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Nondestructive Inspection Using an HTS SQUID for Copper Heat-exchanger Tubes

Yoshimi HATASUKADE, Akifumi KOSUGI, Kazuaki MORI* and Saburo TANAKA

Synopsis: A nondestructive inspection (NDI) system using an HTS SQUID for copper heat-exchanger tubes has
been constructed. An eddy-current-based NDI method using an HTS SQUID gradiometer cooled using a cryocooler
was employed for the detection of micro flaws in thin copper tubes 6.35 mm in diameter and 0.8 mm in thickness.
With an excitation field of 1.6 uT at 5 kHz, a flaw in the tube, measuring 30 um deep and 15 mm long, was
successfully detected by the system with a high signal-noise ratio of at least 20. Numerical simulations were also
conducted to determine how many sensors would be required for inspection around the circumference of an entire

tube.
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“Artificial flaw a
Position marker

Fig. 1 An artificial flaw in a copper heat-exchanger tube.
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Fig. 2 Eddy-current-based NDI method using HTS SQUID
(gradiometer) for a copper heat exchanger tube.
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Fig. 3 Schematic diagram of the NDI system using an HTS
SQUID gradiometer for copper tubes. The system was
constructed in an electromagnetically shielded room.
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Fig. 4 Cross-sectional view of the bottom part of the cryostét.
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Field coils ($52mm x 42mmt)

Fig. 5 Helmholtz-coil inducer composed of two identical field
coils with 3,000 turns and a separation distance of 44 mm.
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Fig. 6 System noise spectrum. Working temperature of the
HTS SQUID gradiometer was 74 K.
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Fig. 7 Measurement results with 1.6 uT at 440 Hz. (a) Flawless
and 100 pm deep flaw, (b) 50 pm deep flaw, (c) 30 um deep flaw.
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Fig. 8 Measurement results with 1.6 uT at 5 kHz. (a) 100 um
deep flaw, (b) 50 um deep flaw, (c) 30 um deep flaw.
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Fig. 9 Signal peak-peak amplitude due to a flaw as a function
of a flaw depth.
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Fig. 10 Schematic illustration of eddy current flow near one
end of a flaw in the surface of a copper tube. The currents
flowing in the midst of the flaw should go through the flaw,
while the current oriented toward the dark triangle area should
detour around the flaw end.
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Fig. 11 Signal peak-peak amplitude due to a 30 pm deep flaw
as a function of excitation frequency.
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Fig. 12 Equivalent circuits between the inducer and tube. The
former works as a primary circuit, while the tube works as a
secondary circuit in a flux transformer.
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Fig. 13 Simulation model of a copper tube with a flaw while
an eddy current is induced in the tube. The magnetic signal
caused by the eddy current disturbed by the flaw is simulated by
a magnetic signal due to virtual current dipoles located on the
flaw. (a) Cross-sectional view, (b) Top view.

— Edges of the flaw
E —e— §=0°
|: 3 | Tor 9;15“
= f' \ : ~mee 9230°
X 2 7 —o— §=45°
% . }1 I R “i ;. & @=60°
Q' 1 . At —a— =75
° E: - 8 . 6=90°
[
3 0 - y
= i
- ) &
3 -1 o e

b 9 ]
E -2 i |
g3 ¥ ! :
2 . :
n -20 -10 0 10 20

X position [mm]

Fig. 14 The simulation results while changing the flaw angle
6 stepwise at 15-degree steps from 0 to 90 degrees.

S

5 !

3 o8

2 e | o

o

S 06

©

§0.4 Py PY

S 02 L - _e-gshod o ___
P ®

S oo . 0 ¢
© 9 60 30 0 30 60 90
ey

]

Flaw angle 6 [degree]
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