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Abstract

Within a project funded by the German Federal Ministry for Economic Affairs and Energy (BMW]1), the Karlsruhe
Institute of Technology (KIT) collaborates with the Theva GmbH and Biiltmann GmbH to develop a superconduct-
ing magnetic heater. The Theva GmbH designs and supplies the high-temperature superconducting (HTS) coil. It
will be integrated in a cryostat designed and supplied by KIT and cooled to ca. 25 K via a GM-cryocooler. Granted
successful test results at KIT, the cryostat with the superconducting coil will serve to operate an induction heater
at the Blltmann GmbH and be assessed there under industrial conditions. The challenge within the cryogenic
design lies in the simultaneous requirement of relatively low production costs, robustness and extremely limited
operation downtimes to form a competitive product.

This contribution presents aspects of the cryogenic system’s conceptional design, with a focus on its heat load
budgeting. Due to the limited cooling capacities of cryocoolers on each stage, the main aim of the design is to
distribute the estimated heat loads as suitably as possible between the cryocooler stages. In the cryostat we
designed, the total heat loads on both cryocooler stages will have three significant contributions: heat conduc-
tion along connected components, Joule heating and thermal radiation. The respective estimation methods for
these heat loads and their results are briefly shown and evaluated in this contribution. In this context, specific
examples for the results’ influence on the cryostat design within the scope of thermal and economical design are
given. The heat load approximations’ eligibility to serve as a determination basis of an appropriate cryocooler
model is discussed as well. On this basis, finally, we give suggestions for specific cryocooler models currently on
the market.
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1 Introduction

The most common manufacturing process of finished and semi-finished metal products has always been and is
still the hot forming. Aluminum, in this context, needs to be warmed up to around 500 °C before it can be ex-
truded into various shapes. This is nowadays often achieved by induction heaters based on water-cooled normal-
conducting inductors. To significantly improve their energy efficiency by ca. 30 %, the inductors can be made out
of high-temperature superconductors [1]. Considering the total annual German aluminum extrusion press
throughput of ca. 600 kilotons [2], this alone corresponds to an electric energy saving potential of ca.
75 GWha’. Clearly, the use of superconductors calls for the integration of the induction coils into a cryogenic
system. Potential buyers normally argue that an installation of a rather fragile Helium infrastructure in the sur-
roundings of large-scale metal processing industry is impracticable, economically inefficient and therefore un-
wanted. The cooling power within this system is therefore to be provided by cryocoolers. The main aim of the
project is to prove the feasibility of designing and constructing such a superconducting induction heater in a
sufficiently cost-effective way in order to lastingly introduce the HTS-technology to the market.

The general feasibility of constructing an industrial-scale superconducting induction heater with a cryocooler-
based cryogenic system has already been shown ([3], [4]). However, the creation of a commercially profitable
system with long-term operation reliability has yet to be achieved. In the past months, the KIT collaborated with
the Theva GmbH and the Biiltmann GmbH within a BMWI-funded project to design such a system. The present
contribution exclusively focuses on the respective cryogenic system’s design.

2 Cryostat Baseline Design Properties

For a better understanding of the overall heat load budgeting, first, we briefly present the cryostat design prop-
erties that previously resulted from more generalized contemplation and pre-existing boundary conditions.

2.1 Cryostat Outer Dimensions

An existing iron yoke was to be used to direct the magnetic field lines appropriately through the metal billets to
be warmed up. This led to a strongly limited length, width and height of the cryostat’s vacuum vessel the hori-
zontal base shape of which is a hollow rectangle as Fig. 1 c) shows.
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Fig. 1: Different yoke and vacuum vessel views: a) 3D-rendered, isometric view, b) one-sided vertical cross section with
indicated rotating metal billet, c) one-sided horizontal cross section.
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The resulting inner dimensions of the rectangular cryostat arm’s vertical cross section as seen in Fig. 1 b) are
320...430 - 270 mm depending on the respective side of the cryostat. Overall, the horizontal outer dimensions of
the cryostat are 1650 - 1400 mm.
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2.2 Thermal Baseline Design

Another key baseline design aspect is the use of a thermal shield around the HTS-coil at the intermediate tem-
perature of 80 K. We discuss the decision to apply the shield in another publication [5]. One of the main argu-
ments in favor of an intermediate shield application is related to the fact that we will have to have the required
cooling power generated by cryocoolers. The induction heater will be required to operate in the harsh environ-
ments of the large-scale metal processing industry. Plus, the use of a coil comprised of a third generation HTS to
provide a sufficiently strong magnetic field for the induction heater calls for an operational temperature of ca.
25 K. Thus, to provide cooling power at this low temperature level for the HTS, we expect potential customers to
be reluctant to relying on a He-infrastructure. Cryocoolers represent a simpler integration possibility of the in-
duction heater into the metal processing chains of customers. To provide cooling power at two different tem-
perature levels (80 K and 20 K), we chose to use a double-stage GM-cryocooler. We based this decision mainly
on production- and operating cost (higher efficiency and consequently lower energy consumption of a two-stage
cooler than for a single-stage cooler) considerations of the whole system. Furthermore, a solution with pulse
tube cryocoolers and/or two single-stage cryocoolers would exhibit unwanted shorter maintenance intervals.
This is a crucial argument for customers that operate continuous metal processing lines.

3 Design Methods and Examples

We used multiple methods and resources to determine the cryostat design. The design needs to comply with a
highly competitive manufacturing cost budget and, accordingly, low heat loads on both the thermal shield at
80 K and the HTS-coil at 25 K. Simultaneously, it has to maintain structural integrity. In this section, we present
these design methods including examples.

3.1 CAD Software

Throughout the entire design process of the cryostat, we used computer-aided design (CAD) software. Generally,
we started from simplified models of single parts. This allowed for mechanical and thermal eligibility calculations
and thus the choice of material. From that point, the parts underwent revision, if necessary, and were finished
after detail engineering. One example are the pressure support struts which keep the coil in position, mainly by
providing support against the large vertical electromagnetic forces on the coil. One of the four struts is displayed
in Fig. 2.

Fig. 2: Vertical cryostat cross section including G10-support strut (a), Titanium suspension rod (b), stainless steel support plate
(c), HTS-coil steel case (d) and vacuum vessel dome (e) in operational state.

The support strut design displayed in Fig. 2 has two main beneficial features. First, it provides special efficiency
since it hosts the G10 pressure support strut (a) in the same vacuum vessel dome (e) as the Titanium suspension
rod (b). Second, the design takes advantage of the fact that once current flows through the HTS-coil, the occurring
electromagnetic (EM) forces pull on the coil in opposite direction to the gravitation. The EM-forces are higher
than the entire coil’s weight. Thus, by providing merely a few millimetres of clearance between the coil casing’s
top and the pressure support’s bottom during assembly, the coil will lift itself up against the G10-strut when
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electric flow is induced and the contact to the stainless steel support plate is broken. This guarantees that the
cold HTS-coil is exclusively in contact with one of these two heat conductors connected to the 300 K vessel (e) at
any given point. During cooldown, it sits on the plate attached to the Titanium-rod and in magnet operation, it
presses against the G10-strut, reducing the parasitic heat loads via conduction. The same effect is brought into
play by rounding the fit edges of the pressure support strut in the coil casing. The resulting increased coil position
stability caused by the strong EM-forces is so high that the installation of further horizontal support for the coil
is not imperative.

Another example for the use of CAD-software in the design process is the cold bus thermally linking the cold
finger’s second stage with the HTS-coil. It allows for heat discharge from the superconductor. The respective
installation model can be seen in Fig. 3.

Fig. 3: Cold bus installation model front view with cold finger seat (a), flexible copper links (b), cold bus support (c), vibration
damper (d), end connection geometry (e) and HTS-coil casing (f).

The use of flexible connectors between the rigid centre- and end pieces (as seen in Fig. 3) of the copper cold bus
is necessary since the coil must be able to move up- and downwards as described in the previous paragraph. This
is imperative because the centrepiece (Fig. 3 a) is fixed in its position via the G10 support strut. The strut, at its
bottom end, is bolted into the vacuum vessel. Additionally, the flexible links allow for the compensation of ther-
mal expansion of the coil and the copper connectors themselves. The cryocooler, which is not displayed in Fig.
3, presses onto said centrepiece with its second stage copper cylinder. This connection, however, is designed to
be loose, allowing for a disconnection of the cold head and the cold bus centrepiece without breaking the cryo-
stat vacuum.

3.2 Heat Load Approximation

This section deals with the approximation methods of heat loads on the thermal shield and the HTS-coil exclu-
sively. The imperative cryostat design task of mechanical stress approximation is not part of this contribution.

As we mentioned in section 2.2, the thermal shield around the HTS-coil is actively cooled by the cryocooler’s first
stage while the coil itself is kept at ca. 25 K by the cooling power of the second stage. We had to consider the
intrinsic cooling power limitation of cryocoolers. Therefore, throughout the cryostat design process, we approx-
imated the expected heat loads on both stages of the cryocooler with every design iteration.

The theoretical background equations of these heat load calculations are well-known and can i.e. be found in [6].
In operational conditions, we are aiming for a vacuum in the order of 10° mbar inside the cryostat. This will be
achieved by first pumping on the cryostat up to a residual pressure of 103...10* mbar and afterwards cryopump-
ing by means of the cryocooler. Thus, in the operational steady-state, heat transferred via condensation of gas
molecules on cold surfaces and cryo-adsorption can be assumed negligibly small i.e. against the contribution of
thermal radiation. An exemplary, manual calculation of heat conduction through the gaseous phase on the cold
mass at a pressure of this order revealed the same outcome. This is why the approximations’ focus lay exclusively
on three heat load types: heat conduction through solid bodies (Qgoji4), thermal radiation (Q,.q), and Joule heat-

ing (Q]oule)-
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To improve the thermal shield insulation against heat radiation, we will wrap all parts on the 80 K-level otherwise
directly exposed to surfaces at room-temperature in multilayer insulation (MLI). This also allows us to manually
provide a conservative approximation of the heat radiation by using the upper-end value of the heat transfer
benchmark (Gmri(s00..80 k) = 1...2 Wm™) determined by Lehmann [7].

The benchmark for gmiso..4 k), Whose temperature levels are sufficiently close to the 80...25 K we foresee in
the induction heater, is much lower (= 0.15 Wm™). Plus, the distances between the thermal shield at 80 K and
the HTS-coil at 25 K were in the order of tens of millimeters due to the spatial constraints of the whole cryostat
explained in section 2.1. This combination of a small potential benefit versus the risk to cause a thermal short
cut led us to the decision to dispense with an approach to insulate the 25 K-coil with MLI as well. Instead, we will
have the surface of the coil casing made out of stainless steel electropolished to reduce its emissivity which leads
to a smaller residual emissivity e, in eq. (1) and thus a decrease in radiation heat load.

Qrad =eAcoq 0 (Tvl\}larm - Tc401d) (1)

Eq. (1) shows the calculation of Q,,q When assuming that the cold surface (Aco1q, Teord) is €ntirely surrounded by
the warm surface (Awarm, Twarm) @nd the respective bodies are grey bodies [8]. Given the cryostats setup, in
which a high-purity aluminum shield will surround the HTS-coil as thoroughly as possible, these conditions can
be well assumed. On the basis of this equation, we calculated the heat load on the 25 K-level manually.

Wolfram Mathematica

To approximate Q]oule and Qojiq through geometrically simple bodies, we used Wolfram Mathematica® includ-
ing an interface to the CryoComp® cryogenic materials and thermal properties database [9]. This allowed us to
write design tools for specific parts such as the support struts presented in section 3.1 and parametrize boundary
conditions for easier adjustment. Throughout the thermal and mechanical design process, this proved to be re-
markably useful.

ANSYS® Steady-State Thermal Analysis

To approximate values for Qg4 concerning bodies whose geometries could not be simplified sufficiently within
reasonable bounds to be evaluated analytically, we used the steady-state thermal analysis-feature of ANSYS®
Workbench. Again, CryoComp® served as the source for the required material data. For these more complicated
bodies, ANSYS® also enabled us to approximate the temperature distributions in the induction heater’s opera-
tional state. The most important example for this is the cold bus presented in Fig. 3 through which all heat loads
onto the HTS-coil will have to be conducted to the cold finger. Therefore, we had to design it in a way so that the
temperature gradient from the cryocooler seat to the HTS-coil connection geometries was small enough to pro-
vide a sufficiently low temperature for the superconductor. To approximate temperature distributions for cases
like this, ANSYS® was our central tool.
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4 Results

As we explained in the previous sections, the induction heater’s cryostat designing was a dynamic process. Due
to the foreseen application of an intermediate thermal shield, we were - within the margins of mechanical, spatial
and installation feasibility - able to choose the heat load distribution between both temperature levels. Naturally,
the driving factor for this was the adaptation to the distribution of cooling powers between the two stages of
potentially eligible cryocoolers. Fig. 4 shows the respective results.
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Fig. 4: Approximate expected heat loads by type on cryocooler stages at 20 K and 80 K during induction heater operation.
Stacked from top to bottom for both temperature levels the contributions to the total heat loads are shown: thermal radia-
tion, heat conduction through solids and Joule heating.

As Fig. 4 indicates, we expect the total heat load on the 20 K cryocooler stage to be around 6.8 W. Respectively,
the different heat load types onto the 80 K-stage add up to ca. 76 W. Q]oule includes the heat conduction through
the electric connectors because, along a live resistor with two different end temperatures, Q]oule and Qgojiq de-
pend on each other. Goloubev [10] describes this in great detail. According to his descriptions, we minimized the
sum of Q]oule and Qq,iq Via the connectors by adequately choosing their length and cross-sectional area. Besides,
we abstain from introducing error bars in Fig. 4 since we expect the unquantifiable inaccuracies caused by the
simplification of geometries influencing all given heat load values to be far more significant than the material
data uncertainties or numerical simulation errors. We address the issue of cooling power safety margins further
in section 5.

Additionally, we want to point out the important fact here that Fig. 4 shows the heat loads expected during the
induction heater operation. This means that the electric connection to the coil will be live. Accordingly, only in
this state of the system, the exclusive Joule heating (ca. 20 W on 80 K and 0.9 W on 20 K) contributes to the total
heat load. In the cooldown phase, respectively, when there is no electric current flowing, the only heat load
contribution via the copper electric connections is heat conduction from the 300 K-end (ca. 29 W on 80K and
0.8 W on 20K). In both scenarios, the thermal shield receives the major part of the load since the electric
connectors are thermalized on the 80 K-shield before reaching the coil at 25 K.

Naturally, as eq. (1) suggests, the contribution of Q4 increases for both stages during the cold mass and shield
cooldown as T,yq drops. However, in comparison to the changes in Q]oule/ this effect is of small significance.
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Regarding Qsolid, we hardly expect any change by ramping up the coil current although the coil will only then
experience a vertically directed electromagnetic force that needs to be supported (see section 3.1).

The whole heat load on the coil has to be withdrawn via the central piece of the cryostat, the cold bus. As
mentioned in section 3.2, to investigate the resulting temperature gradient, we used the ANSYS® Steady-State
Thermal Analysis software.
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Fig. 5: ANSYS® Steady-State Thermal Analysis simulation result for our cold bus out of copper (RRR = 50).
We applied a heat load of 6.8 W on the HTS-coil and 20 K cold head temperature.

Fig. 5 depicts the numerically determined temperature increase along our butterfly-shaped cold bus in the order
of 600 mK between the cold finger contact surface on top of the centre piece and the HTS-coil’s cold bus contact
surfaces on either end. For this calculation, we provided ANSYS® with four major pieces of information. First, the
part is exclusively composed of copper (RRR = 50). Second, we set the circular cold finger contact surface on top
of the center piece to be at a constant temperature of 20 K. Third, the surfaces in contact with the HTS-coil’s
inner cold bus receive a heat flow of 6.8 W in total. This heat flow is distributed according to the cross-sectional
area ratios of the single copper connectors. This means that almost half of the heat flow is conducted by the
thicker top connectors. Fourth, we let ANSYS® treat all other surfaces as adiabatic. We are satisfied with the
resulting temperature distribution that indicates a temperature of 20.6 K at the contacts to the HTS-coil’s inner
cold busses which will be made out of a single piece of OFHC-copper each. Accordingly, we expect the tempera-
ture increase along the coil to be sufficiently low as well. We want to point out the fact here, however, that we
let ANSYS® treat the cold bus geometry shown in Fig. 5 as if it were a single piece of copper. In reality, the sup-
pliers will have to fabricate the all end pieces and the centre part separately from the flexible strands.

5 Discussion
Cold Bus

In order to keep the temperature gradient shown in Fig. 5 sufficiently low despite of the mentioned manufactur-
ing restrictions, we have foreseen two measures. Firstly, we experimentally determined the RRR-value of coppers
used by various cold bus suppliers. This way, we were able to choose commercially available flexible E-Cu strands
with RRR > 80, significantly exceeding the assumed RRR = 50 in our simulations (see Fig. 5) and thus providing a
higher thermal conductivity. Secondly, we want to address the issue of having to have the cold bus made out of
three separate copper pieces along each thermal path. The flexible strands will be pressed into massive copper
sleeves at their ends. This alone, however, cannot guarantee a sufficiently good thermal contact. Therefore, we
will apply a soft solder into the joints to increase the contact area between the strands and the sleeves. Eligible
solder examples with high thermal conductivity at around 20 K are Sn63Pb37 and Sn60Pb40 [11].

Heat Load Distribution

The heat load depiction in Fig. 4 is one of the main results of our design process. Generally spoken, the cryostat
design aims for the lowest heat loads possible on both stages. An important aspect of the design process, how-
ever, was to fit the distribution of said heat loads to both cryocooler stages according to the respective cooling
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power distribution. One way to adjust the heat load distribution that can generally be applied is the thermaliza-
tion of heat conducting bodies (Qsolid) using the thermal shield. This, in general, can shift a part of the heat load
from the second (20 K) to the first stage (80 K) of the cryocooler. In particular, we will use this method on the
major part of the coil support struts, the electric connection and sensor wiring. Another way to adjust the heat
load distribution among both stages is via influencing Q,,q from the thermal shield to the HTS-coil. The thermal
shield is protecting the coil from thermal radiation from the inner vacuum vessel walls at 300 K by creating a
surface of an intermediate temperature surrounding the cold coil. This decreases Q,,q on the coil with respect
to the thermal radiation it would receive from the 300 K-surface. To lower Q.4 on the coil even further, we will
have the surface of its stainless steel metal casing electropolished (values given i.e. by Kropschot [12]). Having
the aluminum shield outer surface treated in the same way is not necessary due to the applied MLI. Decreasing
the emissivity coefficient of the coil casing has a second, important advantage: Due to the lower Q,,4 during the
unavoidable maintenance periods of the cryocooler, the coil will warm up slower. This allows for a faster re-
cooldown to the ca. 25 K operating temperature, reducing the induction heater’s maintenance downtime.

Cryocoolers

The heat load results provide the basis for the choice of a two-stage GM-cryocooler for the cooling power provi-
sion in our induction heater. As mentioned in section 3.2, in all aspects of the heat load approximation, the
assumptions we made were conservative. Thus, for the theoretical induction heater model, a cryocooler provid-
ing 76 W of cooling power on the first stage at 80 Kand 6.8 W at 20 K suffices. However, in our experience, there
has to be another margin added to compensate for the non-ideal part manufacturing and apparatus assembly.
We want to highlight again here, that, in order to design the induction heater as commercially competitive as
possible, we are intending to install the least costly (and thus, generally, least powerful) cryocooler possible.
Accordingly, we conducted a market evaluation and are able to give three GM-cryocooler examples here. Apart
from being, in our opinion, potentially eligible for the task regarding their cooling power, the durations of their
maintenance processes are foreseen to be sufficiently low as well. Table 1 lists them.

Table 1: Eligible GM-Cryocoolers at 20 K (2" Stage) and 80 K (1%t Stage) as given by the respective manufacturer

CSIC Pride Cryogenic Sumitomo Heavy

Manufacturer Technology Co., Ltd. Leybold GmbH Industries, Ltd.
Cold Head Model KDE412SA COOLPOWER 10 MD CH-210L
He-Compressor Model KDC6000V COOLPAK 6000 HMD F-70L
Min. 1%t Stage Cooling Power / W 95 110 90

Min. 2" Stage Cooling Power / W 15 18 9.5

Table 1 also shows that, we can, in fact, expect to be able to cool the induction heater efficiently via a single
cryocooler. This is, because among all listed cryocooler models, the additional cooling power margins are at least
18 % (first stage, CH-210L) and 40 % (second stage, CH-210L). We want to point out here that the cooling power
values given for the CH-210L is provided by the manufacturer at a temperature combination of 15 K and 65 K.
However, these are the guaranteed values closest to our conditions available to us. Thus, we will set up an ex-
perimental test stand with which we will check the cooling capacities of different cryocoolers. The different cry-
ocooler models differ not only in their cooling capacities but also in the cold head’s dimensions. To maintain
flexibility regarding the cryocooler choice nevertheless, we have designed the cold head seat in the cryostat in
such a way that different models can be installed with minor changes in the attachment assembly. Furthermore,
it is a convenient property in the scope of potential future upscaling-propositions of our induction heater.
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6 Symbols and Abbreviations

Symbols Abbreviations
4 o) snawi - Sermn federal Mty for Eco
er Residual Emissivity (-) CAD Computer-Aided Design
g Earth’s Gravity Constant (m-s?) EM Electromagnetic
0 Heat Flow (W) GM Gifford-McMahon
T Temperature (K) HTS High-Temperature Superconductor
o Stefan-Boltzmann Constant (J-m2-s-K*) MLI Multilayer Insulation

RRR Residual-Resistivity Ratio
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