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The measurement of AC losses in superconducting cables by calorimetric
means is necessary as a yerification of electronic measurements on short
high-current models and because the present method of electronic measurement
is not applicable to longer cables with s{multaneously applied high current
and voltage. Consequently, after the first tests of Cable # 101 showed

higher losses than anticipated using the electronic wattmeter measurements,

.1t was decided to attempt to verify these measurements calorimetrically.

This report presents the results of tests completed to date.

Introduction

Durihg early current tests on BNL Cable # 101, there arose the question
of verifying the electrical losses, as measured by the wattmefer, by calori-
metric means. This type of measurement is also of interest for the large
facility tests where the present wattmeter method is not applicable.

The first test was hade in August 1978, with small success 1in méasurement

of the losses. The two old laboratory refrigerators, operating in parallel,

“were not sufficiently stable to maintain the system at temperature long enough

-

to reach thermal equilibrium thrqugh the length of the line. Some temperature

profiles were plotted which showed a change of slope, with and without current.

However, it was also. observed thgt the carbon resistor temperature sensors
were not calibrated with §ufficient accuracy and the measurement method
introduced additional errors. It was apparent that 0.01% sensitivity would
be necessary for the sensors and, assuming this was achieved; the calorimetric

measurements appeared feasible.
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Additibna] tests on Cable # 101 were performed during January and
February 1979. The temperature instrumentation built into the cable
remained the same but new gerﬁanium resistance sensors calibrated to 0.005°K
between 4.2° and 30° K had been instailed at both ends of the cable. In
addition to these change§; a new CTI Model 1430 refrigerator had been received
and installed. There were no problems in cooling the cable to any temperature
desired, but there was still enough drifting of temperature to make it
impossible to see the losses in a quantitative manner. "It was also apparent
that the existing carbon sensors in Cable # 101 would never be useful in these
tests, but with all germanium sensors in a new cable it was felt that the

losses could be measured to within a factor of 2 of the electrical measurements.-

Cable # 102 Experimental Arrangement

During the preceding tests a new cable designated # 102 was being fabricated.
This cable was instrumented with the precision-calibrated germanium temperature
sensors. Figure 1 is a flow and instrumentation schematic of the test
installation. High-pressure helium enters the west box, passing through the
cable core and through the superconducting transformer, exiting at point 8. The
electrical heater is used to raise the helium temperature at point 9 enough
to ensure that liquid is not formed following expansion through the J-T valve
or éxpansioniengine. The test cable is enclosed by a 5 cm stainless steel tube
which forms the high-pressure shell for the cable. The low-pressure ﬁe]ium,
fo]]owing'expansion; passeé from the east box to the west box through an annulus
formed by the 5 cm tube containing the cable and the 10 cm tube which is the
inner wall of the cryogenic enclosure. This low-pressure helium then returns to
the refrigerator; In operation, the cable and its enclosures form the final
heat exchanger of thé refrigerator, with heat generated within the cable flowing
to eithér the high- or low-pressure stream, depending upon which is lower in

temperature. The heat influx through thé ené]osure insulation f1dws to the Tow-



pressure stream. In this arrangement the cable, and its enclosure, becomes
a counterflow heat exchanger with internal heat generatibn.

Temperature sensors 2 through.7‘aré located in the cable core in the
high-p;essure flow. Sensors 11 through 16 are in the annulus of the low-
pressure return -flow, and sensors 15 through 18 measure the temperature of
the static high-pressure helium -on the outside of the cable. The rest of the
temperature sensors are located inside the high- and Tow-pressure piping.
Pressure sensors and orifice-type flow meters are placed-so that the mass
flow and thermodynamic propertieé of the helium streams can be determined.
The temperature sensors are connected to a mini—cdmputer that measures the
resistance and converts ft to temperature in Kelvin which is then printed
out as shown. in Figufe 2. The mini-computer also continuously samples
temperature sensor 13 and raises or iowers the heater current to maintain
this témperature constant at 7.25o 1_0.030 K. This value and the sensor to
be used were deterﬁ{ned experimentally in.order to maintain the temperature
through the length of the cable as constant as possible without current on the

cable.

Experimental Procedure -

In order to establish a base line or static heat leak condition, the
refrigerétion rate was set by adjusting all of the refrigerator operating
parameteré with the trim heater controlled by the computer. The system was
a]iowed to run for up to 24 hours without current on the cable, until temperature
stability was reached. This was repeated a number of times during the two-
week test. The same‘procedure was followed when current was applied to the cable,
except that no changes were made on the refrigerator settings. Only the trim
‘heater varied,-and this was done by the computer to hold temperature 13 at '
the predetermined value. During tests with current on the cable, the system was

allowed to operate-until stability was reached. In one test the current was



held at 500 rms A/cm for a period of 75 hours. Tests were made at 300, 400,
500 and 570 rms A/cm,with resulting data recorded for analysis.

Figure 2 shows the temperature.déta with no current on the cable (note
heater power of 44.80 watts). Figure 3 is fhe same data plotted by the
computer as a temperature profile for the test section. Figure 4 is the
temperature data taken with.500 rms A/cm on the cable,and Figure 5 is the
corresponding temperature profile plot. The heater power at this condition
has been reduced to 35.97 watts in order to maintain the temperature at 13

within the pre-set limits.

Analysis of Data and Results

From the recorded temperature and pressure data, the enthalpies at all
points gnd the densities, where required, were determined; usﬁng the computer
functions developed by Arp.* The mass flow was ca]cu]ated from the data for

flow meters FM-1 and FMéZ and also from the relationship:

hoe M

9 8
where:

QH = trim heater power in watts
h8 and H9 are the enthalpies before and after the heater.
While making these calculations it was determined thatvthé temperature

at point 10, as recorded, was incorrect. Since all of the tests were run
using the Joule-Thomson (J-T) valve, the enthalpy at 10 is required to be

equal to the enthalpy at 9 because of iéentha]pic expansion. Using the

constant enthalpy relationship, a new temperature and density were calculated

*Arp, V., "New Forms of State Equations for Helium," Cryogenic 14, 593
(Nov. 1974).



fldw at FM-1 and subsequent heat balances. The three mass flows calculated
were within good experimental agreement and it was decided to use the value
calculated by the heater balance because it fell between those of the two
flow meters. |

It is obvious that a great number ofvheat balances could be made from
the data available, and quite a few were tried. The one presented here was
selected because it gave the most.consistent static loss results.

To find the electrically produced losses it is necessary to estab]ish
the static lTosses, which are then subtracted from the total losses found
with current on the cable. The following relationships were used:

Qu. =™ (hy + hy, = by = hyo) heat Teak, watts

Qr = m (h7 + h]7 - h1 - h]O) total heat with current, watts

QE = QT - QHL current-induced heat, watts
The heat leak, QHL’ was calculated for a number of sets.of data taken over a
period of two weeks'aﬁd the arithmetic average, 10.516 watts, used to calculate
. the electrical losses Q. Figure 6 shows the results of these calculations
plotted égainst the current density. The upper curve was drawn using the
calorimetric measurements, while the lower curve is from the electronic wattmeter.
The slopes of the two curves are very nearly identical,with the calorimetric
hea;urements'a factor of 1.52 - 1.56 higher than the wattmeter measurements.

It would be very difficult to say that the wattmeter readings are in
error from these data. The shorted end is included in both measurements.

The losses in the transformer connection are not included in the wattmeter
measurements, but it is possible that these losses are included in the
calorimetric measurement, as well as some conduction losses through the

connection because of heat generated.in the transformer.



Conc]usions

Progress has been made in instrumentation which makes it possible to
measure the electrical losses in a superconducting power cable by
calorimetric methods. The length of the test cable is a factor in such
measuremenfs because of the large losses which occur at each end. Longer
test cables should help in this respect; however, longer cables with high
current and voltage terminations will have larger end losses as well.
Tests on larger systems will haVe to include very accurate temperature,
pressure and f]ow instrumentatidn. 'The'probiem is further complicated by
the difficulty in measuring ‘the temperature of helium flowing in large,
horizontal pipes or annuli because of the tendency towards stratification
in low-velocity flow systems. It is possible to observe any increase in
losses as the current is increased and this may be adequate monitoring for
Tong cabies. From a‘refrigerafion point of view, it is all that is necessary
since the refrigerator must remove all heat leaking into or produced by the

cable in order for the cable to work properly.
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