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Steam generator tubes (SGT5) in nuclear power plants (NPPs) are a boundary between the primary side gener-
ating heat by nuclear fission and the secondary side generating electric power by a turbine. The water inside
the SGT is high temperature and high pressure. Therefore, defects and magnetic phases (MPs) are partly pro-
duced in non-magnetic SGT by high stresses and temperatures. This causes trouble regarding the safety of
SGTs but it is difficult to detect the MP using the conventional eddy current technique (ECT). In particular, a
circumferential defect (CD) and circumferential magnetic phase (CMP) cannot detected by ECT. Conse-
quently, a new method is needed to detect CDs and CMPs in SGT. A new U-type yoke with two types of coils
was designed and the reactance signal by the CMPs and CDs in the SGT material was simulated.
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1. Introduction

SGT in NPP is a heat exchanger from a primary loop
generating heat by nuclear fission to a secondary one
generating electric power by a turbine. The materials used
for SGT are Inconel alloys, which are non-magnetic and
have good corrosion-resistance. On the other hand, MPs
and defects are partly generated in the SGT due to the
high temperatures and stresses because the temperature
and pressure of water in SGTs are very high due to
nuclear fission [1]. The temperature and pressure is ap-
proximately 280 °C and 15.5 MPa, respectively. The eddy
current (EC) method is currently the most widespread in-
service technique used for a pre-service inspection of the
SGT in the nuclear power industry [2, 3]. Axial direction
defects in the SGT are detected by conventional ECT but
the CMPs and CDs in the SGT are quite difficult to detect
using this conventional technique [4].

The permeability may be described as the ease with
which a material can be magnetized. For non-ferrous
metals, such as copper, brass, aluminium etc., and for
austenitic stainless steels, the permeability is the same as
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that of ‘free space’, i.e. the relative permeability () is
one [4]. For ferrous metals, however, the value of z, may
be several hundred, which has a very large signal influ-
ence on the EC response. In addition, it is not uniform
and varies greatly within the SGT due to localised stresses,
heating effects etc. [4]. Internal-stress caused by drawing,
straightening and other processing of the SGT also creates
the MPs, which can give rise to fluctuations in the perme-
ability. Since the ferromagnetic test piece can be saturated
by strong DC magnetic field, the permeability fluctuation
of the magnetic test piece will be reduced. In order to
eliminate such fluctuation effects during testing, a suitable
device, such as a magnetized EC probe, was employed
[5]- Recently, to eliminate these EC signal fluctuations, a
magnetized probe with built-in permanent magnets has
been used in a SGT inspection, which results in a high
signal-to-noise ratio. Although this magnetized EC probe
could not provide sufficient saturation for MPs with high
permeability, this strong magnetic field of the magnetized
EC probe amplified the EC signal as noise. The reliability
of EC in a SGT inspection will be enhanced greatly by
defects around the magnetic sludge and the MP produced
with a defect using a magnetic sensor [6].

In this study, a new probe was designed with a U-type
yoke and two kinds of coils, a magnetizing coil and a
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detecting coil. The reactance induced by the CMPs and
CDs in the Inconel 600 tube was simulated using finite
element method (FEM). Using the sensor developed in
this study, the CMPs and CDs of a SGT could be mea-
sured at the same speed as that of the conventional EC
probe.

2. The Principle of the Designed Sensor

The EC 1is described by the diffusion equation as
follows [7];

(1/ @)V’ A=—T +jwcA+V(1/1) x (V x 4) (1)

where A is the vector potential, J; is the current density,
is the magnetic permeability, @ is the angular frequency,
and o is the conductivity. The ECT is being applied in
non-ferrous materials with a relative permeability of 1,
such as Inconel alloy, because the permeability of a mag-
netic material severely limits the depth of penetration of
the induced EC. Therefore, it is very difficult to detect the
CMPs, when the permeability and conductivity change
spontaneously. A new type of sensor is needed to distin-
guish the CMPs and CDs with its principle based on the
measurement of the impedance change in the sensor com-
posed of a U-type yoke wound magnetizing coil and B-
sensing coil [6]. This sensor detects the voltage variation
induced by the impedance change caused by the presence
of CDs and MPs in the structure under test.

3. Experimental

Inconnel alloys are non-magnetic with good corrosion-
resistance but axial and circumferential MPs and defects
are partly generated in the SGT due to the high temper-
atures and stress. The existence of MP in a SGT was
verified from a retired SGT (Inconel 600) of Kori-1 NPP
in Korea by showing a permanent magnet attached to the
fragment of a SGT containing the MP [1]. The axial
defects in a SGT can be detected by conventional ECT,
but the CDs and CMPs are very difficult to detect. Fig. 1
shows a schematic diagram of the reference specimen for
testing the new designed sensors and simulating magnetic
field. The inner diameter, outer diameter, and length of
the reference specimen were 16.916 mm, 19.05 mm and
440 mm, respectively. The numbers 1, 2, 3 and 4 are CMPs
in the outer wall, and 5 and 6 are CDs in the inner one.
AISI 1810 steel was used to simulate the CMPs. The
magnetic properties of its ring specimen were measured
using a hysteresis remagraph (Magnet-Physik), and the
conductivity was measured using a 4-point probe [8]. The
maximum permeability, coercivity, residual magnetic induc-
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Fig. 1. Schematic diagram of the reference specimen. The
numbers 1, 2, 3, and 4 are the CMPS in the outer wall, 5 and 6
are CDs in the inner one.

Table 1. The dimension of the CMPs and CDs in the reference
specimen.

Sample No. L (mm) W (mm) D (mm)
Outer defict 1 5.00 020 0213 (20%)
I“ e:t, © ecf 2 5.00 020 0427 (40%)
(Inse ‘t‘,’n °h 3 5.00 020  0.639 (60%)
magnetic phase) 5.00 020  0.852(80%)
ner defoct 5 5.00 020  0.639 (60%)
nner detec 6 5.00 020  0.852(80%)

tion and conductivity of this steel were 9.80 x 10~ H/m,
0.44 kA/m, 0.83 T, and 6.0 x 10° S/m, respectively. Table
1 lists the dimensions and position of the CMPs and
defects in the reference specimen. The CMPs and CDs
had a hexahedron shape. The length and width of the
CMPs and CDs were the same, and the depth was deeper
in proportion to number of CMPs and CDs.

As a yoke material, 0.15 mm thick non-oriented silicon
steel was used, and epoxy molded in vacuum. Using the
thin gauged laminated core, the yoke up could be mag-
netized to 10 kHz. The diameter and number of wire turns
used for magnetizing and B-sensing coils were 0.15 mm
and 100 turns. respectively. The 10 Aturns magnetic
potential with 10 kHz magnetizing frequency was applied
to the specimen using a magnetizing coil with a U-shape
yoke.

Fig. 2 shows a schematic diagram of the sensor elec-
tronics for signal processing. The figure shows only for
one sensor to simplify the diagram. A two phase lock-in
amplifier was used to measure the amplitude variation
and phase shift of the induced voltage due to the magnetic
reluctance change caused by the presence of CMPs and
CDs in the SGT because the inductance of primary wind-
ing and the phase angle between the primary current and
B-coil voltage will be varied by the magnetic reluctance
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Fig. 2. Block diagram of the fabricated sensor system for mea- 270
suring the CDs and CMPs.
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test specimen was changed, the magnetic potential drop
between the two pole surfaces also changed. A H-coil
was used to reduce this lift-off effect. The induced volt-
age of the H-coil was subtracted properly from the induced
voltage of the B-coil signal using an electronic air flux
compensator. To distinguish the directions of the axial and
circumferential defects and MPs, two sensors were made
perpendicular to each other and were incorporated into
the probe. 4-channel analog signals (2-channel analog
signals per sensor with two mutually perpendicular sensors)
were converted to a digital signal using a 4-channel input
16 bit Analog to Digital Converter (ADC), and the digital
signals were transferred to a personal computer via a
RS232C interface using 8 bit embedded microcontroller
[6].

Ansoft Maxwell V12 3D software was used to calculate
the reactance change caused by the presence of CMPs
and CDs [9]. The U-type probe, which has two types of
coils perpendicularly on the Inconel tube including the
CMPs and CDs.

4. Results and Discussion

Fig. 3 shows the mesh configuration for simulating the
reactance change in the CMPs and CDs. The solver for
the FEM was the eddy current, the size of the mesh was

Fig. 3. Mesh configuration for simulating the reactance change.

Fig. 4. (a) Simulated reactance and (b) in-phase x-output sig-
nal of the manufactured sensor. The numbers 1, 2, 3, and 4 are
the outer CMPs, 5 and 6 are the inner CDs.

approximately 260,000 tetrahedra, and the solving fre-
quency was 10 kHz. The magnetic potential applied to the
magnetizing coil was 10 A-turn.

Fig. 4(a) and 4(b) shows the results calculated by the
FEM and the in-phase x-output of the sensor, respectively.
As shown in Fig. 4, the reactance amplitude increased
with increasing depth of the outer CMP and inner CD.
The solid line, without symbols, indicates the measured
reactance change of the fabricated sensor. The amplitude
of the signals at the CMPs and CDs increase with depth
but the phase of signals was opposite to each other. There-
fore, the new sensor can measure the CMPs and CDs, and
distinguish the CMPs and CDs produced in the SGT.

5. Conclusion

The reactance was calculated using FEM for a newly
designed sensor to detect the outer CMPs and inner CDs
of an Inconel tube. The reactance calculated for the CMPs
and CDs in the Inconel tube agreed with the experimental
results measured by the sensor. The reactance increased
with the depth of the CMPs and CDs, but the phase of the
signals at the CMPs and CDs are opposite each other.
Therefore, the new sensor can measure the outer CMPs
and inner CDs, and also distinguish the CMPs and CDs
produced in the SGT. These results can be used to optimize
the sensor that can detect the CMPs and CDs in the
Inconel tube with speed of the conventional EC probe.
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