10° prismatic tetrahedral
cells, maintaining conformity across the different material regions. It is
worth reporting that the mesh convergence is mainly sensitive to the
size and number of the cells in the thin-resistive regions.

The resulting temperature map obtained from the simulation is
shown in Fig. 13 with the temperature profile along the radial direc-
tion at the mid-plane in the right half of the coil is shown in Fig. 14.
A maximum temperature of 2.97 K is calculated, resulting in a temper-
ature margin [50] of 4 K. The temperature profile indicates that the
gradient at the inner surface is driven by an equal contribution from the
Kapitza interface resistance and from the inner insulation layer of the
coil pack.

4.3. Cold mass - MQXF

The Nb;Sn inner triplet magnets (MQXF) have evolved since the
initial thermal design requirements [51,52] provided during the me-
chanical design phase in 2015. Moreover, changes were made to the LHC
optics and to the overall geometry of the magnets, affecting power de-
position in the magnet cross-sections. Aiming to revise the temperature
margins, two-dimensional simulations of a representative cross-section
of the straight part of a MQXF cold mass have been carried out to re-
flect changes in both power deposition by beam collision debris and coil
layout.

For each of the 12 MQXF magnets, the power density at the most
exposed (peak) location has been mapped onto a detailed MQXF cold
mass cross-section. The energy deposition in the inner triplet magnets
in the insertion regions IR1 (ATLAS) and IR5 (CMS) used as input has
been estimated by FLUKA for a baseline luminosity of 5x 103 cm=2s~1,
for proton-proton collisions at a center-of-mass energy of 14 TeV, for
HL-LHC optics v1.5 released in 2019 [53]. The resulting temperature
profile, that takes into account the heating due to the collision-induced
power deposition, allows for a reassessment of the local temperature
margins of each magnet at its most exposed location. A detailed descrip-
tion of the numerical assessment carried out for the MQXF magnets, as
well as the considered operating conditions, can be found in [54].

In Fig. 15, the mesh for the MQXF geometry including the stagnant
He II bath, with special refinement on thin layers such as the inter-cable
insulation and the helium passages throughout the cold mass, is shown.
The refinement level of this mesh, consisting of 3.5 M prismatic cells
and following the conformal requirements of the numerical tool-kit, is
obtained after a convergence study.

As an example of the results obtained for the full study, Fig. 16 and
Fig. 17 show the power deposition map and resulting simulated temper-
ature profile, respectively, for the most exposed cross-section of MQXF
magnet Q3A, in IR5 (CMS). The highest power density is concentrated in
the beam pipe, where it reaches a peak value of 5mW cm™, and in the
inner layer of the magnet coil, where the maximum is 2.7 mW cm~>. The
resulting temperature profile reflects this, as the highest temperature
(2.7K) is found in the magnet’s cold bore. On the coil pack, however,
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the maximum temperature is calculated as 2.2 K, resulting in a temper-
ature margin [2] of 4.78 K.

The temperature profile along the radial direction indicates that
the temperature gradient in this direction is dominated by the in-
ner insulation on the coil pack, followed by the interlayer insulation
(0(200 mK)) and finally, to a lesser extent, by the Kapitza interface re-
sistance (O(30 mK)).
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5. Conclusions

Building on the foundation of experimental measurements on NbTi
superconducting cables, a successful test program for the Nb;Sn mag-
net coil samples for the HL-LHC has been carried out. The next phase
of the experiments involves evaluating the coil samples under thermal
cycling, to assess the evolution of He content measured within the sam-
ples. In parallel, a robust, easily adaptable numerical toolkit has been
developed to evaluate the heat transfer mechanisms in complex magnet
geometries cooled by superfluid helium. An efficient workflow with low
computational cost has enabled applying the toolkit to several use cases.
However, the numerical model is capable of handling only heat trans-
fer from static superfluid helium. The next phase involves upgrading its
capabilities to handle problems involving normal helium and two-phase
flow.

An important observation from the experimental studies is that the
thermal properties of the thin insulation layers may vary with composi-
tion or fabrication technique. These resistive insulation layers drive the
heat transfer behaviour of the magnets, and their impact is heavily seen
on numerical solutions as well, i.e. a small variation in either dimension
or thermal conductivity can result in relatively large deviation in the so-
lution. Numerical simulations necessary for the MQXF cold mass, using
the material property data obtained from the experimental test cam-
paign and extracted using a parametric numerical analysis, have been
carried out for several power density load cases [54].
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