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Study on fueling characteristics of supersonic gas

puffing applied to large high-temperature plasmas
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The superconducting magnets for fusion experimental devices are used in the condition of high
magnetic field, high electromagnetic force, and high heat load. The pool boiling liquid helium
cooling outside of the conductor or the forced flow of supercritical helium cooling inside of the
conductor, such as the cable-in-conduit conductor, are used sg far for the cooling method of the
superconducting magnet for the present fusion devices. The pool cooling magnet has the
disadvantages of low mechanical rigidities and low withstanding voltages of coil windings. The
forced flow cooling magnet with cable-in-conduit conductors has”the disadvantages of the
restriction of the coil design because of the path of the electric current must be the same. as that of
the cooling channel for refrigerant. The path of the electrical current and that of the cooling channel
for refrigerant can be independently designed by adopting an indirect cooling method that inserts the
independent cooling panel in the coil windings and cools the conductor from outside. In this study,
this indirect-cooling method is adopted as a promising candidate for fusion magnets.

Improvement of superconducting magnets for high magnetic field and high heat load is an
important subject to achieve the early realization of nuclear fusion power generation. Application of
high-temperature superconductors (HTS) to magnets has widely been studied, ever since the
discovery of the high temperature superconductivity in late 1980s. HTS magnets may achieve
higher magnetic fields with less operation cost-and higher stability against a coil quenéh compared
to low-temperature superconducting magnets. In HTS magnets, the stability of winding conductors
is assured by the rise of operating temperatures. However, it is difficult to remove the local heat
generated in an HTS ‘magnet because the thermal diffusivity of each component material used in the
magnet, such as copper, aluminum alloy, epoxy resin, GFRP, etc., decreases as the operating
temperature increases. When a part of the windings turns into the normal-conducting state, therefore,
large temperature gradients are easily produced in magnets, which could cause degradation' of
superconducting properties and mechanical damages by thermal stresses. In other words, the
protection of magnets becomes more difficult than the case for low temperature superconducting
magnets.

We propose a new method of including cryogenic oscillating heat pipes (OHPs), which is also
called pulsating heat pipes (PHPs), in the HT'S magnet windings as a heat transfer device. The OHP
is a highly effective two-phase heat transfer device which can transport several orders of magnitude
greater heat flux than the heat conduction of solid metals and be formed in a thin plate structure. In
these respects, we consider that the OHPs imbedded in the coil windings can enhance the heat
removal characteristics in HTS magnets.

The OHP is a wickless and typically exists as a serpentine-arranged tube where the tube forms'a
closed or open loop. The OHPs in the form as they are being investigated today have been first
proposed and patented in 1990 by H. Akachi. The OHP is partially filled with a working fluid and
the inner diameter of the tube is made sufficiently small in order to induce surface tension allowing
formation of liquid slugs and vapor bubbles. Successful OHP operation occurs by an oscillatory
pressure field and via the constant phase change of the internal working fluid. A pressure change
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induces a pseudo-chaotic displacement and circulation of the internal working fluid. The
‘performance of an OHP is known to depend on thermo-physical properties of working fluid, filling
ratio (the total internal liquid volume divided by the total internal channel volume), channel
geometry (i.e. hydraulic diameter and length), number of turns, operating orientation and length of
heating and cooling areas. 4

A modest number of studies about OHPs have been performed at room temperature and some
types of OHP for electronics products have been already used as a high performance heat transfer
device. The result of the fundamental experiment that uses the cryogenic loop heat pipes for the
cooling between superconducting magnet and cryocoolers was reported in few literatures. However,
there is a limitation in the orientation of the installation of the looped heat pipe and its shape is not
applicable to the usage imbedded in magnets as a cooling panel. In this'study, firstly
proof-of-principle experiments of cryogenic OHP has been conducted using nitrogen, neon, and
hydrogen as working fluids of OHP. ‘

Prototype cryogenic OHPs to be used by being imbedded in superconducting magnets have been
designed and manufactured. A stainless-steel pipe of 1.59 mm(1/16 inch) in outer diameter and 0.79
mm in inner diameter is bent 10 times at both ends with the straight sections of 160 mm in length.
Two Cu blocks of 8 mm in thickness and 30 mm in length having grooves according to the pipe
positions and are soldered with the pipes. A experimental apparatus for cryogenic OHP testing has
been prepared, which consists of a cryostat, a GM cryocooler, a vacuum pump, gas cylinders (for
nitrogen, neon and hydrogen), etc. The testing OHPs are placed in a vacuum chamber in the cryostat
enclosed by the 60-80 K radiation shields and the working fluid is vacuum-encapsulated into the
OHP and the OHPs are isolated by closing a valve on an inlet pipe. One of the two Cu blocks of
OHP which works as a condenser is connected to the cold head of the cryocooler and the other Cu
block which works as an evaporator attached with a foil heater. In the experiment procedure, the
temperature of the condenser is maintained at a prescribed point which is below the condensation
temperature, and the temperature of the evaporator is raised by the heater. The heat transport
characteristics of the OHP have been measured by the temperature difference between the heating
part (evaporator) and the cooling part (condenser) of the OHP. The effective thermal conductivity of
portions of the fluid path in the pipes is calculated by each experimental data.

In the proof-of-principle experiments of cryogenic OHPs, the measured effective thermal
conductivities have been measured to be 500-3500 Wm 'K for Hy, 1000-8000 Wm™K! for Ne
and 5000-18,000 Wm 'K for N, at the operating temperature ranges of 17-25 K, 26-32 K, and
67-80 K, respectively. These effective thermal conductivities are all larger than those of high-purity
metals which are used as components of the conduction at low temperature engineering. It is,
consequently, suggested that cryogenic OHPs can be applied to cooling of superconducting magnets.
As a reference, the thermal conductivity of Cu with RRR (Residual Resistivity Ratios) = 100 at the
magnetic field of 1 T and 20 K is about 2000 Wm’'K™.

Having been encouraged by this successful experimental results, the performance characteristics
of OHPs have been intensively examined, furthermore. The additional experimental parameters are
the liquid filling ratio, pipe diameter, inclination angle and length of the heat transfer of the OHP.
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Here in this abstract, the two experiments on the effect of pipe diameter and inclination angle are
introduced. The effect due to the inner diameter of the OHP has been examined by changing the
outer diameter from 1.59 mm to 3.18 mm and the inner diameter from 0.79 mm to 1.59 mm. The
effective thermal conductivities of this OHP have reached to 11,000 Wm™ K™ for H, and 19,000
WmK™! for Ne. The measured effective thermal conductivities of this OHP have been two times
larger than those of the proof-of-principle experiments OHP for both H, and Ne,

In order to effectively cool HTS magnets, it is required that cryogenic OHPs can operate in a
variety of installation orientations. In this respect, the operating characteristics of the OHPs have
been examined by changing the inclination angle a. The installation orientation is set at the
following four angles: horizontal (a = 0), vertical with the evaporator located at the bottom (a = +90
degrees), diagonal with the evaporator at the bottom (a = +45 degrees) , vertical with the evaporator
at the top (@ = -90 degrees)and diagonal with the evaporator at the top (a = -45 degrees) . For the
orientations with the evaporator located at the bottom (a = +90 and +45 degrees) and for the
horizontal orientation (a = 0), the OHP has operated stably with an effective thermal conductivity
observed at 2,000-11,500 Wm™K™ for H, and 5,100-19,500 Wm™'K' for Ne. For the orientations
with the eVaporator located at the top (@ = -45 and -90 degrees), however, the OHP has not worked
stably. There have been many reports that OHPs can work also with these orientations at room
temperature. Further optimization is necessary in order to operate cryogenic OHPs in various
configurations, especially the turn number and the inner diameter of pipes. In order to mitigate the
problem associated with the installation orientation, we propose a modified-type of OHP, with both
ends cooled (condenser) and the center heated (evaporator), and stable operations have been
confirmed experimentally. However, the measured effective thermal conductivity was found to be
been smaller than that observed in the conventional type OHP. We consider that the effective
thermal conductivity can be further improved by incorporating an optimized configuration for the
OHP structure.

It is generally convenient to analyze the thermo-hydrodynamic properties for heat transfer using
dimensionless quantities. In this work, it has been also attempted to get a comprehensive
understanding of cryogenic OHPs by the semi-empirical correlations, which are based on values of
thermo-hydrodynamic dimensionless numbers of the internal fluid. Using the model, of which the
heat flux is expressed by the Karman number Ka, the Prandtl number Pr , the Jacob number Ja and
inclination angle, a correlation has been formulated for the heat flux in OHPs, which is stated as
follows: ¢ = 2.61(exp( @))*® Ka®? Pr®” Ja " . A total of 59 experimental data sets is used
to make a fitting by means of multi-regression analysis. It is considered that this modeling with
non-dimensional quantities is useful for the design of cryogenic OHPs.

The cryogenic OHPs used by being imbedded in superconducting magnets as a heat transfer
" device has been demonstrated for the first time in the world, and high heat transport properties of
the cryogenic OHPs have been experimentally confirmed. A modified-type OHP, with both ends
cooled and the center heated, has been proposed to reduce the negative effect of installation
orientation and it has been tested successfully. We consider that it is possible to dramatically

improve the performance of HTS magnets by using cryogenic OHPs.
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