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a b s t r a c t

The wrapping pattern of thin insulation is an important issue in cryogenic installations because it can sig-
nificantly affect heat transport. The major objective of this study is to develop the numerical boundary
conditions (BC) needed to model the wrapping pattern of thin insulation. An example of the practical
application of the proposed BC includes the heat transfer of Rutherford NbTi cables immersed in super-
fluid helium (He II) across thin layers of electrical insulation. The proposed BC and a mathematical model
of heat transfer in He II are implemented in the open source CFD toolbox OpenFOAM. The implemented
mathematical model and the BC are compared with experiments. The study confirms that the thermal
resistance of electrical insulation can be lowered by implementing the proper wrapping pattern. The pro-
posed BC can be useful in the study of new patterns for wrapping schemes. Further possible improve-
ments of the tool are indicated in the paper.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to create a very high magnetic field is a crucial com-
ponent of many advanced technologies, such as with particle accel-
erators for large research facilities. To make this possible,
superconducting magnets must be used. The magnets must be kept
at cryogenic temperatures in order to assure the superconductivity
of the coil cables. The cables must be separated by thin electrical
insulation to prevent short circuits.

The two main objectives of the insulation seem to be contradic-
tory: firstly, the electrical current must be insulated; secondly,
maximum heat transfer must be permitted. In order to reconcile
these tasks, the cables can be wrapped in several layers of electrical
insulation. The main idea of the multi-layer pattern is to cover the
entire surface area of the cables, yet still leave some micro-
channels for the He II to penetrate and extract heat.

Standard cable insulation (MB), used in CERN to secure super-
conducting cables, consists of two overlapping layers for electrical
insulation, and a third layer to protect the first two layers and also
provide cohesion between coil turns. The third layer is not
wrapped tightly and some gaps are left in between individual
stripes.

In principle, He II does not penetrate through the first two lay-
ers; only the third layer leaves some space for He II penetration,
though without direct contact with the cable strands [1]. However,
measurements of heat transfer through standard insulation sug-
gest that there exist some tiny channels between the strands and
the helium bath through which He II is able to penetrate. Despite
this, conduction in polyimides (Kapton) is still the main heat trans-
fer mechanism [2].

In enhanced insulation (EI), the first and third layers overlap
and provide electrical insulation [3]. The second layer is located
between the first and third, and is not tightly wrapped, providing
some space between the two other layers. The micro-channels
for He II are intentionally created, assuring direct contact between
cable strands and coolant. Fig. 1 shows an example of the wrapping
schemes of the MB and EI insulation patterns, which will be later
used in the current work.

Over the years, the heat transfer properties of insulation for
superconducting cables have been investigated experimentally
[4–7], and compared with steady-state thermal models [8]. Some
other studies have focused on the development of numerical
models based on the Finite Element Method [1,9]. The influence
of pressure (resulting from Lorentz forces) on the size of the
micro-channels has also been modeled [2]. Recently, heat transfer
through Nb-Ti superconducting cables wrapped in multi-layer
insulation was measured at Wrocław University of Science and
Technology [3].
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The above mentioned experimental and numerical studies have
shown that the wrapping pattern of the insulation could affect heat
transfer; moreover, certain wrapping schemes were shown to be
more favorable for heat transfer. This served as motivation behind
the present approach of creating numerical boundary conditions
(BC) to model an arbitrary pattern of the wrapping scheme of the
insulation.

This present research was also inspired by an ongoing project at
CERN for the upgrade of the LHC accelerator. This upgrade will per-
mit higher luminosity (High Luminosity LHC), an order of magni-
tude higher in rate of collisions as compared to the current state.
As a consequence, the amount of heat deposited in the coils, which
must be extracted by the coolant, will also increase. An important
barrier in effective heat extraction from the magnet is electrical
insulation; it creates an undesired thermal resistance due to low
thermal conductivity and also serves as a barrier for the He II.

One possible method for handling the increased heat deposition
is to enhance the electrical insulation of the cables, making it more
permeable to He II. This can be accomplished by changing the
wrapping scheme of the Kapton tapes.

The proposed numerical BCs may be utilized as a tool to inves-
tigate different wrapping schemes of the insulation. The BCs are
based on transversal, one-dimensional heat transfer through a
thermal baffle of specified properties. The present model is vali-
dated through comparison to the experiment performed in [3],
where heat transfer was investigated using a Rutherford-type cable
wrapped in various insulation patterns.

2. Mathematical model of the heat transfer in He II and its
numerical implementation

To present the performance of the developed numerical BC, for
modeling of the arbitrary wrapped multi-layer insulations, it was
necessary to implement a mathematical model of the heat transfer
through the He II. For the sake of the current work it was justified
to use the simplified model, in which the mechanism of the heat
transfer is only through conduction.

In the large number of devices cooled by He II, there is actually
no flow of He II. The super-fluid helium is located in the very nar-
row channels and can be considered as being steady. The heat is
extracted by enormous heat conduction of the He II, rather than
by heat convection.

In the mathematical model of the heat transport in the He II, the
advection terms are negligible and for the considered temperature
and pressure ranges, He II can be treated as an incompressible
fluid. The model simplifies to the heat diffusion equation [10]
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¼ r � KeffrT þ qvol ð1Þ

where q is the density, Keff is the effective thermal conductivity of
He II, qvol is the volumetric heat source, and Cp is the specific heat
at constant pressure calculated as a function of temperature:

Cp ¼ Cp0
T
Tk
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ð2Þ

If there are no interactions between the normal and super-fluid
components of He II, the heat transfer is in the laminar internal con-
vection regime. In this regime the temperature gradient is a linear
function of the heat flux and the effective thermal conductivity
takes the form:

KeffL ¼ d2q2S2T
32l

ð3Þ

This regime is typically not present in the applications considered
here and there was no need of its implementation in the current
model.

In case of the interaction between the normal and super-fluid
component a turbulence is generated and the temperature gradi-
ent becomes a non-linear function of the heat flux. In the turbu-
lence regime the expression for the effective thermal
conductivity is:

KeffT ¼ 1

f ðT;pÞjrTj2
 !1

m

ð4Þ

where f ðT; pÞ is the turbulent heat conductivity function. Parameter
m is predicted by the theory to be equal 3. The theoretical expres-
sion of the f ðT;pÞ is:

f ðT; pÞ ¼ AGMqn

q3
s s4T

3 ð5Þ

This expression can be simplified by relating calculations to reduced
thermophysical properties, with respect to the properties at the
lambda point [11]. It can be also substituted by an analytical
expression based on the empirical fit to the Gorter-Mellink param-
eter [10]:

1
f ðT; pÞ ¼ gðTkÞ½s5:7ð1� s5:7Þ�3 ð6Þ

where s ¼ ðT=TkÞ is the ratio of local He II temperature to the tran-
sition temperature, and gðTkÞ is defined by the following equation:

gðTkÞ ¼ q2s4kT
3
k

Ak
ð7Þ

where sk is the entropy at lambda temperature (sk ¼ 1559 J/kg K for
the pressure of 1 bar), and Ak is the value of the Gorter-Mellink
mutual friction parameter at the transition temperature
ðAk ¼ 1450 m s/kg).

Another issue which has to be taken into consideration in the
mathematical model of heat transfer in He II, is the significant tem-
perature drop at the interface between a solid and the He II. The
occurrence of this surface temperature difference DTS may be
explained by two different phenomena dependent on the intensity
of the heat flux between the solid and the liquid. For high heat
fluxes, above some critical value q�, film boiling process occurs at
the interface, and a thin layer of liquid He I and vapor hinders
the heat transfer. If the heat flux does not exceed the critical value,

Fig. 1. Standard insulation (MB) and enhanced insulation (EI) wrapping schemes
[3].

E. Lubryka, Z.M. Malecha / International Journal of Heat and Mass Transfer 108 (2017) 512–518 513



https://isiarticles.com/article/144221

