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Abstract

In a previous report the experimental apparatus for measuring the thermal conductivity of
coil blocks and composite materials has been widely decribed. Here we describe the improvement
realized to have better control of the reference junction temperature and the measurements carried
out on Nb3Sn cut out from 2 different coils (named LASA3 and LASAS5), showing the differ-
ence between the longitudinal and the transverse thermal conductivity. Two different methods
of data analysis are presented, the "Derivative Approximated Method (DAM) and the ”Thermal
Conductivity Integral” (TCI). The data analysis for the tungsten and the LASA5 coil has been
done according to the two methods showing that the TCI method with polynomial functions is not
adequate to describe the thermal conductivity. Only a polynonial fit based on the TCI method but
limited at a lower order than the nominal, when the data are well distributed along the range of
measurements, can describe reasonably the thermal conductivity dependence with the temperature.
Finally the measurements on a rod of BSCCO 2212 high T, superconductor are presented.



1 INTRODUCTION

Magnetic fields in the range 10 to 20 Tesla by means of superconducting magnets are nowadays
available. Nevertheless the problems of reliable operation and of protection in case of quench is
still open and under investigation. This is especially true when very high fields, B > 15 Tesla, are
reached by means of superconducting coupled adiabatic coils[1](2] [3]. In fact the use of fully epoxy
impregnated coils wound with cable with small amounts of copper (or without) is very effective in
cost saving but can result in poor protection of the magnet in case of quench and several papers
have been published about the quench propagation(4|(5]. In our lab a numerical code, describing
the quench propagation in adiabatic, multicoil, multisection magnets has been developed [6)].

It has been shown(4](5] that in an adiabatic magnet the transverse propagation, i.e. turn to turn
and layer to layer, is the dominant mechanism of the quench propagation. While the longitudinal
propagation, along the cable, is dominated by heat diffusion through the metal, the transverse one
is mainly determined by the heat diffusion through the insulation.

The longitudinal velocity of the normal zone propagation, v;, can be analytically derived and
the transverse velocity v, is usually given as :

vt =Y X \/Ag/Al

where A; and ), are the longitudinal and transverse thermal conductivities of the winding. This
simple expression can be modified, according to[7], to take into account the fact that heat does not
diffuse significantly into the resin in the longitudinal propagation but it does so in the transverse
one. The importance of the effective thermal conductivity of the winding is evident in the above
formula.

The values of A; can be fairly well calculated, both as a function of temperature and magnetic
field. Indeed it involves only properties of metals, mainly of the copper. Even in the case of a
small percentage of copper, or no copper at all, A; can be calculated with a reasonable degree of
accuracy by considering all the metals of the cable acting as thermal conductances in parallel.

Very different considerations apply to the evaluation of A;. Wires for high field magnets are
generally composed of Nb3Sn or (NbTa);Sn filaments embedded in a CuSn matrix and gener-
ally the stabilizing copper is protected by a thin barrier made out of tantalum or other suitable
materials and a simple model based on parallel or series of thermal conductances is not reliable.
The situation is more complicated for multistrand cables, where the interstrand contacts can give
a non negligible contribution to the transverse heat conduction, even if the twist of the cable can
reduce the importance of the interstrand thermal contacts.

Even if A along the cross section of the cable can be computed, one must still evaluate A
through the insulation, the most relevant parameter. The insulation is generally either glass braid
(or tape) or, for NbTi single wire, a thin coating of varnish (such as formvar). After casting of the
coil with epoxy resin, in the case of glass insulation one has a composite whose properties are very
similar to the properties of G10 or G11 fiber glass composite. In case of formvar insulation the
thermal properties of formvar-epoxy composite are considered be similar to the ones of the epoxy
resin.

The thermal conductivity of the resin- glass fibre composite is not so easy to predict as it is
for the metals and different values are given in the literature(8][9] and in the case of a composite
like epoxy - glass braid the relative cross section of every component is difficult to determine and
depends on the considered directions (anisotropy). Moreover, another source of uncertainty is given
by the effective thermal transmission between the metal and the insulation, because the surface
conditions can strongly affect the quality of bonding between the different elements, with possible
non negligible surface thermal resistance.

We started an experimental program aiming to build a thermal conductimeter dedicated to
measurements on coil blocks, cut out from real windings, and on composite materials. In this



conductimeter it is possible to measure samples under a compression force up to 3 KN, and the
temperature can range between 2 and 350 K. It is possible, with minor modifications, to insert the
apparatus inside the room temperature bore of an 8 tesla superconducting magnet.

2 THEORY OF MEASUREMENT
2.1 The Derivative Approximation Method (DAM)

The thermal conductivity of the solids spans over a range of 5 order of magnitude, depending
on the temperature and on the material considered, and many different methods can be used to
measure the thermal conductivity. They can be divided in two classes, the steady-state and the
dynamic methods (10, 11]. In the steady state methods the heat flows into in the sample and, at
the equilibrium, the measurement of the sample temperature profile and of the power allow the
determination of the thermal conductance. Eventually from the geometry the conductivity can
be evaluated. In the dynamic methods the thermal conductivity is deduced by a measurement of
the diffusivity of the sample, by measuring the time evolution of the temperature profile along the
sample. We measured the thermal conductivity with the absolute steady state method of the axial
heat flow. According to this method the heat flows unidimensionally along the sample. From the
Fourier - Biot law follows:

. Qd
replacing dl/dT with L/AT and considering S as a constant we get
__eL
T SAT S

Here we make the approximation dl/dT ~ L/AT. The determination of the thermal conduc-
tivity according to this hypotesis is referred as DAM. More precisely the relation ( 2) follows by
integration of ( 1) between T; and T>:

/: \T) dT = -0 /OL %d! (3)

The thermal conductivity determined by this method is the mean value of the conductivity in
the temperature range T3, T, in fact the integration of the ( 2) gives, assuming § as a constant,

T, . Q dl Q1L
A(T) dT = / L S 4
JARTCy 5 E (4)
So, dividing by AT = T; — T, we get:
1 Tz 3 QL
A:E/Tl NT)T = o= (5)
For the theorem of the mean value
T,
[ XT) a7 = XT)(T: - ) (6)
1

where T* € (T, — Ty), so

AT, T2) = MT~) (7)



We assume that the point T* is exactly the mean value of T}, T5. i.e.

T° =T =

(8)

This assumption is exactly correct only if A is constant with T or depends linearly on it. In all
the other cases the assumption ( 7) leads to a relative error given by

- T+ T,
2

MT) - AT, T2)
ET) = XT1, T2) (9)
This error is intrinsic in the DAM method because of the dl/dT ~ L/AT approximation. In
general the smaller AT the more precise is the measurement of A (being ext) — 0as AT — 0).

Considering the experimental determination of A, from the ( 2) affected only by errors on the
temperatures T} and T5, the relative error of the measurement is

2 = o= lon ) + (ony (10)

where o1, and o, are the errors on the determination of the temperature T} and T5.
It is clear that this experimental error is high when AT is small, at fixed error o1, and oT,.
Being the "intrinsic error” dependence on AT inverse respect to the "experimental error” one, the

optimum AT for both the approximations is, combining the ( 9) and the ( 10),

3 . al2+ 022
ATOP‘ = S?TLT)._ (UT1)2+(UT:)2= \/( T) ( T) (11)
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Studies on the error induced by the approximation ( 7) [12] showed that small temperature
differences are needed only if A is a rapid varying function of the temperature, or when the mea-
surement occur at a phase transition, where A is not continuous; in the other cases the DAM
method used with temperature differences of some degrees lead to an error af about 1 - 2 %, be-
cause the thermal conductivity of most of the materials has a temperature dependence almost linear
or constant over a range of some tens of degree. Care must be taken in determining the A for pure
metals between 30 and 40 K where A has a maximum. Anyway the determination of the thermal
conductivity for composed materials, like a coil block of a superconducting magnet, can be done
with the DAM method because in this case we intend to measure the "mean”, intended as global
macroscopic, thermal conductivity, even if the A of the single components (the superconductor, the
insulation and the stabilizer) of a cable can differ each other of order of magnitude. The points
obtained with the DAM are then plotted with a suitable function in order to have an analytical
expression of the A = A(T') on the desired temperature range.

2.2 The Thermal Conductivity Integral Method (TCI)

The TCI method allows the determination of A without the limitation on the temperature intrinsic
in the DAM method if an analytical representation of A(T') is known, or when A(T') can be described
by an integrable function over the temperature range where the measurements are done. According
to this method we suppose to represent the thermal conductivity as a power series of T

N-1
NT)= Y AT (12)
1=0
with Tpin < T < Tz, Where Ty and Ty are the minimum and maximum temperature
inside which the measurements are carried out. Being



Tz Q
/n NT)T = -% -1 (13)

by integrating the expression ( 12) we get

Nyt i+l 9
LA =5t (14)

A set of N measurements of the experimental data Q, L, §, T, and T, allows to calculate the
coefficients A;. If the maximum order of the power sum N is high, (N > 6), numerical problem can
arise in the determination of the coefficients A;. In order to overcome this problem it is possible
to use the TCI method restricted to small temperature intervals and power series of order lower
than 6. In the following sections the TCI method will be compared with the DAM one for two sets
of experimental data (tungsten and Nb3Sn ). If the thermal conductivity is calculated with the
TCI method at the mean temperature between Ty, and Tp,4z, the difference between the thermal
conductivity determined with the DAM method is negligible. The functions obtained by the TCI
method did not fit well the measurements giving an oscillating behaviour not in accordance to
the thermal conductivity dependence on the temperature. The best results of the TCI were given
when we had few measurements well distributed on the considered temperature range; anyway the
results of the TCI analysis never looked better than the ones given by the DAM followed by a direct
suitable fitting (see the section of data analysis).

3 DESCRIPTION OF THE MEASUREMENT AP-
PARATUS

In a previous report [13] the conductimeter has been described with all the details, nevertheless
for completeness we report in the following the description of the main features. The apparatus
has been designed in order to measure the transverse thermal conductivity with the stationary
method of the axial heat flux. The apparatus is basically constituted by 2 heat sinks at different
temperatures; the sample is placed between them. The cold heat sink is at direct contact with the
cryogenic fluid, while the warm one has an electric heater {14]. Two or more temperature sensors
are placed along the sample, and, in stationary conditions, knowing the power flowing through the
sample, the value of the thermal conductivity can be determined through the Fourier - Biot law.

& .. QL
NT) =~ g2z (15)

In fig. 1 a section of the measurement apparatus is shown. The block of the material under
measurement (the sample) is held between the copper heat sinks by a pressing system, in order to
have a good thermal contact between the heat sinks and the sample. Measurements of the thermal
conductivity at different values of clamping pressure are possible in case an evaluation of the effect
of the thermal contact resistance is required.

The thermal contact between the heat sinks and the sample is improved by means of a special
grease, containing a high percentage of tiny copper particles.

The pressing system and the support for the sample is a thermal conductance in parallel with
the sample, so it has been designed in order to have a low conductance, to minimize the thermal
losses from the sample to it (see fig. 1).

The pressing system consists of two G11 plates separated by 3 small nylon cylinders. The
upper plate supports the heater, a copper block on wich the heating coil is wound. The junction
between the G11 pressing plate and the heater is achieved through a hinge, that allowes a maximum
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Figure 1: Sketch of the thermal conductimeter

angulation of about two degrees, and provides a good contact between the copper and the sample
even if the two faces are not perfectly parallel. The lower G11 plate of the pressing system is
connected to the upper part of the pressing system with 3 stainless steel rods. The clamping
pressure can be varied by acting on the loading springs which compensate also the small differential
thermal contraction between the stainless steel rods and the sample holder, so that the compression
is almost constant at different temperatures.

All the system is enclosed in a gold plated stainless steel radiative shield, to minimize the
radiative losses. Two heaters are placed on the radiative shield in order to generate a temperature
profile similar to the temperature profile heater + the sample assembly. The flange where the
radiative shield is attached has the feedthroughs for the thermocouples for the control signals and
for the heaters: actually it is used as a reference junction for the thermocouples. The thermal
sensors are AuFe(0.07% at.w.)-Cromel P thermocouples. This kind of sensors have been chosen
for their easy use at low temperatures, small dimensions, low thermal capacity and because of its
reliability in vacuum. .

The system together with the radiation shield is enclosed in a vacuum chamber (made of
stainless steel) which is maintained at a pressure of about 10~% mbar by means of a turbomolecular
pump, to avoid convective losses. The vacuum chamber is immersed in the cryogenic fluid. All
the sealings of the flanges are indium rings. The maximum dimensions of a sample in the present
arrangement are 35 mm diameter and 70 mm length, (but bigger sample size can be accomodated,
especially if the thermal shield can be removed) and the measuring temperature range is 4.2 -
350 K[15]. Lower temperature measurements, down to 2 K can be available by pumping over the
helium bath. In the photo ( 2) the conductimeter, without the thermal shield, with the sample of
nbsn named LASA3 (see next sections) is shown.
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8 CONCLUSION

The measuring apparatus shows good performances, as from the tungsten calibration. Convective
losses can be neglected, because the routinely operation pressure is lower than 105 mbar. Radia-
tive losses must be considered when operating at liquid nitrogen temperature and samples of big
dimensions. The parasitic conductance of the supporting system must be taken in account when
measuring samples with conductance smaller than 2 - 3 mW /K. The apparatus has the capablilty
to measure samples with thermal conductance in the range 0.5 - 50 mW /K with an accuracy of
about 5%. As for the measurements of the coil blocks, difference between the behaviour of the
LASA3 and the LASA5 samples indicates the strong contribution of the longitudinal conductance
to the effective transverse conductance. This imply that the sample perparation is very important
and leads to measure different properties. We found the direct measurements of the thermal con-
ductivity of the windings very useful for the prediction of the stability and quench behaviour in
superconducting magnets.
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