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Regular inspections are required for the heat transfer tubes of multitube heat exchangers in
power plants and oil plants. Since the number of these steel tubes is large, high-speed inspection
is desired. The use of an AC magnetic field is known to be a high-speed method of inspecting
nonmagnetic tubes. On the other hand, since large electromagnetic noise is generated in
a ferromagnetic steel tube with nonuniform initial magnetic permeability, it is difficult to
inspect a steel tube by an electromagnetic inspection method using a minute AC magnetic
field. However, the nonuniformity of the initial permeability in the steel tube is reduced by a
minute AC magnetic field with a large static magnetic field. In this research, an electromagnetic
inspection method for detecting defects in a steel tube by applying a magnetic field that is a
combination of a large static magnetic field and a minute AC magnetic field to the steel tube is
investigated. We propose an electromagnetic sensor probe using a square wave AC magnetic
field with DC bias that is inserted into the steel tubes for inspecting steel tubes. In addition, it is
shown that the detection sensitivity of defects in the steel tube when using the square wave AC
magnetic field with DC bias is higher than that when using a sinusoidal AC magnetic field with
DC bias. Phenomena that occur during the inspection by this method are investigated in detail
by the 3D nonlinear finite element method, taking account of the magnetization properties of
the minor loop.

1. Introduction

Generally, since the inspection of heat transfer tubes of multitube heat exchangers in power
plants and oil plants is a full inspection, high-speed and non-destructive inspection technology
is required. Currently, an ultrasonic internal rotation inspection system (IRIS) is used for this
inspection.!) The inspection of ferromagnetic steel tubes using an IRIS enables the detection
of defects with high sensitivity. However, an IRIS has the drawback of a low inspection speed
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(100 mm/s). On the other hand, eddy current testing (ECT) using a minute AC magnetic
field is applied to inspect nonmagnetic tubes in power plants and oil plants at a high speed
without contact.?) Since electromagnetic phenomena are used in this inspection method, the
inspection speed is high, and the inspection is generally performed at a speed of about 1000
mm/s. However, when normal ECT is applied to ferromagnetic steel tubes, since the magnetic
characteristics inside the tubes are nonuniform, large magnetic noise is detected.

Although the magnetic characteristics inside a ferromagnetic steel tube are nonuniform, the
nonuniformity is reduced when a large static DC magnetic field is applied to the tube. Therefore,
a method of adding a large DC magnetic field to normal ECT has been proposed.®? However,
the inspection equipment for this technique is complicated since two kinds of excitation power
supply, DC and AC, are needed. In this research, an electromagnetic inspection method using a
simple excitation power supply with a square magnetic field with DC bias is proposed.

Generally, a sinusoidal magnetic field is used as the AC magnetic field in ECT. However, it is
considered that the detection sensitivity when using a square wave AC magnetic field is higher
than that when using a sinusoidal AC magnetic field. Therefore, we propose an electromagnetic
sensor using a square wave AC magnetic field with DC bias that is inserted into the steel tubes.
Phenomena that occur in this proposed inspection method are examined in detail by the 3D
nonlinear finite element method (FEM),(5) taking account of the magnetization properties of the
minor loop in the ferromagnetic steel tube.

2. Sensor Model and Experimental Conditions

Figure 1 shows the proposed electromagnetic sensor probe. This probe is composed of two
coils for excitation in series for inducing a square wave AC current with DC bias, a pair of
differential search coils, and a magnetic yoke made of permendur, which is an alloy of iron
and cobalt. The two coils for excitation and the differential search coil have 220 turns x 2 and
80 turns x 2, respectively. Figure 2 shows the excitation current waveform of the square wave
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Fig. 1.  Proposed electromagnetic sensor.
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current with DC bias. The DC bias, the amplitude of the alternating current of the square
waveform, and the excitation frequency are 1.4 A, 30 mA, and 100 kHz, respectively.

3. Comparison of Excitation Currents with Sinusoidal Wave and Square Wave

Generally, a sinusoidal AC magnetic field is applied to generate an excitation current
waveform in ECT. In this research, the detection sensitivities of the AC magnetic field of a
square wave with DC bias and the AC magnetic field of a sinusoidal wave with DC bias are
compared. Figure 3 shows the inspection model for a circumferential defect in the steel tube
(STB34SC steel material) using the proposed insertion-type electromagnetic sensor. The outer
diameter, length, and thickness of this steel tube with a circumferential defect are $19 mm, 320
mm, and 2 mm, respectively. The defect width in the z-direction and its depth (d,) are 20 and
0.6 mm, respectively. The distance between the electromagnetic sensor and the inner wall of the
steel tube is referred to as the lift-off. In this experiment, the center of the circumferential defect
is set as z = 0 mm, and the electromagnetic sensor is moved in the z-direction from 30 to —30
mm in 5 mm steps, keeping the lift-off at 0.5 mm.
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Fig. 2. Excitation current waveform of square wave current with DC bias.
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Fig. 3. Inspection model for circumferential defect in the steel tube using the proposed electromagnetic sensor.



532 Sensors and Materials, Vol. 33, No. 2 (2021)

Figure 4 shows the detection sensitivities of the sinusoidal and square wave currents with
DC bias. The horizontal axis indicates the position of the electromagnetic sensor and the
vertical axis indicates the differential voltage output by the pair of differential search coils in
the sensor. This figure shows that the magnitude of the detection signal is increased near both
edges of the circumferential defect. In addition, the peak-to-peak value of the detection signal
induced by the AC magnetic field is larger for the square waveform than for the sinusoidal
waveform. The magnitude of the detection signal for the square waveform is about 27% larger
than that for the sinusoidal waveform. This is because, since the polarity of the magnetic field is
changed rapidly when the square wave with DC bias is applied to the steel tube, the magnitude
of the eddy current generated in the steel tube is greater than that in the case of the sinusoidal
wave magnetic field with DC bias. Moreover, the Fourier series expansion of the square wave,
describing the relationship between time and frequency, is given by

_ 4&sin(2n—1) 27t
fo= Y M
4 . 1. 1.
= ;{sm(2nﬁ) + §s1n(2nft) + gsm(2nﬁ) + } 2

These equations show that the square wave can be considered as the sum of a number of
sinusoidal wave components whose frequencies are odd multiples of the fundamental frequency.
Because the square wave can be considered as the sum of an infinite series of sinusoidal waves
multiplied by a coefficient, the magnitude of the detection signal for the square waveform is
larger than that for the sinusoidal waveform of the fundamental frequency.
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Fig. 4.  Detection sensitivities of sinusoidal and square wave currents with DC bias (100 kHz, AC: 30 mA, DC: 1.4 A).
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4. Experimental Results

Figure 5 shows the test steel tubes (STB340SC) with inner- and outer-side defects and
through holes. The outer diameter and thickness of each steel tube is ¢19 mm and 2 mm,
respectively. Figure 5(a) shows a test steel tube with through holes of diameter ¢1 mm to 7 mm.
Figure 5(b) shows a test steel tube with inner-side defects at six different depths. The diameter
of all these defects is ¢3 mm and the depths of the defects are 10 to 60% of the thickness of the
steel tube. Figure 5(c) shows a test steel tube with outer-side defects at nine different depths.
The diameter of all these defects is 3 mm and the depths are 10 to 90% of the thickness of the
steel tube. In this experiment, the insertion-type electromagnetic sensor is inserted into the steel
tube at a speed of about 1000 mm/s while keeping the lift-off at 0.5 mm.

Figure 6 shows the effect of the measured output voltage in the differential search coil
when the electromagnetic sensor is moved out of the test steel tube at about 1000 mm/s. The
horizontal axis indicates the moving time of the electromagnetic sensor and the vertical axis
indicates the differential voltage output by the pair of differential search coils in the sensor.
Figure 6(a) shows the effect of the diameter of the through hole defects in the steel tube in Fig.
5(a). The amplitude of the signal output by the differential search coils increased with the defect
diameter. Figure 6(b) shows the effect of the depth of the inner-surface defects in the steel tube
in Fig. 5(b). The amplitude of the signal output by the differential search coils increased with the
depth of the defect. Figure 6(c) shows the effect of the depth of the outer-side defects on the steel
tube in Fig. 5(c). The amplitude of the signal output by the differential search coils increased
with the depth of the defect. These figures show that as the defect depth and diameter increased,
the amplitude of the signal increased. From these results, it is shown that the inspection speed
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Fig. 5.  Test steel tubes with inner- and outer-surface defects and through holes (STB340SC material). (a) Through
hole defect. (b) Defect on the inner side. (c) Defect on the outer side.
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Fig. 6.  Effect of the defect depth or diameter on the measured output voltage. (a) Through hole defect. (b) Defect
on the inner side. (¢) Defect on the outer side.

of the insertion-type electromagnetic sensor is 1000 mm/s, which is faster than that in the
conventional inspection method applied to the defect inspection of ferromagnetic steel tubes.
Furthermore, it is shown that this sensor has a clear signal difference between the part with a
defect and the part without a defect. Therefore, this sensor is not easily affected by magnetic
noise.

5. Evaluation by 3D Nonlinear Finite Element Analysis
5.1 Conditions of inspection model and analysis

Figure 7 shows the model of the electromagnetic sensor used for the nonlinear
electromagnetic analysis by the 3D FEM. In this inspection method, since a magnetic field
using the square wave current with DC bias is applied to the ferromagnetic steel tube, the flux
density and eddy current inside the ferromagnetic steel tube are calculated by the 3D nonlinear
FEM taking account of the minor loop curve. The play model method®”) is used to consider
the nonlinear magnetic characteristic of the minor loop in the steel tube. Figure 8 shows the
measured scalar hysteresis magnetization curves in the test steel tube made of STB340SC
material. These hysteresis curves are used for the 3D nonlinear FEM analysis using the play
model method. The hysteresis magnetization characteristics are 80 loops, and the maximum
flux density of each loop increases in steps of 0.07 T. Moreover, the initial magnetization curve
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Fig. 7. Inspection model used for 3D FEM analysis. (a) Electromagnetic sensor. (b) Ferromagnetic steel tube
(STB340SC) and outer-side defect.
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Fig. 8.  Hysteresis magnetization curves of steel tube (STB340SC).

of the magnetic yoke of permendur shown in Fig. 9 is used in the nonlinear FEM analysis. In
the step-by-step method of the FEM, the time interval Dt is chosen as 6.25 x 107> s when the
excitation frequency is 500 Hz. In order to obtain the steady-state result, the calculation is
carried out over nine cycles (=288 steps). The basic equation used in the electromagnetic field
analysis in consideration of the eddy current using the A—¢ method is given by

rot(vrotd) =J, — a[%—f + grad¢j, 3)

. 0A B
dlv{—o{a + grad¢j} =0, @)

where A4 is the magnetic vector potential, ¢ is the scalar potential, v is the reluctivity, Jy is the
current density, and o is the conductivity. The Newton—Raphson (N—R) method is used for the
nonlinear iterative calculation of the magnetic characteristic. The calculation and measurement
conditions are shown in Table 1. The ease of calculation is prioritized here to clarify
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Fig. 9. Initial magnetization curve of magnetic yoke in electromagnetic sensor (permendur).

Table 1

Calculation conditions.

Excitation coil 220 turns x 2, 0.8 A (DC bias), 500 Hz, 0.1 Ay,

Differential search coil 100 turns x 2

Lift-off 0.5 mm

Magnetic yoke permendur, conductivity: 3.33 x 10° S/m

Steel tube STB340SC, diameter: 19 mm, thickness: 62 mm, length: 460 mm,
conductivity: 6.66 x 10° S/m

Outer-side defect width (z-direction): 10 mm, depth: 0.5 mm, and circumferential defect

Nodes and elements 52585, 48704

Convergence criterion N-R method: 1.0 x 10°° T, ICCG method: 1.0 x 107°

electromagnetic phenomena occurring in the ferromagnetic steel tube. Therefore, the model
size and the frequency and magnitude of the excitation current are different from those in the
experiment.

5.2 Calculation result

Figure 10 shows only the DC component of the flux density in the square wave magnetic
field with DC bias in the steel tube. The display domain of these figures is shown in Fig. 7(b).
Figure 10(a) shows the distribution of the flux density inside the steel tube without a defect.
The DC flux density component is decreased on the inner surface of the steel tube. Figure 10(b)
shows the distribution of the flux density inside the steel tube with an outer-side defect.

For this outer-side defect, the width in the z-direction and the depth d, are 10 and 0.5 mm,
respectively. Figure 10(b) shows that the DC component of the flux density of the inner surface
layer in the steel tube is increased near the defect since the DC component of the flux density is
concentrated near the outer-side defect. Figure 10(c) shows the distribution of the DC component
of the flux density inside the steel tube with an inner-side defect. For this defect, the width in
the z-direction and the depth d, are 10 and 0.6 mm, respectively. The DC component of the flux
density outside the steel tube near the defect is greater than that without the defect since the
DC component of the flux density is concentrated near the inner-side defect. Figure 11 shows
only the AC component of the flux density in the square wave magnetic field with DC bias in
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Fig. 10. Distribution of DC component of flux density in the square wave magnetic field with DC bias in the steel
tube. (a) Without the defect. (b) With the outer-side defect. (c) With the inner-side defect.
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Fig. 11. Distribution of AC component of flux density in the square wave magnetic field with DC bias in the steel
tube. (a) Without the defect. (b) With the outer-side defect. (c) With the inner-side defect.

the steel tube. The display domain of these figures is shown in Fig. 7(b). Figure 11(a) shows the
distribution of the flux density inside the steel tube without the defect. The AC flux density
component is concentrated on the inner surface of the steel tube by the skin effect. Therefore,
as shown in Fig. 11(a), the DC component in the steel tube in the inner-surface domain of the



538 Sensors and Materials, Vol. 33, No. 2 (2021)

steel tube is decreased by the generation of eddy current. Figure 11(b) shows the distribution of
only the AC component of the flux density inside the steel tube with the outer-surface defect.
The AC component of the flux density in the inner surface of the steel tube is lower than that
without the defect. Figure 11(c) shows the distribution of only the AC component of the flux
density inside the steel tube with the inner-side defect. The AC component of the flux density
in the inner surface of the steel tube is less than that without the defect, similar to the results in
Fig. 11(b).

The DC component of the magnetic flux density is concentrated near the outer-side or inner-
side defects of the steel tube. Since the incremental permeability of the surface layer of the
steel tube is reduced, the AC magnetic field component of the square wave on the surface of
the steel tube is also reduced. Therefore, the output voltage in the differential search coil in the
electromagnetic sensor is changed near the defect in the steel tube.

6. Conclusions

The results obtained in this study are summarized as follows.

(1) The inspection speed when using the proposed insertion-type electromagnetic sensor was
experimentally shown to be faster than that of the conventional inspection method. In
addition, this method was shown to be robust to the magnetic noise of the ferromagnetic
material.

(2) When the proposed insertion-type electromagnetic sensor using a square wave magnetic
field with DC bias is applied to a ferromagnetic steel tube, it is possible to detect inner-
side and outer-side defects in the tube. The proposed method is also capable of detecting
inner-side and outer-side defects with depths of more than 10% of the thickness of the
tube. However, using this inspection technique, it is not possible to distinguish inner-
side and outer-side defects in the steel tube. A method of identifying the inner-side and
outer-side defects in a steel tube is a future research subject. In addition, it is necessary to
experimentally investigate whether the proposed electromagnetic sensor can be applied to
defects of various shapes.

(3) Phenomena that occur in the inspection method were clarified in detail by the 3D nonlinear
FEM taking account of the magnetizing properties of minor loops. When the square wave
magnetic field with DC bias is applied to the steel tube with an inner-side or outer-side
defect, the DC component of the flux density on the surface of the steel tube is increased.
Therefore, the incremental magnetic permeability of the tube surface is reduced. This
is because the DC component of the flux density is concentrated near the defect and is
increased at the surface of the steel tube. Then, the AC flux density component of the square
wave magnetic field on the inner surface of the steel tube with the defect becomes less than
that in the tube without the defect. From the above phenomena, we found that the detection
of inner-side and outer-side defects on a steel tube is possible by using the square wave
magnetic field with DC bias.

(4) Since the polarity of the magnetic field is changed rapidly when the square wave with DC
bias is applied to the steel tube, the magnitude of the generated eddy current in the steel
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tube is greater than that in the case with the sinusoidal wave magnetic field with DC bias.
Therefore, the sensitivity of defect detection with the square waveform is higher than that
with the sinusoidal waveform of the fundamental frequency.
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