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Determination of the AC Losses of Bi-2223 HTS
Coils at 77 K at Power Freguencies Using a Mass
Boil-Off Calorimetric Technique

Frank Darmann, Shi Dou, and Chris Cook

Abstract—A mass boil-off measurement system has been used Bushings
to accurately measure and characterize the ac loss of high-temper- Electrical feed throughs
ature superconductor (HTS) coils at frequencies between 50 and To mass flow meters

200 Hz, and in applied ac fields of up to 0.04 T. The mass boil-off
calorimeter incorporated a glass cryostat, a copper field coil, and
two mass flow meters. The response of the gas flow to a step change
in the applied magnetic field was found to have a time constant of
about 600 s. Under suitable experimental conditions, it was pos-
sible to measure the ac losses of coils with an accuracy $f0.3 W.
The ac loss characteristics of an HTS pancake and two HTS sole- ]
noid coils are presented and the accuracy of mass flow calorimetry ]
in liquid nitrogen is reported on.

Index Terms—AC loss, boil off, external field, HTS tape, hys- Liquid nitrogen sensor @ @ 800

teresis loss, transport loss. /
HTS coil under test }%
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HE TOTAL ac losses at power frequencies of supercomiy. 1. Overall schematic of the MBC.
ductors in the presence of an ac magnetic field, an ac trans-

port current, a dc background field, and various combinationsA boil-off calorimeter (MBC) all the total | ¢
of these have been measured [1]-[5]. For the most part, how- mass Dorl-olt calonmeter ( .) alows the fotal 1oss o
é—|TS coil or device to be determined in liquid helium or ni-

ever, these losses have been determined on short pieces of & , . . .
en. This technique has been used to measure the losses in a

and assumptions have been made about how these mea duct ble [41. Th ts d ibed h
ments can predict the ac losses in working devices. Variationghereonducting power cavle [ .]' € apparatus described nere
cludes the possibility of applying both background ac and dc

in high-temperature superconductor (HTS) tape quality, and éﬁ-
rameters such as the critical current, the exponevilue, the lelds, as well as transport ac current over a frequency range of
overall tape dimensions, the core dimensions, and the filamg’Qt_zoo Hz.

dimensions and arrangement can affect the way each tape be-

haves. Damage during coil winding procedures can also affect Il. EXPERIMENTAL SETUP

the ac loss. Hence, the net ac loss of a significant length of tapq:ig_ 1 shows a schematic drawing of the MBC apparatus built
will be substantially d_ifferent from that predicted by Measurgs part of this work. Metallic components were kept to a min-
ments on a few centimeters of tape. The degree of differengg,m in the cryostat design to reduce the influences of stray
may be used as a benchmark as to the quality of the manufgggy currents. The thermal heat leak of the current leads was
turing route and the consistency of the physical and electriga||cylated to be 4.5 W. The magnetic field coil was 800-mm
properties across a length of tape. In addition, the complexity@hg and had a field constant of 1.25 peak mT/A root mean
interp_reting the electrical signals from ac loss measurementsgg]ruare (rms). The homogeneity of the magnetic field produced
a device has led researchers to pursue other methods of chasgGne external field coil was calculated using an FEM software
terizing the ac losses of coils and devices [4], [5]. package. Fig. 2 shows the calculated magnetic field components
produced within the internal volume of the field coil across a
Manuscript received January 28, 2003. This paper was recommended by R@ne perpendicular to the longitudinal axis of the coil, when
sociate Editor J. O. Willis. This work was supported by the Sustainable Energy50-A rms excitation current is used. Data across two such
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0070 side the cryostat. This small pressure rise within the cryostat

0.060 {1y Avial ild. 14 coll height has a negligible effect on the temperature of the boiling liquid
i — Axial field, coil hei . .

0.050 | Data poinis plotied across 9 nitrogen. The specified pressure drop of the mass flow meters
o040 | ; — Axial field in centre of coil @t full flqw rate is specified as being 0.5 Ibfin

The nitrogen gas at the mass flow meters was found to have a
0.030 1 — Radial field, 1/4 coil height  temperature around 300 K. The most likely explanation for this
0.020 - ‘
0.010 A

is due to the length of pipework that the gas must traverse before

— Radial field in centre of coil .
meeting the mass flow meters.

Magnetic field at 50 A RMS (T)

Radial

0.000 L - - :
0 40 80 120 160 I1l. RESULTS AND DISCUSSION
Radial position from central axis (mm) A. Introduction

Fig. 2. Calculated axial and radial field components of the field coil across a The first objective was to determine the heat leak of the sil-
plane perpendicular to the longitudinal axis of the coil. vered glass cryostat using the mass flow meters. The cryostat
was operated at a fill level of between 20% and 50% for all ex-
coil) was calculated to be less than 400 ° T/A, and the dif- periments. It was found that the background loss at these levels
ference between the axial field components (which represenfdiquid nitrogen was about 21 W. This value decreased gradu-
the component of field parallel to the tape surface) was foumdly to about 14 W when the cryostat was 40% full. This was a
to be less than 3.9 107° T/A. Hence, a parallel field may be significant loss, and was measured and corrected for before and
applied to solenoids with a height of less than 400 mm withafter each ac loss data point. The magnitude of the loss poten-
homogeneity of better than 2 mT at a 50-A rms field current. tially negates the purpose of having a high resolution flow meter

A 5-V peak square wave signal from a pulsewidth-modulatedth a small FS so some measurements were taken with only a
(PWM) supply was used to control the sinusoidal current outp20% fill level, at which point the loss of the coil was measured to
of a lock-in amplifier. This output signal was used as the inplie very close to the full scale of the 5 SLPM meter. This ensured
to an audio amplifier capable of supplying 220-V ac rms at 5§bod accuracy in the data. Experiments with higher losses re-
Hz. The audio amplifier was used to power the transport curreqired a higher fill level so that the measured values were closer
through the coils, as the HTS coil inductance was substantiattythe FS value of the 20 SLPM meter.
less than that of the field coil. Using this arrangement, a parallelThe second objective was to measure the effect of stray losses
magnetic field and transport current was applied to the HT®m all the metallic components that could not be replaced with
coils. In addition, the PWM supply was also used to provideghenolic fabric. The maximum magnetic field was applied to the
variable frequency sinusoidal current for both the field coil anttyostat with a 70% fill of liquid nitrogen. With no HTS coil in
HTS coils. This supply included feedback control which keghe cryostat, the current leads taken out, and all other metallic
the rms current to within 0.25 A of the set current. The tota@lomponents in place, no extra component of loss above the
harmonic distortion of the current waveform was determined bmckground was detected. Hence, stray losses were neglected
be less than 0.5% under all load conditions, and was foundfar all other experiments in which the current leads were re-
be better than 0.05% for the vast majority of the measurementoved.

Two mass flow meters connected in series were used tolTo measure the effect of the heat leak and resistive loss com-
determine the flow rate with a full scale (FS) reading of ponents of the current leads on the background loss, the leads
standard liters per minute (SLPM) and 20 SLPM. Note thatere short circuited in the cryostat, without the presence of a
1 SLPM = 1 L/min of gas at a temperature of 298 K andoil, and the total loss measured across the ac current range of
pressure of 101325 Nn¥, and a flow of 1 SLPM of N gas interest. At a constant level of liquid nitrogen, the heat leak into
is equivalent to a flow of 0.018667 g/s. A factor of 3.7146€he cryostat owing to the thermal conductivity of the copper will
W/SLPM was used to convert the measured boil-off rate bk constant and, therefore, can be neglected. By measuring the
liquid nitrogen to the loss value. The flow meters chosen atetal boil-off rate with, and without the current leads, this com-
designed to accurately measure the mass flow rate of nitrog@nent of heat leak was found to be about 5 W. The boil-off rates
over a wide range of temperatures without corrections requireder a 24-h period, taken every 7 s, are shown in Fig. 3.

The mass flow meters work by creating a small pressure dropFig. 4 shows a closeup of the data taken over a period of 10
across a unique internal restriction known as a laminar flomin with a typical level of liquid nitrogen, which in this case
element, and measuring differential pressure across it. Thas 40%. The variations seen are typical of those encountered
Poiseuille equation is used to internally calculate the volumetticroughout this study. To determine the uncertainty, itis not nec-
flow rate, and internal compensation corrects for differencessary to consider the full range of sample results, but rather a
in temperature such that the indicated flow rate is correct sitable band within which the majority of measurements fall.
standard temperature and pressure (STP). The FS readings€an be seen, the vast majority of the measurements fall within
the mass flow meters were equivalent to a loss of 18.5 W g&band which represents an uncertainty in determining the actual
SLPM) and 74 W (20 SLPM). loss of£0.1 W, if some of the peaks are neglected. Out of the 87

The combined pressure drop across the two mass flow metersasurement points shown, 78 of them (or 90%) fall within the
and pipe work was found experimentally to be less than 13b/irband shown, and 9 points (or 10%) fall outside of the band. The
This was determined by measuring the pressure of the gasuneertainty in the difference between two measurements and,
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Fig. 3. Heat leak with and without shorted current leads and zero current. Fig.5. Typical temporal response of the MBC to a step change in the applied
ac magnetic field. In this case, the system was quiescent before turning on the

ac magnetic field.

19.8 15.8
19.7 1 -4~ Background loss with 50 A current leads 1157
1g.6 |  °7Loss without current leads 1455 remained constant, did the mass flow readings truly indicate the

A4

195 goehogee-f A £ ¥4 155  total losses of the system.
194 MMIXMWM}‘Y u - 15.4 Owing to the long stabilization time required, the level of
Sy -

19.3 153 Jiquid nitrogen dropped noticeably between the beginning of

% :Zf 12? each test and the end. The background loss, therefore, reduced

8 19.0 S S K 150 Inthis time period, and it was noticed to drop by up to 0.5 W,
18.9 & " W A% 1% 1 149  depending on the level of excitation. For the majority of the ex-
18.8 Jpgr-trrp gl ~Wm 148  periments, however, the difference in the background boil-off

18.7 1%

147  rate between the start and completion of each ac loss measure-

1861 Uncertainity in taking reading 1:-2 ment point was about 0.0 to 0.2 W. If not allowed for, this fea-
1::3 , | | . | 14:4 ture of the MBC system would introduce a significant error into
68000 68100 68200 68300 68400 68500 68600 the calculated ac loss. By using a linear interpolation between
Time (s) the initial and final boil-off rates, a figure for the boil-off rate at

the level of liquid nitrogen for which the boiloff reaches stability
Fig. 4. Closeup of the measured losses of the cryostat with and Withoutcurrﬁqay be accu rately obtained. Usually the time required for stabi-
leads inserted. Shown are 87 points collected over a period of 10 min. . . g .

lization was the same for the increasing and decreasing parts of

the graph, so the average of the boil-off rates before the excita-
therefore, the uncertainty in determining the ac loss of a cdibn and after final stabilization was used. For example, the step
was 0.2 W under these experimental conditions. Hence, the tresponse in Fig. 5 shows an initial background loss of £8.Q
loss measurements would be read as19.4 and 14.£0.1 W, W and a final background loss of 138.1 W. The total loss at

representing a current lead heat leak o032 W. equilibrium is 21.2£0.1 W. The background boil-off rate at the
point of equilibrium would be 13.760.2 W and the ac loss of
B. Step Response of the System the coil would be recorded as 748.3 W.

The system required a significant time to stabilize. Fig. 5 This level of uncertainty was found throughout the range of

i L ! . experiments carried out in this work and error bars included in
shows a typical equilibrium time for a step change in the coppgr

coil field current. The time constant was approximately 10 m@e g@pmﬁi&y&fﬁﬁnmd data all represent an uncertainty of
and each ac loss measurement, therefore, took about 35 min 8)' ' '
obtain reliable data. A similar response was also observed after ) . ) i
connecting the gas flow pipes from the bushings to the mag_s AC Loss of a Solenoid Coil in a Parallel Applied Magnetic
flow meters. Field

During the stabilization period, the relative pressure inside A 240-mm-long HTS solenoid coil with composite adhesive
the vessel increased slightly to 1 Ib7inThe net loss measure-insulation and with other details shown in Table | was used to
ment, as indicated on the mass flow meters, was not a true ldssermine the coil losses in response to an applied parallel ac
value of the HTS coil during the stabilization period, as sonmaagnetic field. Therefore, the current leads were not inserted
of the energy lost by the coil was transferred into the storéato the cryostat. The parallel magnetic field losses were mea-
energy of the pressurized nitrogen gas in the cryostat, ratlserred using a PWM power supply at 53 Hz and as a check com-
than flowing out of the pipe work through the mass flow mepared to the three-phase, 50-Hz, 20-A variac. The results are
ters. Therefore, the sum of the energy loss indicated by the makewn in Fig. 6, along with lines of slope 3 and slope 1 as a
flow meters and the rate of increase in stored potential energygufide to the eye.
the gas equaled the net loss in the system (HTS tape and backrhe ac loss results obtained on solenoid coil 1 with both the
ground). Only after the pressure in the vessel had stabilized aradiac and the PWM supply were consistent after allowing for
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TABLE | TABLE 1
DETAILS OF SOLENOID ColL 1 DETAILS OF PANCAKE 1

Property Value Property Value

HTS Tape thickness 0.30 mm HTS Tape thickness 0.24 mm

HTS Tape width 3.5 mm HTS Tape width 3.2 mm

Tape length 135 m Tape length 40 m

Ic of coil, 77 K, self field 18 A Turns 140

Jcof coil, 77 K, self field | 6.1x10” A/m’ Ic of pancake , 77 K, self field | 6.0 A

Layers 3 Ic (0) estimated 10.0 A

Turns per layer 60 Jc (0), 77K 47x 107 A/m’

Total turns 180 Inside diameter 0.025 m

Coil height 0.24 m n (77K, self field of pancake) | 6.5

Coil inner diameter 0.174 m Outside diameter 0.118 m

Coil outer diameter 0.176 m

Penetration field of tape 0.009 T 10

Transport current loss e 50 Hz measured
Hysteresis loss —50 Hz I*2 fit
100.0 -
— - g —— Eddy current loss
» Loss of a slab. wqh applied
i B 1 N parallel field and in-phase AC ——DC loss

R T 1 transport current ; Selffield
=3 $lope 1line. ol | 3 — Self field
5 100 TH = | || o —— Slab, B only (I = 0)
“L_) B | C{ 8
3 . /4“_ A — —— Slab, transport |
3 Slope 2|line ——Slab, B +1
g 1.0 e — = — =H 0.1

— 1 —  OPWM(53Hz) | ] 10

Slopg 3| lil‘\e A Variac (50 Hz) ] RMS current, 50 Hz (A)
01 1 10 100 Fig. 7. Measured ac losses of Pancake 1 at 50 Hz and various approximations

based on the critical state model of the infinite slab.
Peak parallel field (mT)
Fig. 6. AC losses of solenoid coil 1 in response to parallel applied magneH(,sed rather than the measured Ic which was significantly less
fields where the field coil is powered by a 50-Hz variac operated at lindue to the large dc field produced by the pancake [13].
frequency (50 Hz) and a PWM power supply at 53 Hz. The data in Fig. 7 was fitted to a quadratic of the form shown
in (1), where P is the measured ac loss of the coil. Only the ac
the effect of the small difference in frequency. This means thigss results for which.414* I, < I4. were included for the
the small harmonic content, present in all PWM devices, did npurposes of finding the parameter A in (1)
significantly affect the measured ac loss results. _ 9 _ .
A thin solenoid in an applied parallel magnetic field can be P=AL (Lms < lac, A= 0.07175). @)

considered as a_long_ thin slab for the purposes of calculating th§e selt-field losses of Pancake 1 followed a square-law rela-
ac losses. The field is parallel to each turn of tape, because la@ship for currents below 7.0 A. The square-law relationship
field coil is much longer than the HTS solenoid coil. The resuliggicates that the ac loss was best described by the relationship
at 50 Hz and for applied fields less than 6 mT have a slope @dyeloped by Carr for an infinite slab exposed to a field oscil-
2, which differs from the characteristic slope 3 derived from thﬁting in-phase with a transport current [10].
critical state model for an infinite slab [8]. In addition, for fields Tpere exists a number of analytical equations describing the
above 20 mT, the measured loss has a slope-1 characterigliC|osses of isolated superconductors [8]-[12]. These may be
This indicated that the loss mechanism at 50 Hz was magngfiGq to approximate the ac losses of a pancake coil by assuming
hysteresis. _ _anumber of approximations. The magnetic field distribution is
It was possible to observe the nature of the boiling liquithqyired in these calculations. Both the parallel and the perpen-
nitrogen during the experiments through a purposely includggtyjar profiles of the magnetic field across the pancake surface

narrow slitin the silvering of the glass cryostat. Boiling was evyre shown in Fig. 8 as a function of the radial position across the
ident on the surface of the coil during the experiments. coil.

The Norris equations describing the self field transport ac loss
of a tape were used to calculate an initial approximation of the
A pancake coil was wound with the dimensions shown iac losses of the pancake coils [9]. In this approximation, the
Table Il. The ac transport current loss of this coil was charactédTS tape in the pancake coil was assumed to be stretched out in
ized with the MBC at a frequency of 50 Hz, as shown in Fig. & continuous length and carried an ac transport current with no
along with a number of approximations which will be describeépplied field contribution from the other turns. This calculation
In these calculations, the estimated field-free Ic of the tape wapresents the lower limit of the losses of the pancake.

D. AC Transport Current Loss in an HTS Pancake Coil
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TABLE Il
DETAILS OF SOLENOID CoIL 2
— 2 Property Value
§ [ Perpendicula/ / Half thickness of HTS Tape filamentary zone 0.12 mm
= 0 compénent oFTield Half thickness of filamentary zone of two coupled tapes 0.24 mm
‘_g / HTS tape width 3.5 mm
T 9 | HTS tape length 85m
‘;__— Paralle] component Ic of coil , 77 K, self field 162 A
g of field! Ic (0), 77K, zero field 18.0A
-4 1 ; Jc(0) of coil, 77K 7.41x10” A/m”
n (77 K, self field of coil) 6.0
6 Resistance (300 K) 3.1 Ohms
Turns 156
10 20 30 40 50 60 Cayers 3
Radial position across pancake (mm) Insylati(?n thickness b.etween the two layers 50x10° m
Inside diameter of coil 0.174 m
Fig. 8. Co_mponents of the magnetic field generated at the surface of 1 gg:ls }:i;gdl:?meter of coil not including insulation 8;;2 z
pancake coil Tape penetration field 0.011T

An approximation to the magnetizing hysteresis loss was ¢’ 1o

taiped by considerir)g the turns of the pe_mcake to be a ser — i ~ &V » 55 Hz Transport
of independent straight tapes of appropriate length with ea i /ﬂ///
tape exposed to an applied parallel field appropriate with ea V4 © 110 Hz Transport
turn’s position within the pancake coil. The Wilson equation | ; /Z,/ / © 200 Hz Transport
describing the loss of an infinite slab in a parallel field with ni ,, 10 %/;/ £ )
2 ! - + 55 Hz B Applied

transport current were used [10]. S : P o

The total ac loss of the pancake was approximated using » Fany/ il [l ¢ 110 Hz B applied
results of Carr, which are appropriate for an infinite slab with & v Z | A = DC current
in-phase ac transport current, and an ac parallel magnetic fi / // " | o

for ac current amplitudes less than the Ic [11]. Each turn of I 1
pancake was considered independently as an infinite slab w 1 10
simultaneous transport current and the appropriate applied f Tg‘::lf‘a";;;g;ef’i‘;g“(‘:‘%\)
allel field consistent with the position in the pancake coil. The

transport qm'em loss was algo C.alcu'ated USing these equati@r&gg_ Transport current loss and applied parallel field loss for solenoid 2.
by assuming that the magnetization loss was independent of the

transport current [12]. at 55 and 110 Hz. The measured results are shown in Fig. 9. In
The measured ac loss at 50 Hz falls between the two &gdition, the dc transport current loss was measured up to 32 A

treme approximations of the self-field losses and the infinitghq are included in Fig. 9.

slab approximation. However, the slope of the measured 10SSthe measured dc transport current loss of solenoid coil 2 was

was clearly less than that of the calculated results. This canfggind to be negligible over the range of current considered. The

explained by the fact that the approximations all originate frogyagdient of the dc loss curve at the Ic was determined to be 7

analytical solutions [8]. It has been shown that atowalue re- i, the self field by a four-point technique.
sults in an ac loss profile with a lower slope than that predictedThe measured ac loss of solenoid 2 in an applied parallel ac
by the critical state model [12]. field was found to have a slope of 1.4 in the frequency range
The measured results are generally lower than those predioted 110 Hz. In addition, it was found that the measured losses in
by the Carr model (Slab B- I in Fig. 7). This is due to the fact applied field increased by a factor of two when the frequency of
that the self field amplitudes used in the approximation wefge applied field was doubled from 55 to 110 Hz. This indicated
calculated at the surface of the pancake and the tape intefpak the coil had an ac loss that increased linearly with frequency
field will be lower than this, and will decrease toward the centgihg was hysteretic in nature.
of the tape, leading to lower actual losses than predicted. The measured transport current losses were found to have a
, ) _more complex relationship with frequency. They were found to
E. AC Losses Due to Transport Current and Applied Fields ifhrease by a factor of four when the frequency was doubled
an HTS Solenoid Coil from 55 to 110 Hz, indicating that the losses from induced cur-
A 296-mm-long, two-layer solenoid coil was wound with aents dominated the loss at 55 Hz [1]. An increase by a factor
single silver sheathed Bi-2223 tape, using a composite adhesiv@ist under two occurred, however, when the transport current
insulation between turns and between the layers. Other detitxjuency was increased from 110 to 200 Hz, indicating that
are shown in Table Ill. To determine the loss mechanisms, ttiee induced currents had saturated the superconductor, causing
transport current losses were measured at 55, 110, and 200fdether losses to behave more like a penetration type loss mech-
and the applied parallel field losses were measured separatelism and, therefore, hysteretic-like in nature [10].

100
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IV. CONCLUSION [15] M. Leghissa, J. Rieger, M. Oomen, and J. Wiezoreck, “AC loss in
L . . high-temperature superconducting tapes and cabRs¢. Develop.
The accuracy and range of a liquid nitrogen mass boil-off  Appl. Phys.vol. 1, pp. 89-118, 1998.
system was found suitable for characterizing the ac losses of
pancakes and solenoids containing as little as 30 m of HTS tape.
The best accuracy of the system obtainable was3 W for
a suitable height of liquid nitrogen, however, uncertainties as

hlgh as+0.5 W were encountered under certain eXpe“mema’lank Darmann received honors degrees in physics (specializing in elec-

conditions, and these were avoided as far as possible. tromagnetics) and electrical engineering specialzing in power engineering
The major advantage of the MBC technique is the ability taend communications) from Monash University, Melbourne, Australia, in

o : 1992 and 1995, respectively, and the Ph.D. degree in electrical engineering
measure the ac losses of a coil with an mdependently app“géﬁile working at Australian Superconductors, New South Wales, Australia)

magnetic field and transport current. This is a difficult task enfrom University of Wollongong, New South Wales, Australia, in 2002. His
ploying purely electrical means. Another advantage is that eagtlgineering honours thesis was on the subject of embedded generation in

; P ; utilities.
loss mechanism is included in the result, so that the losses pecializing in high-power superconducting equipment, he has carried out

real devices are known immediately without having to calculajgojects for the Ministry of Energy and Utilities, the Electricity Supply Associ-
or estimate them from data taken on short lengths of tape. Tdtien of Australia, and has built an efficient transformer from high-temperature

; ; ; Iperconductors. His research interests include saturable fault current limiters
variable frequency supply determines whether hyStereth or or limiting fault currents at substations, high-voltage breakdown of materials

duced current effects dominated the ac losses of a coil. in liquid nitrogen, and high-power transformer design for utility applications.
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