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To improve trapped field characteristics of a high temperature superconducting (HTS) bulk, a technique to

implement artificial holes has been studied. The artificial holes, filled up with epoxy or metal, may provide bet-

ter cooling channel and enhance mechanical strength of the HTS bulk. Although many useful researches based

on experiments have been reported, a numerical approach is still limited because of several reasons that

include: 1) highly non-linear electromagnetic properties of HTS; and 2) difficulty in modeling of randomly scat-

tered “small” artificial holes. In this paper, a 2-D finite element method with iteration is adopted to analyze

trapped field characteristics of HTS bulk with artificial holes. The validity of the calculation is verified by com-

parison between measurement and calculation of a trapped field in a 40 × 40 mm square and 3.1 mm thick

HTS bulk having 16 artificial holes with diameter of 0.7 mm. The effects of sizes and array patterns of artifi-

cial holes on distribution of trapped field within HTS bulk are numerically investigated using suggested method. 
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1. Introduction

The melt textured YBa2Cu3O7-δ (YBCO) bulk is an

attractive material for a bearing part of superconducting

flywheel energy storage system (SFES) due to the high

levitation force and the trapped magnetic field properties.

It has been known that bulk YBCO containing internal

defects such as gas pores and cracks have caused the

failure of a superconducting bulk owing to the electro-

magnetic force induced by a trapped magnetic field.

Therefore a number of researches have been carried out to

improve the mechanical properties of melt textured YBCO.

Recently it has been proposed to drill arrays of artificial

holes within high temperature superconducting bulk in

order to improve their chemical and thermal properties [1-

6]. The results of the researches have proved that the

artificial holes prevented the fracture of HTS bulk by

thermal and magnetic stress during cool-down or magneti-

zation. The artificial holes with larger interfacial area and

filled with epoxy or metal, may provide better cooling

channel and also enhance mechanical strength of the HTS

bulk. 

However, most researches regarding the artificial holes

have been based on experiments; numerical approaches

[6] may be limited by several reasons such as: 1) highly

non-linear electric properties of HTS bulk; 2) difficulty in

modeling of scattered “small” artificial holes. Although a

3-D finite element method (FEM) will be required for

precise modeling of scattered artificial holes [7-9], a 2-D

FEM is adopted to save time during iterative calculation

to consider non-linearity of HTS material because the

volume of a hole is ~4,000 times smaller than that of the

bulk and also too many elements need to be generated in

the 3-D FEM. This paper presents a fast 2-D computa-

tional approach to estimate trapped field variations in an

HTS bulk before and after artificial holes are implement-

ed. The validity of the suggested method is verified by

comparison between measurement and calculation of a

trapped field in an HTS bulk with 16 holes with diameter

of 0.7 mm. The effects of sizes and patterns of artificial

holes on trapped field distribution are investigated by

suggested method.*Corresponding author: Tel: +82-43-261-2412

Fax: +82-43-271-3222, e-mail: gejang@chungbuk.ac.kr
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2. Numerical Analysis

2.1. Governing equation

Governing equation with magnetic vector potential,

=(Ax, Ay), is presented in (1) 

 (1)

where σ, μ, and  are electrical conductivity, magnetic

permeability, and current density, respectively. 

To consider the limited length of an HTS bulk in the 2-

D FEM, a calibration factor, γc, is adopted as (2)

 (2)

where B3D and B2D are axial magnetic fields at the center

of a permanent magnet, of which dimensions are identical

to those of the target HTS bulk, calculated by 3D (actual

dimension) and 2D (infinite long) FEM, respectively.

Then, the axial magnetic field calculated by the present 2-

D FEM is multiplied by the calibration factor to estimate

the actual field. 

2.2. E-J constitute relation

In the 2-D FEM, currents flowing only in the a-b plane

are considered while those in the a-c and b-c plane are

assumed to be negligible; only the axial field is taken into

consideration. To numerically consider the non-linear

electrical conductivity of an HTS bulk, a critical state

model with iteration was adopted as equation (3) and (4) 

if (3) 

if (4)

where Jc is critical current density of an HTS bulk and σi

and J i are electrical conductivity and current density of

each element in the i-th iteration [10].

For more accurate simulation, the Kim model, as seen

in equation (5), is used for the Jc in equations (3) and (4)

 (5)

where Jco and Bco are critical current density at zero field

and reference magnetic field to make the critical density

as the half of Jco, respectively. 

2.3. Validity of the suggest numerical approach

With the suggested method, a trapped field of an YBCO

bulk with 16 artificial holes was calculated and compared

with the actual measured one. Table 1 presents a summary

of the YBCO bulk parameters. Fig. 1 shows a picture of

the YBCO bulk. 

The 16 artificial holes, 0.7 mm in diameter, were mechani-

cally drilled as seen in Fig. 1. The distance between holes

is 8 mm in X and Y direction. A 4040 mm Nd-Fe-B

permanent magnet with surface flux density of 0.5 T was

used for trapping field into the HTS bulk in of liquid

nitrogen at 77 K by field cooling process. Since the field

from the permanent magnet was much larger than the

maximum trapped field of the HTS bulk, 0.195 T, the

induced current in the bulk was fully saturated in the a-b

plane along the c-axis according to the critical state

model. Thus, in the 2-D FEM simulation, the permanent

magnet was modeled as an equivalent solenoid electro-

magnet to apply enough axial fields for maximum field

cooling. 

Fig. 2 shows a) measured axial field, b) calculated axial

field, and c) calculated current distribution on the top

surface of the YBCO test bulk; the peak field at center

was calculated 0.194 T which was similar to the measur-

ed one, 0.195 T. Although the induced currents bypassed
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Table 1. Parameters of the YBCO bulk.

Parameters Values

HTS Bulk

Material YBCO

Width (square) [mm] 40 × 40

Thickness [mm] 3.1

Jco (measured) [MA/cm2] 0.51

Bco [T] 0.25

End effect calibration factor, γc [null] 0.208

Artificial hole

Number of holes 16

Hole diameter [mm] 0.7

Distance between holes in x-y direction 
between adjacent holes

[mm] 8.0

Fig. 1. Picture of an YBCO bulk with 16 artificial holes;

YBCO bulk: 40 × 40 mm square and 3.1 mm thick; diameter

of each hole: 0.7 mm.
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the artificial holes in Fig. 2c, the peak field was barely

affected by the presence of artificial holes because the

volume occupied by hole is negligible to that of the total

HTS bulk. The measured (Fig. 2a) and calculated (Fig.

2b) field distributions are slightly different in details

because of inhomogeneity of the critical current density in

the real HTS bulk. 

3. Study on Trapped Field Variation

Effects of hole sizes and patterns on maximum trapped

field capacity of an HTS bulk are investigated. The HTS

bulk in the analyses is assumed to have the same proper-

ties in Table 1 except different hole sizes and patterns.

Also, the external field during field cooling is assumed to

be larger than the maximum trapped field, > 0.2 T, strong

enough to make the HTS bulk fully saturated. Three

distinct hole sizes − 0.7, 1.5, and 3.0 mm − are analyzed

on three different square hole patterns seen in Fig. 3.

Maximum trapped field at the center, total trapped flux,

and average trapped field in each pattern are compared. 

3.1. Analysis of a plain bulk without holes

Fig. 4 shows axial field distribution and induced

superconducting currents in the HTS bulk without holes.

The axial field and current distributions are concentric

and the peak field of 0.197 T was calculated at the center

while the measured field was 0.198 T. 

Fig. 2. Field and current distribution on the top surface of the

YBCO bulk specimen: (a) measured axial field; (b) calculated

axial field; and (c) calculated current distribution. 

Fig. 3. Square patterns: (a) 9 holes with 10 mm distance; (b)

16 holes with 8 mm; (c) 25 holes with 6 mm. On each pattern,

three holes sizes − 0.7, 1.5, and 3.0 mm − are analyzed.

Fig. 4. (a) Axial field and (b) induced current distribution in

the HTS bulk without a hole. Peak field of 0.197 T was cal-

culated at the center of the top surface, which is similar to

measured one, 0.198 T. 
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3.2. 9, 16, and 25 artificial holes of 0.7, 1.5, and 3.0

mm in diameter with square patterns

Fig. 5 presents calculation results of axial field distri-

bution in the HTS bulk: (a) 9 × 0.7 mm; (b) 16 × 0.7 mm;

(c) 25 × 0.7 mm; (d) 9 × 1.5 mm; (e) 16 × 1.5 mm; (f)

25 × 1.5 mm; (g) 9 × 3.0 mm; (h) 16 × 3.0 mm; and (i)

25 × 3.0 mm holes. As the hole size increases from 0.7 to

3.0 mm, original concentric trapped field lines in Fig. 4a

deform more significantly. In all calculations, the peak

fields were found at the center of the bulk. When the

number of holes is 25, the calculated peak fields are

decreased by 1.8, 8.5, and 17 % of the center field in Fig.

4a. as the hole sizes are 0.7, 1.5, and 3.0 mm, respectively.

3.3. Discussion

Fig. 6 presents: (a) maximum trapped center field; (b)

total trapped flux calculated by a surface integral of the

axial trapped field; and (c) average trapped field calcu-

lated by the total trapped flux in Fig. 6a divided by the

YBCO bulk area excluding holes. 

As seen in Fig. 6a, the maximum trapped field is, in

general, decreased as the number and size of holes are

increased. However, the center field of the 16-hole case is

slightly larger than that of the 9-hole case regardless of

Fig. 5. Axial field distribution on the top surface of the YBCO

bulk: (a) 9 × 0.7-mm holes with center peak field intensity of

0.1945 T; (b) 16 × 0.7-mm with 0.1955 T; (c) 25 × 0.7-mm

with 0.1934 T; (d) 9 × 1.5-mm with 0.1903 T; (e) 16 × 1.5-mm

with 0.1905 T; (f) 25 × 1.5-mm with 0.1812 T; (g) 9 × 3.0-mm

with 0.1791 T; (h) 16 × 3.0-mm with 0.1795 T; and (i)

25 × 3.0-mm with 0.1628 T.

Fig. 6. Trapped field characteristics with different hole sizes

and patters obtained from Fig. 4 and 5: (a) maximum trapped

field at the center; (b) total trapped flux; (c) average trapped

field. 
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hole sizes. Fig. 7 presents induced current distributions of

(a) the 3.0 mm 9-hole case and (b) the 3.0 mm 16-hole. In

the Fig. 7a an artificial hole is located at the center and no

currents are induced near the hole. But, in the case 7b, the

locally induced current near the center enhanced the peak

center field. Thus, as seen in Fig. 6a, the maximum axial

center field of the 16-hole case is larger than that of the 9-

hole in spite of the larger number of holes. This implies

that the peak trapped field is dependent on a pattern of

artificial holes, particularly the presence of an artificial

hole at the bulk geometric center. 

As seen in Fig. 6b, the total trapped flux is decreased as

the number and the size of holes are increased. In a

magnetic levitation system using HTS bulks, the magni-

tude of a levitation force is determined by a total trapped

flux capacity of the bulks instead of a peak trapped field.

As seen in Fig. 6c, the average trapped field is even

increasing as the number and size of holes are increased

chiefly owing to the weaker trapped field strength and

larger Jc in equation (5). So the primary reason of the total

trapped flux reduction in Fig. 6b is the effective bulk area

reduction by creation of holes rather than trapped field

reduction. Note that the variation of maximum trapped

field and total trapped flux in the present samples are

17% and 9.0%, respectively, while that of the average

trapped field is only 2.5%. This implies that total trapped

flux is more dependent on total area of holes than their

individual size and distribution. Also, note that, in a

practical range of hole sizes of the present samples, 0.7-

1.5 mm, maximum trapped field, total flux density, and

average trapped field were varied only within 9% up to

the 25 holes. 

4. Conclusion

A 2-D FEM using magnetic vector potential was used

to analyze trapped field characteristics of an HTS bulk

with scattered artificial holes. The validity of the sug-

gested method was verified by comparison between cal-

culation and measurement of the trapped field distribution

in an HTS bulk with 16 artificial holes. And, effects of

various artificial holes on trapped field variations were

investigated using the suggested method. Based on the

results obtained in this research, we may conclude that:

• The suggested numerical method may be useful to

estimate maximum trapped field capacity of an HTS

bulk with various artificial holes. 

• The peak trapped field at the center of an HTS bulk is

affected by the size and location of artificial holes.

• The total trapped flux, however, is more dependent on

the overall area of holes than their size and location.

• In a practical range of hole sizes, 0.7-1.5 mm in dia-

meter, maximum trapped field, total flux density, and

average trapped field were estimated to vary within

9% up to the 25 holes.

• For more accurate calculation, 3-D analysis will be

required to take finite length of the rectangular bulks

into consideration. 
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