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Cooling techniques based on forced flow He II appear as a possible
solution for very large superconducting magnet systems with field
strengths in the order of 10 T. To prepare the definition of such
cooling systems, a He II test facility of significant size has
been built at CEN Grenoble, in collaboration with CERN in Geneva
and the EURATOM-CEA fusion research group in Cadarache, France.
Its main features are a nearly 230 m long test section, 28 mm in
diameter, and mass flow rates of up to 100 g/s of 1.8 K He. First
experimental results are presented and compared with solutions
predicted by a model calculation.

INTRODUCTION

The successful operation of the tokamak fusion device TORE SUPRA [1] has given
confidence in the use of superfluid helium (He II) as a coolant for large
superconducting magnets. However, heat transfer in stagnant He II may not be
efficient enough in very large systems where the path for heat transport is in the
range of a few tens of meters to a few hundreds of meters. Cooling by forced flow
He II has therefore been considered for forthcoming projects of that size (fusion
device magnets, dipoles for particle accelerators, e.g. the LHC project at CERN).

In the past, several workers have investigated [2-4] the thermohydraulic
behaviour of forced flow He II. However, the experimental studies published so far
are mostly at laboratory scale and have not fully addressed the problems arising at
very large scale.

To move a step forward in that direction, a He Il test facility of
significant size has been built at Grenoble in collaboration with CERN, Geneva and
the EURATOM-CEA association for fusion research in Cadarache, France. It comprises a
test section of nearly 230 m length and 28 mm ID and allows accurate flow experiments
with mass flow rates of up to 100 g/s and localized or distributed heat inputs as
high as 100 W to be carried out in an industrial type of environment.

SYSTEM DESCRIPTION

Fig.1 shows a schematic diagram of the test facility. A vacuum-insulated and
radiation shielded (LN2) cold box incorporates two cryogenic helium circuits which
are thermally linked together by means of a saturated He II bath.

The purpose of the first circuit is to produce up to 100 W of refrigeration
power at He II temperature level. A Joule-Thomson expansion stage (E0-V1) transforms
normal 4.2 K helium into saturated He II, which is directed to a bath (B2). The
temperature of that bath is controlled by regulating the heat dissipated in it. A
two-stage pumping system compresses the evaporated gas from its vapour pressure to
1050 mbar (intermediate pressure 50 mbar), achieving mass flow rates of typically
6 g/s. The low-pressure stage is a centrifugal cold compressor (PF). It is followed
by a room-temperature oil whirl pump (PAL). The atmospheric-pressure helium gas is
processed through a recovery system (R-S-T) and returned to the general purpose
nelium liquéfier (W) of the CEN Grenoble.
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solution for very large superconducting magnet systems with field
strengths in the order of 10 T. To prepare the definition of such
cooling systems, a He Il test facility of significant size has
been built at CEN Grenoble, in collaboration with CERN in Geneva
and the EURATOM-CEA fusion research group in Cadarache, France.
Its main features are a nearly 230 m long test section, 28 mm in
diameter, and mass flow rates of up to 100 g/s of 1.8 K He. First
experimental results are presented and compared with solutions
predicted by a model calculation.

INTRODUCTION

The successful operation of the tokamak fusion device TORE SUPRA [1] has giver,
confidence in the use of superfluid helium (He II) as a coolant for large
superconducting magnets. However, heat transfer in stagnant He II may not be
efficient enough in very large systems where the path for heat transport is in the
range of a few tens of meters to a few hundreds of meters. Cooling by forced flow
He II has therefore been considered for forthcoming projects of that size (fusion
device magnets, dipoles for particle accelerators, e.g. the LHC project at CERN).

In the past, several workers have investigated [2-4] the thermohydraulic
behaviour of forced flow He II. However, the experimental studies published so far
are mostly at laboratory scale and have not fully addressed the problems arising at
very large scale.

To move a step forward in that direction, a He II test facility of
significant size has been built at Grenoble in collaboration with CERN, Geneva and
the EURATOM-CEA association for fusion research in Cadarache, France. It comprises a
test section of nearly 230 m length and 28 mm ID and allows accurate flow experiments
with mass flow rates of up to 100 g/s and localized or distributed heat inputs as
high as 100 W to be carried out in an industrial type of environment.

SYSTEM DESCRIPTION

Fig.1 shows a schematic diagram of the test facility. A vacuum-insulated and
radiation shielded (LN2) cold box incorporates two cryogenic helium circuits which
are thermally linked together by means of a saturated He II bath.

The purpose of the first circuit is to produce up to 100 W of refrigeration
power at He II temperature level. A Joule-Thomson expansion stage (EO-Vi) transforms
normal 4.2 K helium into saturated He II, which is directed to a bath (B2). The
temperature of that bath is controlled by regulating the heat dissipated in it. A
two-stage pumping system compresses the evaporated gas from its vapour pressure to
1050 mbar (intermediate pressure 50 mbar), achieving mass flow rates of typically
6 g/s. The low-pressure stage is a centrifugal cold compressor (PF). It is followed
by a room-temperature oil whirl pump (PAL). The atmospheric-pressure helium gas is
processed through a recovery system (R-S-T) and returned to the general purpose
helium liquéfier (W) of the CEN Grenoble.
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The second circuit contains the actual test loop together with a circulating

pump (PC) and a heat exchanger for thermal regeneration of the flow. The heat
exchanger is a coil of copper pipe, completely immersed in the above mentioned
saturated He II bath. The circulating pump, also immersed in that bath, is a
reciprocating piston pump capable of generating flow rates of up to 100 g/s [6]. The
test loop is composed of 3 sections, all made of circular copper pipes : a 4.5 m long
straight vertical tube (L0-L1), a 17.5 m long coil-shaped tube (L1-L2), both with a
14 mm ID, and finally, a 227.6 m long coil-shaped tube, with a 28 mm ID. Two
different ways of applying heat to the last section are available: a 0.8 m long
heater located at the centre and the tube acting itself as heating resistor over
nearly its whole length (226.2 m). The entire circuit can be made hydraulically
independent for operation under internal pressures of up to 3 bar. The He II is
pressurized to suppress boiling and to make sure that the flow remains single-phase
even under high heat loads.

The test loop is instrumented for temperature and pressure measurements.
Allen-Bradley 100 Q carbon resistors are used as thermometers. 13 of them are
mounted on the surface of the 220m-section at growing intervals from the centre to
both ends. 2 absolute and 5 relative "cold" pressure transducers (Validyne) are used
to measure pressure profiles. A venturi type flow meter has been placed at the
entrance of the test loop for He II flow rate measurements.

THEORETICAL MODEL

A computer code has been developped that models the time-dependent thermal and
hydraulic aspects of single-phase flow of He II in a tube. The variables usert ar-e the=
pressure, the temperature, the axial heat flux and the global mass flow rate.
Boundary conditions are the pressure and the mass flow rate at the flow inlet, and
the temperature at both ends of the tube. The flow tube can consist of one or more
sequential segments. Each segment is defined by its length, hydraulic diameter and
the angle at which it meets the vertical. Time-varying heat loads of any extension
may be distributed over the tube.

The code is based on a set of four differential equations derived from the
physical two-fluid model of He II. In a way fairly similar to other workers [3-5] we
have made a series of simplifying assumptions. These include : limitation to one
spatial dimension, neglecting of the partial time derivatives in the conservation
equations of total mass and of momentum for the superfluid and normal component of
the He II. As a consequence, all effects linked to propagating first and second sound
waves are excluded from our model. Ir. contrast, we have retained the time and spatial
derivatives of temperature and the spatial derivative of pressure in the energy
conservation equation. The latter term essentially represents the work done by the
fluid against the pressure drop. It plays an important role whenever the associated
loss rate, given by the volumetric :: low-rate times pressure drop, is not negligible
as compared to the heat input to the system.

We are at present in the process of validating the model with the
experimental results of our test facility.

RESULTS AND DISCUSSION

The set of first results, reported here, are concerned with the steady state thermal
response of the test loop to localized constant heat loads. Unfortunately, we could
not take reliable measurements of the pressure drop or the flow rate so far. The
reason are heavy pressure oscillations in the test loop circuit induced by the
reciprocating piston pump. Attempts to remedy that defect are in progress.

Although great care has been taken to minimize heat leaks into the test
loop, some residual heat leaks persist which cannot be ignored. They have been
determined in a preliminary experiment. The test facility was operated in a mode that
let cold helium gas (10 to 20 K) circulate in the loop. Since heat conduction was
practically zero in this case and the f.'.ow rate small enough to neglect pressure drop
losses, the measured temperature profile along the loop could be used to calculate
the distributed heat input in a straightforward way. These background heat losses are
assumed to be a permanent part of the boundary conditions in all He II flow
experiments and cause a sloping temperature profile even when all external heaters
are turned off.
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During the He II experiments, it was assumed that the drive speed of the

circulating pump entirely determined the mass flow rate in the test loop. Since no
measured values of this parameter were available, we evaluated it by means of our
model in fitting calculated curves to the experimental base-line temperature profiles
(background heat losses only, all heaters off).

Fig.2 shows two steady state temperature profiles which have two boundary
conditions in common, the mass flow rate and the temperature at flow inlet. The upper
profile is for a heat input of 30 W from the central heating element. The lower
profile refers to the start-up condition when all external heaters are turned off and
only the distributed background heat losses are present. Experimental data appear as
graphic symbols and the results of model calculation are shown as dotted curves. The
agreement between calculated and experimental data of the lower profile is the result
of a fitting procedure, as explained above, leading to a mass flow rate of 25.0 g/s.
In contrast, the model prediction for the upper profile contains no free parameter
and is seen to agree with the experiment within 0.01 K, which is the estimated global
error of the temperature measurements. The somewhat greater slope in the leftmost
portion of the profiles is due to the smaller cross-section of the first two test-
loop segments. Shape and size of the sharp step in temperature at the heater location
demonstrates that steady state heat transport is dominated by convection.

Fig.3 shows steady state temperature profiles for four input power levels at
a constant mass flow rate of 22.0 g/s. Again, the model calculation well agrees with
experimental results and bears out the predominance of convective heat transport in
the steady state.

CONCLUSION

We have given a first account of an ongoing research programme on forced flow He II,
including temperature profile measurements and model calculations of single-phase
flow in a test loop of over 230 m total length. Measured data and calculated
predictions agree within 0.01 K which is the estimated experimental accuracy. It has
been learnt that classical convective heat transport is the dominating heat transfer
mode for constant heat loads, once the steady state condition is established. More
work is under way to study the hydraulic aspects and to extend the investigation of
the thermal behaviour to transient effects.
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Figure 1 Schematic of He II test facility
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Figure 2 lle«sured and calculated temperature profiles for constant heat input
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Figure 3 Measured and calculated temperature profiles for four input power levels


