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	 When an insertion-type magnetic sensor using only a static magnetic field is moved in a steel 
tube at a high speed, an eddy current is generated in the steel. When there is a defect in the steel 
tube, it is possible to detect the defect from the change in the distribution of the eddy current in 
the tube. Generally, ferromagnetic heat transfer tubes in power plants or oil plants are inspected 
for defects by moving an internally inserted electromagnetic sensor at a high speed of about 
1 m/s. In this study, an inspection method is proposed in which an insertion-type electromagnetic 
sensor using only a static magnetic field is moved at a high speed in a steel tube to detect an 
outer-side defect in the tube. The eddy current density and alternating flux density inside the 
steel tube generated by constant velocity movement of the static magnetic field are determined 
by 3D nonlinear finite element method (FEM) analysis of the eddy current by a step-by-step 
method. In addition, a verification experiment is also conducted.

1.	 Introduction

	 An insertion-type sensor is required for the high-speed inspection of the inside of heat 
transfer steel tubes of multitubular heat exchangers in chemical or oil plants. Eddy current 
testing (ECT) using a minute alternating magnetic field is applied to inspect non-magnetic tubes 
in chemical or oil plants at a high speed without contact.(1) Since a high excitation frequency is 
used in this inspection method, the inside of the steel tube is usually inspected with the sensor 
moving at a high speed of about 1 m/s inside the steel tube. However, when normal ECT is 
applied to ferromagnetic steel tubes, since the skin effect is strong in this method, a defect on the 
outer side of the steel tube is not detected. 
	 On the other hand, when a static magnetic field is applied to a ferromagnetic steel tube from 
the inside of the steel tube, the magnetic flux penetrates to the outside of the tube. Therefore, an 
inspection method using both a static magnetic field and ECT is also being studied.(2,3) However, 



2868	 Sensors and Materials, Vol. 8 (2021)

when an electromagnetic sensor using only a static magnetic field is moved in a steel tube at a 
high speed, an outer-side defect on the steel tube is detected since an eddy current is generated 
inside the steel tube. Inspection methods using the velocity effect with a static magnetic field 
have already been proposed.(4–7) However, in most previous studies, these inspection methods 
using the velocity effect were applied to non-magnetic materials such as aluminum.
	 In this study, an electromagnetic inspection method using the velocity effect with a static 
magnetic field in which a sensor is inserted into a steel tube is investigated to detect an outer-
side defect in a ferromagnetic steel tube. The flux density and eddy current density in this 
inspection method are examined by the 3D nonlinear finite element method (FEM) taking 
account of the initial B–H curve in the steel tube and the velocity effect of the insertion-type 
static magnetic sensor.(8) In addition, the usefulness of this inspection method is experimentally 
verified.

2.	 Sensor Model and Analysis Method

2.1	 Electromagnetic sensor model and conditions

	 Figure 1 shows the proposed electromagnetic sensor using only a static magnetic field and an 
inspection steel tube (STB340SC). This sensor is composed of two static excitation coils in 
series, a pair of differential detection coils, and a magnetic yoke of Permendur, an alloy of iron 
and cobalt. A direct current of 1 A is passed through the two excitation coils in series so that the 
positive z-direction of the sensor is the S-pole and the negative z-direction is the N-pole. The two 

Fig. 1. Electromagnetic sensor model (1/4 of domain).
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excitation coils and the differential detection coil are 220 turns × 2 and 100 turns × 2, 
respectively. The outer diameter, length, and thickness of this inspection steel tube are ϕ 19 mm, 
460 mm, and 2 mm, respectively. The proposed sensor is inserted in the steel tube at a speed of 
1 m/s in the negative z-direction. The distance (lift-off: Lo) between the sensor and the steel tube 
is 1 mm. 

2.2	 Nonlinear analysis considering moving speed

	 In this inspection method, the flux density and eddy current density are calculated by the 3D 
electromagnetic FEM taking account of the initial magnetic curves and the conductivities of the 
steel tube and the magnetic yoke. The 3D FEM using first-order hexahedral edge elements is 
applied.
	 The basic equation of the electromagnetic field analysis in consideration of the eddy current 
using the A-ϕ method is given by

	 ( ) 0rot ,rot grad
t

σν φ∂ = − + ∂ 
AJA 　	 (1)

	 div 0grad
t

σ φ∂ − + 


  = 
 ∂ 

A ,	 (2)

where A is the magnetic vector potential, ϕ is the scalar potential, v is the reluctivity, J0 is the 
current density, and σ is the conductivity. To briefly explain the calculation considering the 
velocity effect of the sensor, we examine the case of movement with a constant velocity in the 
z-direction, as shown in Fig. 2, with a 1D model without considering the gradϕ term in Eqs. (1) 

Fig. 2.	 Movement of sensor in z-direction.
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and (2). In transient analysis, where the sensor with the static magnetic field is moved inside the 
steel tube over time, the time derivative ∂A/∂t for the moving coordinate system can be 
discretized by the backward difference method that is superior to the other methods as 
follows:(9,10)

	
*

2 2 1( ) ( ) ( ) ,
t t t t tA z A z A z

t t

+∆ +∆∂ −
≅

∂ ∆
	 (3)

where Δt is the time interval. z1 indicates an arbitrary position of the sensor, and z2 indicates the 
position of the sensor after Δt from the position of z1. For example, A(z2)t+Δt represents the vector 
potential of an arbitrary position after movement at the instant t + Δt. The superscript (*) 
indicates the unknown variable. Since the speed of the sensor moving in the steel tube is 1 m/s 
and the moving pitch in the FEM analysis is 1 mm/step in the negative z-direction, the time 
interval Δt in the step-by-step method is selected as 1.0 × 10−3 s. In 3D analysis, the same 
discretization as above is carried out for all directions. The Newton–Raphson (N–R) method is 
used for the nonlinear iterative calculation of the magnetic characteristic. The N–R iterations are 
carried out using the initial magnetization curve shown in Fig. 3. The incomplete Cholesky 
Conjugate Gradient (ICCG) method is used to converge the results of nonlinear calculations of 
the magnetic characteristics. The conditions of calculation and measurement are shown in 
Table 1.

Fig. 3.	  Initial magnetization curve of ferromagnetic steel tube (STB340SC).

Table 1
Conditions of calculation and measurement.
Excitation coil 220 turns × 2, DC: 1 A
Differential search coil 100 turns × 2
Scanning speed of the sensor 1 m/s
Lift-off 1 mm

Dimensions of specimen STB340SC steel tube, diameter: 19 mm, 
thickness: 2 mm, length: 460 mm

Conductivity STB340SC: 6.66 × 106 S/m, 
Permendur: 3.33 × 106 S/m

Nodes and elements 107597, 100452

Convergence criterion N–R method: 1.0 × 10−6 T, 
ICCG method: 1.0 × 10−6
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Fig. 4.	 Distribution of eddy current density in the steel tube at a moving speed of 1 m/s.

3.	 Magnetic Flux and Eddy Current Distribution in Steel Tube During Constant 
Velocity Movement

	 Figure 4 shows the distribution of the eddy current density in one layer in the y-direction 
inside the steel tube without defect when the sensor is moved in the negative z-direction in the 
tube at 1 m/s. This figure indicates that the directions of the eddy currents generated on the 
upper and lower sides of the steel tube are opposite. Since the lower part of the sensor in the 
moving direction is the N-pole, the eddy current is generated inside the steel tube near the lower 
part of the sensor in the direction that cancels the N-pole magnetic field. On the other hand, 
since the upper part of this sensor is the S-pole, an eddy current is generated inside the steel tube 
near the sensor in the direction that cancels the S-pole magnetic field. In addition, owing to the 
skin effect, the eddy currents are concentrated on the inner surface layer within the thickness of 
the steel tube. 
	 Figure 5 illustrates the display domain of the magnetic flux density in the steel tube shown in 
the analysis results below. Figure 6 shows the distribution of the flux density inside domain 1 of 
the steel tube without a defect in Fig. 5 when the sensor is moved in the negative z-direction in 
the tube at 1 m/s. Figure 6(a) shows the distribution of the flux density inside the steel tube 
without a defect generated by the velocity effect. This figure indicates that the flux density on 
the outer surface of the steel tube is reduced. Also, the flux density is distributed in the positive 
z-direction since the eddy current is generated inside the steel tube in the direction that cancels 
the N-pole magnetic field. Figure 6(b) shows only the static flux density component inside the 
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steel tube generated by the velocity effect as shown in Fig. 6(a). This figure indicates that the 
static flux density component is uniformly distributed inside the steel tube. Figure 6(c) shows 
the AC flux density component obtained by subtracting the static flux density component in Fig. 
6(b) from the flux density distribution in the steel tube generated by the velocity effect as shown 
in Fig. 6(a). This figure indicates the AC flux density component induced by the velocity effect 
is concentrated on the inner surface of the steel tube by the skin effect. In addition, the 
distribution of the flux density component on the outer surface of the steel tube is the static flux 
density component reduced by the skin effect.

Fig. 6.	 Distribution of flux density in domain 1 of ferromagnetic steel tube. (a) Flux density generated by velocity 
effect. (b) Static flux density component. (c) AC flux density component due to eddy current.

(a) (b)

(c)

Fig. 5.	 Display domain of magnetic flux density in the steel tube.
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	 Figure 7 shows the distribution of the flux density inside domain 2 of the steel tube without a 
defect when the sensor is moved in the negative z-direction in the tube at 1 m/s. Figure 7(a) 
shows the distribution of flux density inside the steel tube generated by the velocity effect. This 
figure indicates that the magnetic flux density is uniformly distributed inside the steel tube. 
Figure 7(b) shows only the static flux density component inside the steel tube generated by the 
velocity effect as shown in Fig. 7(a). This figure indicates that the static flux density is uniformly 
distributed inside the steel tube as shown in Fig. 7(a). Figure 7(c) shows the AC flux density 
component obtained by subtracting the static flux density component in Fig. 7(b) from the flux 
density distribution in the steel tube generated by the velocity effect as shown in Fig. 7(a). This 
figure indicates that the AC magnetic flux density inside the steel tube near the central region of 
the sensor is very small, since eddy current is not almost generated in the steel tube near the 
central region of the sensor field as shown in Fig. 4. Therefore, Fig. 7 shows that the distribution 
of static flux density in the steel tube near the central region of the sensor is dominant.
	 Figure 8 shows the distribution of the flux density inside domain 3 of the steel tube without a 
defect when the sensor is moved in the negative z-direction in the tube at 1 m/s. Figure 8(a) 
shows the distribution of flux density inside the steel tube generated by the velocity effect. This 
figure indicates that the flux density on the inner surface of the steel tube is reduced. In addition, 
it indicates that the flux density on the inner surface of the steel tube near the upper side of the 
sensor is offset because the eddy current is generated in the opposite direction to that when the 
N-pole of the lower side of the sensor passed as shown in Fig. 4.

Fig. 7.	 Distribution of flux density in domain 2 of ferromagnetic steel tube. (a) Flux density generated by velocity 
effect. (b) Static flux density component. (c) AC flux density component due to eddy current.

(a) (b)

(c)
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	 Figure 8(b) shows only the static flux density inside the steel tube generated by the velocity 
effect as shown in Fig. 8(a). This figure indicates that the static flux density is uniformly 
distributed inside the steel tube. Figure 8(c) shows the AC flux density component obtained by 
subtracting the static flux density component of Fig. 8(b) from the flux density distribution in 
the steel tube generated by the velocity effect as shown in Fig. 8(a). This figure indicates that the 
AC flux density component generated by the velocity effect is concentrated on the inner surface 
of the steel tube by the skin effect. In addition, the distribution of the flux density component on 
the outer surface of the steel tube is the static flux density component increased by the skin 
effect.

4.	 Verification of Outer-side Defect Inspection by Calculation and Experiment

4.1	 Conditions of verification experiment

	 The verification model and the conditions of the calculation and experiment are basically the 
same as those shown in Fig. 1 and Table 1. The current used for excitation is DC 1 A. However, 
the center of the outer-side defect is set as z = 0 mm, and the proposed electromagnetic sensor is 
moved in the z-direction from 30 to −30 mm at a speed of 1 m/s as shown in Fig. 9. In this 
experiment, the recording interval (sampling interval) of the voltmeter is set to 0.1 ms, the sensor 

Fig. 8.	 Distribution of flux density in domain 3 of ferromagnetic steel tube. (a) Flux density generated by velocity 
effect. (b) Static flux density component. (c) AC flux density component due to eddy current.

(a) (b)

(c)
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is fixed, and the steel tube is moved at 1 m/s using a motorized scanning machine. This sensor 
measures the differential output voltage in two detection coils at each moving position while 
maintaining the lift-off Lo at 1 mm. The outer-side defect on the steel tube is a circumferential 
defect with a width of 1 mm in the z-direction and a depth of 0.5 mm in the x-direction.

4.2	 Inspection results

	 Figure 10 shows the inspection signal of the differential flux density detected by the two 
detection coils for the outer-side defect on the steel tube. The figure also shows the FEM analysis 
results. This figure indicates that the outer-side defect is detected since the two peaks appear 
near both edges of the defect. In addition, the calculated differential flux density in the two 
detection coils is almost in agreement with the measured values.
	 Figure 11 shows the distribution of the eddy current density within the steel tube with and 
without the defect when the center of the electromagnetic sensor is located at z = 12 mm for the 

Fig. 9.	 Model for detecting defect using proposed electromagnetic sensor.

Fig. 10.	 Inspection results of the outer-side defect on the steel tube.
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Fig. 11.	 Distribution of eddy current density in the steel tube with and without the defect (z = 12 mm). (a) Without 
the defect (|Je|max = 9.8 × 105 A/m2). (b) With the defect (|Je|max = 9.6 × 105 A/m2). 

detection signal shown Fig. 10. The figure indicates that when there is an outer-side defect on the 
steel tube, the eddy current generated by the velocity effect is decreased. Therefore, since the 
difference between the eddy currents inside the steel tube near the N-pole side and the S-pole 
side in the sensor is increased, a signal is generated in the differential detection coil.

5.	 Conclusions

	 The results obtained in this study are summarized as follows:
1.	 The flux density and eddy current density inside a steel tube generated by the proposed 

inspection method were calculated by the 3D nonlinear FEM taking account of the velocity 
effect. When the static magnetic field sensor was moved in the steel tube at 1 m/s, the 
directions of the eddy currents in the steel tube near the front and rear positions of the sensor 
were reversed. This is because the magnetic fields generated by the eddy currents in the steel 
tube were generated in the direction that cancels the magnetic fields from the sensor.

2.	 When there was an outer-side defect on the steel tube, the eddy current generated by the 
velocity effect decreased near the defect. By detecting the change in the flux density due to 
this eddy current as the voltage induced by the detection coil, it is possible to detect an outer-
side defect of a ferromagnetic steel tube using a static magnetic field.

The investigation of the optimal inspection speed and detectable defect sizes and shapes are 
future research subjects.
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