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Temperature Dependence of Critical Current

at 4.2 K-55 K of Conduction-Cooled

Bi12212/Ag Wires for SMES

H. Kojima, S. Noguchi, C. Kurupakorn, N. Hayakawa, M. Goto, N. Hirano, S. Nagaya, and H. Okubo

Abstract—1In this paper, fundamental characteristics of conduc-
tion-cooled Bi2212/Ag wires and coils for HTS SMES were investi-
gated, in terms of critical current at different temperatures at 4.2
K-55 K. Experimental results revealed that the critical current did
not always increase with the temperature decrease, but was satu-
rated or even decreased, depending on the test sample condition.
Thermal analysis considering temperature dependence of specific
heat and thermal conductivity of the materials could explain the
critical current-temperature characteristics, and suggest the pos-
sibility to optimize the operating temperature of SMES.

Index Terms—Bi2212/Ag, conduction-cooling, critical current,
SMES, thermal analysis.

1. INTRODUCTION

ECENTLY, the demand for highly reliable electric power
Rsupply is getting higher. Superconducting magnetic en-
ergy storage (SMES) with high efficiency and high response ra-
pidity has been expected to play a significant role to meet the
above demand [1]. Over the past few decades, a considerable
number of research and development have been made on LTS
SMES, and field tests of the prototype SMES have been car-
ried out at liquid helium (LHe) temperature [2]. In recent years,
SMES using Bi2212/Ag wires has also been investigated be-
cause of its high current density under high magnetic field envi-
ronment at the temperature lower than 20 K [3]. The cooling
system used for SMES might be conduction-cooling of HTS
conductors in vacuum.

Owing to the development of superconducting current lead
and 4 K-GM refrigeration system, SMES is to be operated at as
low as 4-5 K without using LHe refrigerant. However, the op-
erating temperature of SMES has not so far been discussed and
optimized, because the fundamental current and thermal char-
acteristics of the conduction-cooled HTS conductors have not
been clarified.

Manuscript received October 4, 2004. This work was supported in part by
Grant-in-Aid for Scientific Research (B) of the Ministry of Education, Culture,
Sports, Science and Technology, Japan.

H. Kojima, M. Goto, and H. Okubo are with the EcoTopia Science Institute,
Nagoya University, Nagoya 464-8603, Japan (e-mail: h-kojima@esi.nagoya-
u.ac.jp; goto@esi.nagoya-u.ac.jp; okubo@nuee.nagoya-u.ac.jp).

S. Noguchi, C. Kurupakorn, and N. Hayakawa are with the Depart-
ment of Electrical Engineering and Computer Science, Nagoya University,
Nagoya 464-8603, Japan (e-mail: shinki@okubo.nuee.nagoya-u.ac.jp;
chatk @okubo.nuee.nagoya-u.ac.jp; nhayakaw @nuee.nagoya-u.ac.jp).

N. Hirano and S. Nagaya are with the Chubu Electric Power Co.,
Inc., Nagoya 459-8522, Japan (e-mail: Hirano.Naoki@chuden.co.jp; na-
gaya.shigeo@chuden.co.jp).

Digital Object Identifier 10.1109/TASC.2005.847646

TABLE 1
SPECIFICATIONS OF TEST SAMPLES
Material Bi2212/Ag
Ag rate 2.7
Wire Number of filaments 889
sample |Diameter 1.01 mm
Effective length 85 mm
Distannce between voltage taps 80 mm
Material Bi2212/Ag
Ag rate 3
Diameter of wires 1.01 mm
Coil Height . 110 mm
sample Outer <.i|ameter 81 mm
Inner dianeter 67 mm
Number of layers 4
Number of turns 37 turns/layer
Total length 36m

From the viewpoint mentioned above, in this paper, we
investigated the fundamental current-thermal performance of
conduction-cooled HTS conductors. We measured the critical
current of conduction-cooled Bi2212/Ag wires and coils for
different temperatures at 4.2 K to 55 K. We also carried out
thermal analysis including heat generation, conduction and
transfer under conduction-cooling, and verified the experi-
mental results.

II. EXPERIMENTAL SETUP
A. Arrangement of Wire Samples [4]

The specifications of wire samples used in this paper are
shown in Table I. The original wire was 6-stranded Bi2212/Ag
wire with a Nichrome stabilizer. Four strands were taken out
from the original 6-stranded wire as test samples (#1—#4).

Fig. 1(a) shows the arrangement of the wire samples. The
samples were conduction-cooled through an aluminum plate.
The thickness of the aluminum plate was 1 mm, and its surface
was electrically insulated by an oxide-coating with the thickness
of 10 pm. The samples were fixed on the aluminum plate by
Apiezon N grease with Ag paste. The temperature of each test
sample was measured by a silicon-diode temperature sensor on
the sample with electrical insulation by Kapton tape.

B. Arrangement of Coil Sample

The specifications of a coil sample are also shown in Table I.
The coil had 4 layers and Bi2212/Ag wire was wound in 37
turns on each layer. The arrangement of the coil sample is shown
in Fig. 1(b). The coil was impregnated with epoxy resin and
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Fig. 1. Arrangement for test samples. (a) Wire sample. (b) Coil sample.

conduction-cooled through vertical aluminum plates (thickness:
0.5 mm, width: 9 mm, number: 24) fixed on the outermost layer
of the coil. The temperature sensors were arranged at the top of
the aluminum plate and bottom of aluminum chamber.

C. Experimental Procedure

Each test sample was set in the aluminum chamber, and the
aluminum chamber was immersed in LHe, as shown in Fig. 1(b).
The aluminum chamber was evacuated to 1 x 10~* Pa by a
turbo molecular pump. The temperature of test samples was
controlled from 4.2 K to 55 K by the surface level of LHe.

We injected dc current to the test samples with the increment
of 20 A/s. On the increase in the injected dc current, critical cur-
rent . was obtained with the criterion of 1 4V /cm. The initial
temperature 7 of test samples before the current injection was
taken as the main parameter.

III. EXPERIMENTAL RESULTS
A. Wire Samples

Figs. 2(a)—(d) show the critical current I. of test samples
#1—#4 as a function of initial temperature T, respectively. At
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Fig. 2. Ceritical current as a function of initial temperature for wire samples
#1—#4. (a) Sample #1. (b) Sample #2. (c) Sample #3. (d) Sample #4.

Ty > 30 K, I. of each sample increased linearly by approxi-
mately 3—4 A/K with the decrease in Tp. At 15 K < Ty < 30 K,
1. did not depend on T}, but was almost constant. At 4.2 K <
Ty < 15 K, I. of sample #1 increased again with the decrease
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Fig. 3. Critical current as a function of initial temperature for coil sample.

in Ty,whereas I. of sample #3 was saturated and /. of samples
#2 and #4 decreased.

B. Coil Sample

Fig. 3 shows the initial temperature T dependence of critical
current I for the coil sample. I. increased monotonously by
approximately 2.5 A/K with the decrease in Ty at Ty > 10 K,
and seemed to be saturated at Ty < 10 K.

IV. THERMAL ANALYSIS
A. Analytical Model

In order to discuss the experimental results of the wire sam-
ples, thermal analysis including heat generation, conduction and
transfer was carried out. The temperature distribution in the alu-
minum plate is obtained by

Olar _ 0
ot Oz

8TA1

Can " ox

> + qcond(x)v (1)

where Cy), Ta) and k are the specific heat, temperature and
thermal conductivity of the aluminum plate, respectively. x is
the distance from the aluminum chamber whose temperature
change can be calculated using its heat capacity. Then, gconq 1S
the heat flow from the superconductor to the aluminum plate,
which can be calculated from the temperature difference be-
tween the aluminum plate and the superconductor as well as the
thermal resistance of N-grease and insulation layer. The temper-
ature dependence of C'a}, x and heat capacity of the aluminum
chamber are also taken into account.

We consider that the heat generation () of the supercon-
ducting wire sample consists of joule heat Q¢ of wire sample,
heat transfer from current lead, joule heat by contact resistance
and so on. First, the joule heat () of wire sample is obtained by

I \"
QO = E ° Iin = Ec e ° Iin (2)
I c0
where F is the terminal voltage of test samples, I;, is the in-
jected current, I is the critical current depending on the tem-
perature in case of better cooling condition such as in GHe [5].
E. is the terminal voltage with the criterion of 1 ¢V /cm, and
n represents n-value. Secondly, the external heat transfer from

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 15, NO. 2, JUNE 2005

400 = H 7
350 O R=00q ; _
® R-10x10"q
300 L < |-
e ¥ R-10x10°0
250 Mg B R-1.0x10"a [~
v A R-1.0x10"a| |

s G
o o
<.
>» =
"

Critical current Ic (A)
g
I

W
(=4

(=)

(=3

10 20 30 40 50 60 70
Initial temperature T, (K)

Fig. 4. Calculated critical current as a function of initial temperature for
different R.

current lead, contact resistance and so on are simulated by the
joule heat from the constant resistance R.

Then, we increased I;, with the increment of 20 A/s at the
initial temperature Ty, and calculated the temperature rise of
the superconducting wire sample. Temperature rise of the wire
sample is given by

T,
Osc—sc = — Ycond, 3
e Q — Geond 3)

where Cj. is the specific heat of the wire sample depending on
the temperature [6], [7], and 7. is the temperature of the wire
sample. Critical current I, was defined as the value of [, at
Iin = 1c0, ie. B = EC.

B. Results and Discussions

Fig. 4 shows the initial temperature T dependence of critical
current I for different R. When there is no external heat transfer
(R = 0), I. increased exponentially with the decrease in Ty,
corresponding to the intrinsic profile of I.o. On the other hand,
when the external heat transfer exists, I is saturated. The more
the external heat transfer increases, the more remarkably the sat-
uration of I, becomes. Especially, the reduction of I, from I
is remarkable at T' < 30 K. The cause of this result may be
attributed to the temperature dependence of specific heat and
thermal conductivity of the materials at cryogenic temperature.
The specific heat of Bi2212/Ag and aluminum at the cryogenic
temperature increases in proportional to the cube of tempera-
ture, i.e. decreases with the temperature decrease. Thermal con-
ductivity of aluminum has maximum value at about 30 K, i.e.
decreases with the temperature decrease at 7' < 30 K. Thus,
especially at 7' < 30 K, the temperature of the test samples
would easily be increased, due to the less conduction-cooling
performance associated with the lower thermal conductivity of
aluminum. Namely, according as the temperature decreases, the
reduction of I. from I.o may become remarkable.

Let us now return to the experimental results and compare
with the thermal analysis. The experimental result of wire
sample #3 in Fig. 2(c) coincides with the calculated result at
R =1.0x10"%—=1.0 x 1075 Q. In Fig. 4, this may suggest
that the wire sample is so short that the external heat transfer
from current lead and so on would be relatively high. The
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result of wire sample #1 in Fig. 2(a), where I, at T" < 10 K
increased with the temperature decrease, may be interpreted
by the smaller value of R, which means that the external heat
transfer was enough small. On the contrary, the results of wire
samples #2 and #4 in Figs. 2(b) and 2(d), where I. at T' < 15 K
decreased with the temperature decrease, may be explained by
the larger R.

In addition, the result of coil sample in Fig. 3 roughly corre-
sponds to the calculated resultat R = 1.0x 107 —1.0x 1076 Q
in Fig. 4. This suggests that the conductor length of the coil
sample was long enough to neglect the external heat transfer in
the heat capacity of the conductor as the whole coil. However,
further thermal analysis for the coil sample will be carried out,
taking account of the difference in the conduction cooling con-
figuration in Fig. 1 as well as that in the Ag rate in Table I, and
the effect of self field in the coil.

V. CONCLUSION

We investigated the temperature dependence of critical
current of conduction-cooled Bi2212/Ag superconductors to
be used in SMES. Thermal analysis including heat generation,
conduction and transfer could explain the experimental results.
The critical current exhibited the intrinsic profile to increase
exponentially with the temperature decrease in case of sufficient
cooling condition. However, when the external heat transfer
become larger than the cooling capacity, the critical current
did not always increase with the temperature decrease, but was
saturated or even decreased, especially at T < 15 K.

The results in this paper will lead us further into a consider-
ation of the operating condition of SMES. The optimization of
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refrigeration system such as on cooling and material character-
istics will be able to realize SMES with high I.. and high effi-
ciency. For example, the saturation tendency of I, at the lower
temperature obtained in this paper may raise the operating tem-
perature T, up to T, = 10-20 K, where the value of I.
would be almost the same as that at 7,,, < 10 K. The higher
T, will contribute to reduce the cooling power of refrigeration
system. Further investigation will be necessary to optimize 75
of SMES.

REFERENCES

[1] R. Mikkonen, “Highlights of SC power applications in Europe,” IEEE
Trans. Appl. Supercond., vol. 12, no. 1, pp. 782-787, 2002.
[2] S. Nagaya, N. Hirano, M. Kondo, T. Tanaka, H. Nakabayashi, and K.
Shikimachi et al., “Development and performance results of 5 MVA
SMES for bridging instantaneous voltage dips,” IEEE Trans. Appl. Su-
percond., vol. 14, no. 2, pp. 699-704, 2004.
S. Nagaya, N. Hirano, Y. Johgo, S. Ioka, M. Shimada, and T. Hasegawa,
“Development of the bi-2212 superconductor for high voltage magnets
and evaluation of the temperature and magnetic stability,” in Proc.
CIGRE, 2002, CIGRE paper 15-403.
N. Hayakawa, M. Shiratori, C. Kurupakorn, N. Hirano, S. Nagaya,
and H. Okubo, “Current-thermal characteristics of conduction-cooled
Bi2212/Ag superconducting wires for SMES,” in Proc. 18th Inter. Conf.
Magnet Technology, Morioka, Japan, 2003, 4C-p06.
K. Sasaki, C. Nishizawa, and T. Onishi, “Test results and analysis of cur-
rent limiting characteristics in conduction cooled Bi2223 fault current
limiter,” IEEE Trans. Appl. Supercond., vol. 13, no. 2, pp. 2048-2051,
2003.
M. Ikebe, H. Fujishiro, T. Naito, and K. Nato, “Simultaneous measure-
ment of thermal diffusivity and conductivity applied to Bi-2223 ceramic
superconductors,” J. Phys. Soc. Japan, vol. 63, no. 8, pp. 3107-3114,
1994.
H. Fujishiro, M. Ikebe, T. Naito, M. Matsukawa, K. Nato, and I. Shi-
gaki et al., “Thermal conductivity of Bi-2212 single crystals prepared
by TSFZ method,” Phys. C, pt. 2, vol. 235-240, pp. 1533-1534, 1994.

3

[t}

[4

—_

[5

—

[6

[t

[7

—



	toc
	Temperature Dependence of Critical Current at 4.2 K 55 K of Cond
	H. Kojima, S. Noguchi, C. Kurupakorn, N. Hayakawa, M. Goto, N. H
	I. I NTRODUCTION

	TABLE€I S PECIFICATIONS OF T EST S AMPLES
	II. E XPERIMENTAL S ETUP
	A. Arrangement of Wire Samples [ 4 ]
	B. Arrangement of Coil Sample


	Fig.€1. Arrangement for test samples. (a) Wire sample. (b) Coil 
	C. Experimental Procedure
	III. E XPERIMENTAL R ESULTS
	A. Wire Samples


	Fig.€2. Critical current as a function of initial temperature fo
	Fig.€3. Critical current as a function of initial temperature fo
	B. Coil Sample
	IV. T HERMAL A NALYSIS
	A. Analytical Model


	Fig.€4. Calculated critical current as a function of initial tem
	B. Results and Discussions
	V. C ONCLUSION
	R. Mikkonen, Highlights of SC power applications in Europe, IEEE
	S. Nagaya, N. Hirano, M. Kondo, T. Tanaka, H. Nakabayashi, and K
	S. Nagaya, N. Hirano, Y. Johgo, S. Ioka, M. Shimada, and T. Hase
	N. Hayakawa, M. Shiratori, C. Kurupakorn, N. Hirano, S. Nagaya, 
	K. Sasaki, C. Nishizawa, and T. Onishi, Test results and analysi
	M. Ikebe, H. Fujishiro, T. Naito, and K. Nato, Simultaneous meas
	H. Fujishiro, M. Ikebe, T. Naito, M. Matsukawa, K. Nato, and I. 



