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Current leads in cryogenic systems are a major heat source which eventually affects the entire system. It
has been shown in recent years that Peltier elements are useful in reducing incoming heat into the cold
system. In this article we present a new tapered cone-like configuration of the Peltier Current Leads
which increases the power saving. This configuration is compared to the standard cylindrical configura-
tion utilizing advanced ANSYS simulations. The simulations show an additional power saving of 4% when
using the tapered lead configuration.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

As advanced cryogenic systems for superconducting magnet
applications become more and more popular and accessible, the
need for optimizing such systems is evident. One of the key param-
eters, which should be taken into account during the optimization
process, is the geometry of the current leads running into the sys-
tem, transporting and generating heat [1,2].

When applying an input current I from the external ambient
temperature (typically about 300 K) into a cold magnet system
(about 4.2 K), the current leads conduct heat from the outside
and generate heat due to Joule heating. It is relatively easy to deal
with this heat flow below �77 K, using HTS made current leads.
These offer zero electrical resistance and low thermal conductivity,
reducing significantly the heat flow. Thus, the main problem is in
the intermediate temperature range, between 300 K and 77 K,
where use of a normal conducting metal is required [3].

The methodology for handling the heat leakage problem caused
by the current leads was first developed in 1959 by McFee [4] and
reproduced later on by others [1,5]. According to McFee, for a con-
ventional current lead made of a cylindrical conducting metal with
a constant cross-section A and length l, minimum heat leakage may
be achieved by optimizing the quantity l/A. This optimization also
relies on the type of the conductor, and because of its electrical and
thermal conductivity, copper is usually selected.

Recently, an advanced approach, lead by Yamaguchi [6–8],
showed that the use of thermoelectric elements (TE), also known
as Peltier elements, reduces the heat leakage from the current
leads, yielding 20–30% in power saving [7]. In this paper we show
a further advance in this field by using a tapered conical-shaped
current lead with Peltier elements, increasing the power saving
by additional 4%.

2. Peltier Current Leads – conventional configuration

A typical Peltier Current Leads configuration is shown in Fig. 1.
It is composed of a TE and a metal (usually copper) leading the cur-
rent to stage 1 (77 K) and an HTS wire leading the current to its
final stage (usually 4 K). The one-dimensional formulation relating
the heat flow Q to the current I running in the Peltier Current Leads
is presented by [9]:

Q ¼ �kA
dT
dx

� aIT ð1Þ

I ¼ � A
q

dV
dx

� a
dT
dx

� �
ð2Þ

where a, q and k are the Seebeck coefficient, electrical resistivity
and thermal conductivity of the lead material, respectively. A
denotes the cross-sectional area and V denotes the electrical poten-
tial. The sign in front of a is (+) for p-type TE and (�) for an n-type
TE.

Our analysis below is based on the TE properties measured by
Hasegawa [7] on Bismuth–Telluride (Bi2Te3). The Seebeck coeffi-
cient, a, increases linearly from a value of 154 lV/K at 200 K to
185 lV/K at 300 K, while the electrical resistivity, q, increases from
a value of 5.5 lXm to a value of 9 lXm. The thermal conductivity,
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Fig. 1. Schmatic diagram of a superconducting magnet system with standard
Peltier Current Leads.

Fig. 2. Schematic sketch of the new conical Peltier Current Lead.
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k, of the TE does not vary significantly down 200 K; its value was
set to 1.7 W/m K, independent of temperature. The temperature-
dependent thermal and electrical conductivity of the copper lead
section are taken from Refs. [10,11]. The Seebeck coefficient for
copper is taken as zero.

3. Peltier Current Leads – new tapered configuration

The new configuration, which we propose here, deals with the
current leads connecting between room temperature (300 K) and
stage 1 (77 K). It differs from the standard cylindrical PCLs by vary-
ing the cross-section near the high-temperature edge of the cur-
rent lead, as illustrated in Fig. 2. As can be seen in Fig. 2, the new
configuration is composed of a metal electrode near room temper-
ature, a conical-shaped TE, a tapered conical-shaped metal and
cylindrical metal. The simulations described here show a non-
monotonic temperature profile along the conical configuration,
with a maximum temperature above room temperature some-
where in the middle of the cone-lead.

The working principle of the new conical configuration is thus
as follows. The TE is functioning now not only as a heat pump,
but also as an hot spot, ensuring partial heat flow backward to
room temperature. The conical shape takes advantage of the
cross-section dependence of the heat flow Q (Eq. (1)); heat flows
backward towards the hot end (300 K) because of the relative
smaller thermal resistance in the relatively large cross section.

We note that a similar effect should work for a cone-shaped
copper without using the TE. The simulations, however, show that
the effect in such case is much smaller and the power saving due to
the metallic cone is negligible.
It is important to mention that the effect depends strongly on
the shape of the cone and its position. Our simulations show that
in order to achieve maximum heat flow backwards, towards the
hot end, the cross section gradient has to be maximized, which
means that the angle between the cone and the cylinder has to
be as small as possible. The simulations also show that it is impor-
tant to have the cone-shaped section as close as possible to the hot
end, ensuring that the TE element operates at a mode of maximum
temperature difference [12].
4. Simulations

In order to demonstrate the advantages and working principle
of the new tapered conical-configuration we used advanced
multi-physics simulations by ANSYS. We compared the heat flow
into Stage 1 in three different configurations: Conventional Current
Lead (CCL), standard Peltier Current Leads (standard PCL) and con-
ical PCL. The setup we used includes two end-points with different



Fig. 3. Axisymmetric sketch of the conical PCL with a table specifying its
dimensions used for the ANSYS simulations.
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temperatures: A ‘‘cold-end” at 77 K and a ‘‘hot-end” at 300 K. A cur-
rent, I = 100 A, flows between the two end-points.

In order to obtain conclusive results an optimization of l and A
was made to all three configurations under the temperature and
current conditions mentioned above, making sure that we achieve
minimum heat flow in each one of them. The CCL was made of a
cylindrical copper with a 7 mm2 cross-section and 268 mm length.
The PCL was made of a 320 lm long cylindrical TE and 210 mm
long cylindrical copper both with a 8 mm2 cross-section. A sche-
matic description of the conical PCL dimensions can be found in
Fig. 3. Because the conical PCL consists of more parameters (than
CCL and standard PCL), and because it is a much more complex
problem (2D as oppose to 1D), its optimization was achieved
numerically with ANSYS simulations by differing all the parame-
ters that define it as described in Fig. 3.

Because of the small element sizes, two major precautions are
being taken for the accuracy and reliability of the simulations.
The first is using a high-resolution mesh including 30 nm mesh
elements at problematic places such as sharp corners and edges.
The second is reducing the sharp edges by making them round as
much as possible. By this we avoid convergence points which
may cause unreliable results.
Fig. 4. Temperature profile along the cone in the conical PCL. Inset: Zooming on th
5. Simulations results

5.1. Demonstrating the working principle of the conical PCL

In Fig. 4 the temperature along the cone in the conical PCL (first
200 lm) is shown. In the figure, x = 0 is the contact point to the
external world, i.e. T = 300 K. The temperature initially rises
slightly to 300.24 K (seen in the figure insert), but then the Peltier
effect becomes effective and the temperature drops to 201.47 K at
the end of the cone.

The fact that T exceeds 300 K means that heat flows from the
‘‘new hot-maximum point” (300.24 K) to both ends: the hot-end
(300 K) and the cold-end (77 K). Due to the varying cross-section
in the conical-TE, the amount of heat flowing towards the hot-
end is larger than that flowing towards the cold-end. This is
demonstrated in Fig. 5 which shows a screenshot from the heat
flow simulation showing the direction of the heat flow in the mid-
dle of the TE-cone. The size of the arrows indicates the size of the
heat flow. Heat flow preference towards the hot-end is apparent.
This occurs because of the conical shape of the TE and this is the
reason for the additional power saving in the conical PCL as we
show in the next section.

5.2. Comparison results

The simulation results of the heat flow and temperature gradi-
ent of the conical PCL, standard PCL and CCL are shown in Figs. 6
and 7. These results show that the heat leak of the conical PCL
was smaller than that of the standard PCL and CCL. Fig. 6 describes
the heat flow along the current leads in the three configurations.
The minimum heat flow in the conical PCL, from room temperature
to 77 K, is 2.92W (which yields a normalized cryogenic heat load
of 0.0292W/A). By comparison, the optimized standard PCL and
CCL had a normalized heat load of 0.0303W/A and 0.0422W/A,
respectively. When using the conical PCL configuration, the cryo-
genic heat load is decreased by �31% from the CCL and �4% from
the PCL.

Fig. 7 describes the temperature profile in the various leads. The
figure shows clearly the large temperature drop in the conical PCL
and standard PCL due to the Peltier effect. Apparently, the initial
temperature drop is larger for the conical PCL bringing it to
�201 K as compared to �220 K for the standard PCL. The results
e area close to the external world, showing an initial increase of temperature.
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Fig. 5. Zoom-in screenshot from the heat flow simulation showing the direction of
the heat flow in the middle of the TE-cone. The size of the arrows indicates the size
of the heat flow.

Fig. 6. Heat flow profile comparison for optimized conical PCL, standard PCL and
CCL.

Fig. 7. Temperature profile comparison for optimized CPCL, PCL and CCL.

Fig. 8. Temperature along the CPCL, for currents between 0 and 100 A.

Fig. 9. Changes in power saving changes resulted in by changes in the temperature
at the boundary of the hot-end.
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obtained for the CCL and standard PCL match those obtained by
others [13,14].

5.3. Partial current operation

Next we address the question of the performance of an opti-
mized CPCL when operated at currents other than the designed
value. Fig. 8 shows the temperature profiles for current leads car-
rying currents smaller than the 100 A current, for which the leads
optimization has been performed (temperatures at both ends of
the lead are fixed at 300 K at the hot-end and 77 K at the cold-
end). The conical-TE provides cooling for current less than 100 A.
Above that, it results in heating.

5.4. Stability

Due to the precise numbers of the dimensions projected from
the optimization of the conical PCL simulations, a question of sta-
bility arises when it comes to realization. This question arises
mostly because of the difficulty to determine the 300 K tempera-
ture at the hot side of the current lead. In order to resolve this
issue, we have made simulations showing the power saving varia-
tion versus the temperature at the hot end of both standard PCL
and conical PCL, as can be seen in Fig. 9. The simulations show very
little variation in power saving and a decrease of only �10�2%
under 300 K.
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6. Conclusions

By utilizing multi-physics simulations we have demonstrated
that an addition of a tapered conical section to Peltier Current
Leads (conical PCL) may increase power saving in comparison to
the ‘standard’ PCL. The conical cross-section induces a
bi-directional heat flow and a larger temperature drop at the TE.
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