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Abstract — The quantitative evaluation of defects in
eddy current testing is of great significance. Impedance
analysis, as a traditional method, is adopted to determine
defects in the conductor, however, it is not able to depict
the shape, size and location of defects quantitatively. In
order to obtain more obvious characteristic quantities
and improve the ability of eddy current testing to detect
defects, the study of cracks in metal pipes is carried out
by utilizing the analysis method of three-dimensional
magnetic field in present paper. The magnetic field
components in the space near the crack are calculated
numerically by using finite element analysis. The
simulation results confirm that the monitoring of the
crack change can be achieved by measuring the magnetic
field at the arrangement positions. Besides, the
quantitative relationships between the shape, length of
the crack and the magnetic field components around the
metal pipe are obtained. The results show that the axial
and radial magnetic induction intensities are affected
more significantly by the cross-section area of the
crack. B, demonstrates obvious advantages in analyzing
quantitatively crack circumference length. Therefore, the
response signal in the three-dimensional direction of the
magnetic field gets to intuitively reflect the change of the
defect parameter, which proves the effectiveness and
practicability of this method.

Index Terms — Cracks evaluation, Eddy current testing,
finite element method, magnetic field, pipe.

I. INTRODUCTION
Electromagnetic nondestructive testing is a kind of
testing method to evaluate the structure and related
properties of tested materials by utilizing the changes of
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electromagnetic characteristics under the action of the
electromagnetic field [1-3]. It mainly includes eddy
current testing (ECT), magnetic particle testing (MT)
and magnetic flux leakage (MFL) testing. With the
development of technology, a great many new
electromagnetic nondestructive testing methods have
appeared, such as alternating current field measurement
(ACFM) and metal magnetic memory (MMM) testing.
ECT, MFL and ACFM are commonly used to detect
defects, although they differ in their principles of
measurement.

Among the three methods mentioned above, what
has been used in ECT as the physical quantity is coil
impedance [4-6], while the physical quantity measured
by MFL and ACFM is magnetic field which is a three-
dimensional physical quantity that adequately
characterizes geometric parameters such as length, as
well as width of a defect. Therefore, the latter two
methods gain significant advantages over ECT from the
perspective of defect information contained in physical
guantities. On the other hand, what also have been
compared are excitation modes of three electromagnetic
nondestructive testing. The excitation source is used in
the local magnetization of the workpiece by MFL [7-9].
And DC magnetization has a high requirement for the
current source. The excitation current is generally shown
from several amperes to hundreds of amperes, and the
electrical equipment is relatively complicated.
Moreover, the direction of defects has exerted a great
influence on the magnetic leakage field. Similarly, the
excitation coil of ACFM needs to induce parallel and
approximately uniform currents on the specimen surface,
so as to generate approximately uniform alternating
electromagnetic field [10-12]. Undoubtedly, the uniform
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eddy current requires higher requirements on the
structure of excitation devices. In addition, when the
current direction is parallel to that of the crack, the
sensitivity of the detection explores the lowest level and
the missed detection may occur. However, the induced
eddy current generated by the excitation coil of ECT is
in the circumferential direction. Defects in any direction
will cause a change in the eddy current, thereby
generating a disturbing eddy current field. Moreover, the
excitation method used in ECT is simple, convenient and
easy under operation. Therefore, compared with the
other two methods, the traditional ECT exhibits certain
strengths according to the analysis of the excitation
modes.

Considering the advantages and disadvantages
of the above testing methods, the configurations of
traditional ECT are retained, and the magnetic field
analysis of MFL and ACFM is adopted in the present
paper, so as to implement the quantitative study of the
shape and circumference length of cracks in metal
pipelines.

I1. MATHEMATICAL MODEL OF THREE-
DIMENSIONAL EDDY CURRENT FIELD

A typical solution domain V of the eddy current
problem is assumed, where V; is the eddy current zone
containing the conductive medium without the source
current and ¥, is the non-eddy current zone including the
given source current. S is the internal interface of 7; and
V>. The outer boundary S of solution domain V is divided
into Sg and Su. The normal component of the magnetic
induction intensity is given on Sg, and Sy provides the
tangential component of the magnetic induction intensity.

Maxwell's equations describe the macroscopic
properties of the electromagnetic field, which is not
always convenient to be solved directly. 4, -4 method
will be used to establish the mathematical model of eddy
current analysis. In the eddy current area, magnetic vector
potential 4 and scalar potential @ are used as unknown
functions, and in the non-eddy current area, only A is
used as unknown functions. Substituting B =V x A and

A
E= —% —V¢ into Maxwell's equations, and specifying

V-A=0, the governing equations and boundary
conditions of eddy current field in region V are illustrated
as follows:

VX(VVXA)—V(VV'A)+O'%+GV¢=O (a)

V-(—a%—a‘?¢j=0 (b)

in the 11, (1)

Vx(vVxA)-V(vV-A)=], inthe ), ?2)
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where o is the electric conductivity, v is the
magnetoresistance, J is the source current density, » is
the unit normal vector of S, 712 is the unit normal vector of
S12, and the direction is from V7 to V5.

However, the analytical method or the field-to-circuit
method is unable to deal with a large number of
engineering problems involving complex geometric and
physical parameters [13-15]. Thanks to the rapid
development of computer technology, it has promoted
the progress of numerical analysis methods. Most
importantly, the finite element method is the most widely
used numerical method at present. Compared with other
numerical methods, the finite element method shows
prominent characteristics [16-18]. The finite element
mesh can easily simulate the boundary and interface of
different shapes. The discrete equations attained by the
finite element method display sparse symmetric
coefficient matrix, which simplifies the solution to the
equations, and reduces the computer storage and
computing time correspondingly.

Next, COMSOL Multiphysics, as the finite element
analysis software is utilized to model the metal pipe and
defects. Based on the three-dimensional magnetic field
analysis, the solution in the specified field is obtained by
the finite element method.

I11. QUANTITATIVE STUDY OF CRACKS
IN PIPES

A. Section shape of cracks

Figure 1 presents the three-dimensional model with a
circumferential crack on the inner surface of the metal
pipe. The cross-section shapes of the cracks are rectangle,
semicircle and triangle, and their openings are kept at 4
mm and their depths are 2 mm. Only the influence of
section shapes is considered here, so the three kinds of
cracks are all-circle ones in the plane perpendicular to the
axis. In addition, the excitation coil is a cylindrical coil
coaxial with the metal pipe. The geometric parameters
of the coil are listed as follows: inner radius 7,; = 8 mm,
outer radius 7 = 12 mm and height # = 6 mm. Based on
such considerations, the three-dimensional model can be
simplified into a two-dimensional axisymmetric one. In
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this way, the finite element model gets to be simplified,
and a more refined mesh is thus able to be used to improve
the computational efficiency. The parameters of the finite
element model are set as follows. It is assumed that the
surrounding air medium is a cylinder with a radius of 20
mm and a height of 60 mm. Constraint conditions should
be applied to the outer boundary and symmetry axis of the
model. The central axis of the metal pipe should be set as
the axisymmetric condition. The magnetic vector potential
of the upper and lower ends of the metal pipe should be
zero, and the magnetic insulation condition is applied to
the outermost boundary of the air domain. The ultra-fine
mesh processing is used, and the mesh is divided using
triangular elements. The MUMPS direct solver is used and
the relative tolerance is set to 0.001.

Pipe

Fig. 1. The three-dimensional schematic diagram of the
model.

The radial measurement points are 12.5 mm and 13.5
mm, respectively, and the measurement range in the z
direction is from -20 mm to 20 mm. Figure 2 displays the
distribution curves of radial and axial magnetic induction
intensity under three kinds of cracks with different cross-
section shapes. The curves indicated by the circle are
the radial and axial magnetic induction intensity at the
position of » = 13.5 mm without crack. The magnetic
induction intensity varies with the axial distance as shown
in Fig. 2, where the location of the excitation coil does not
change. During the detection process, the magnetic sensor
scans along the axial direction to obtain the magnitude of
the magnetic induction intensity at each position.
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Fig. 2. The distribution curves of radial and axial magnetic
induction intensity for cracks with different shapes.

The following four conclusions can be drawn from

Fig. 2:

(1) The By curves show odd symmetrical distributions,
reaching the maximum value at a certain distance in
the axial direction. The B, curves are distributed even
symmetrically, with the maximum value at z = 0. As
the axial distance increases, the value decreases
gradually.

(2) Although the shapes of crack show no influence to
the overall distribution of the magnetic induction
intensity, it has a certain influence on the values of
radial and axial magnetic induction intensity. As can
be seen from Fig. 2, regardless of r = 12.5 mm and
13.5 mm, the changes of radial and axial magnetic
induction intensities caused by rectangular crack are
the most prominent, followed by the semi-circular
section. What's more, the triangular section shows the
least obvious influence. So, the following conclusion
gets to be drawn: the larger the crack section area
is, the more obvious the influence on the external
magnetic field becomes. It is also helpful for us to
judge and analyze the specific shape of crack by
means of the change of the external magnetic field.

(3) The above conclusion is further confirmed by the
distribution of electromagnetic fields. Figure 3 shows
the induced current density inside the pipe and the
distribution of contour lines of B, and B, near the
crack. With the increase of the crack section area, the
degree of the influence of the crack on the contour
line B; becomes more obvious. As shown in the black
circled part of Fig. 3, it can be clearly seen that the
curve near the crack is attracted to the side of the
pipe. At this time, the value of the magnetic induction
intensity in the vicinity increases. Similarly, as the
section area of the crack increases, the degree of the
influence of the crack on the contour line B, becomes
more obvious. As shown in the black rectangle
marked in Fig. 3, it can be seen that the contour near
the crack appears to be free from the restraint of the
metal pipe and gradually moves toward the side of
the excitation coil. At this time, the magnetic induction
intensity near the crack decreases. Therefore, the
radial and axial magnetic inductions show the changes
shown in Fig. 2. Meanwhile, the electromagnetic
field distribution further proves that the radial and
axial magnetic induction intensities have opposite
changes due to the crack shape.

(4) The following conclusion can be drawn from the
results obtained from different radial measurements.
On the one hand, the closer to the inner surface of
the metal pipe is, the smaller the radial and axial
magnetic induction intensities become, which is
related to the fact that the external magnetic field is
dominated by the source field generated by the coil.
On the other hand, the closer to the inner surface

101



of the metal pipe is, the more obvious the change of
magnetic field caused by crack shape can be
detected. This characteristic is related to the eddy
current field. Cracks with different cross-sections
are supposed to cause different eddy currents to be
induced on the surface of the metal pipe. And this
eddy current will simultaneously induce different
electromagnetic fields on the surface of the metal

pipe.

surface: induced current density
contour line: magnetic induction intensity

surface: induced current density
contour line: magnetic induction intensity
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Fig. 3. Distribution of induced current density and
magnetic induction intensity contours for cracks with
different shapes.

Figure 4 shows the variations in the peak of radial
and axial magnetic induction intensity with the cross-
sectional area of the crack. As can be seen from Fig. 4,
the peak of radial magnetic induction intensity increases
with the crack-sectional area and shows a linear
relationship. As the cross-sectional area increases from
5 mm? to 8 mm?, the peak value of radial magnetic
induction intensity increases by 6.764x105 T. Similarly,
the peak of axial magnetic induction intensity decreases
with the cross-sectional area of the crack, and shows a
linear relationship. As the cross-sectional area increases
from 5 mm?to 8 mm?, the peak value of axial magnetic
induction intensity decreases by 8.711x10° T. The
results show that the relationship between the magnetic
induction intensity and the cross-sectional area of the
crack is linear, which is beneficial to the quantitative
identification of the crack shape. In addition, both radial
and axial magnetic induction intensity near the pipe can
be used for the quantitative analysis of the crack shape,
and axial magnetic induction intensity changes more
significantly. Through the monitoring and comparison of
the magnetic field in two directions, the measurement
results can be further confirmed to avoid the influence of
external interference. Moreover, effective signals in both
directions provide more options for actual detection.
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Fig. 4. The relationship between the peak of the magnetic
induction intensity and cross-sectional area of the crack.

As the crack shape changes from a rectangle to
semicircle and then to triangle, the peak values of
axial magnetic induction increase by 2.979x10° T and
5.732x10° T, respectively. The change of response is
measurable in practice as a result of advances in sensors
and signal processing technology. Magnetic sensors
based on TMR effects have the virtue of high accuracy,
wide linear ranges and strong anti-interference capability,
which have been widely used in electromagnetic
nondestructive testing. The commercially available
TMR2905 sensor, for example, has a sensitivity of 60
mV/V/Oe, noise <5nT/rtHz (@1Hz), and a resolution of
0.01pT. The magnetic sensor is able to completely meet
the measurement requirements according to the changes
of radial or axial magnetic induction intensities caused
by crack shapes. Another noticeable external disturbance
is the space geomagnetic field. The magnetic induction
intensity of the earth's surface is about 0.5 X 10 T.
Compared with the changes of the magnetic field caused
by crack shapes, this value is still relatively obvious.
Thus, some technical means must be adopted to suppress
its effect. For instance, the frequency of excitation
current is 1 kHz, so phase-locked amplifier can be used
in the actual detection to remove the signal of non-
selected frequency (i.e., noise) and retain the information
of selected frequency.

B. Circumferential length of cracks

Six model components with different crack lengths
are established in COMSOL Multiphysics. Different
from the construction of rectangular or semicircle crack
model, the research on the circumference length of crack
requires the establishment of three-dimensional model.
Compared with the two-dimensional model, the three-
dimensional model takes a longer time to calculate.
Therefore, the mesh type is adjusted to a free tetrahedral
mesh during mesh generation, and its size is defined as
refinement. However, it is found that the refined results
are obviously not ideal, and the curve generated by post-
processing is not smooth, which affects the quantitative
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analysis of crack length to some extent. In order to save
unnecessary calculation time, the method adopted in this
paper is to further refine the key research areas, such as
the area near the crack, and select the longest edge to
split and the number of refinements to 2. By means of
this technique, satisfactory calculation results can be
obtained and the calculation time is acceptable. The
basic parameters of the metal pipe and coil are exactly
the same and the height and depth of the crack section
are 2 mm, i.e., the crack section is square. The only
difference exists in the circumferential length of the crack.
The different lengths in the circumferential direction are
represented by the central angles corresponding to the
circular arcs, which are 0°, 60°, 120°, 180°, 270° and
360°, respectively, as shown in Fig. 5. Magnetic field
measurement positions P1-P4 are selected at 0°, 90°,
180° and 270°, respectively, with radial distance r =
13.5mm. The measurement range of z direction is
-20~20mm.

Pipe

Fig. 5. Model schematic diagram and different length
cracks in circumferential direction.

Figure 6 shows the distribution of magnetic induction
intensities By, By and B, measured at P1-P4 for the metal
pipe without crack.
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Fig. 6. The magnetic induction intensity at P1-P4 in the
absence of cracks.

As shown in Fig. 6, Bx is oddly symmetric with
respect to z = 0 at P1. When z > 0, By is a positive value,
and when z < 0, Bx becomes negative, while By is always

zero. Besides, B; is always negative and even symmetric
with respect to z = 0. In order to demonstrate the
magnetic induction intensity in the area near P1 more
clearly, the three-dimensional magnetic field distributions
shown in Fig. 7 are established. As shown in Figs. 7 (a)-
(c), the distribution of By, By and B; at P1 is completely
consistent with the previous two-dimensional figure.
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Fig. 7. Three-dimensional distribution of magnetic
induction intensity near P1 and P4.

Similarly, the distribution of magnetic fields in three
directions at the positions P2-P4 can be obtained from
Fig. 6. In order to better understand the distribution of
magnetic fields and the relationship, the schematic
diagram shown in Table 1 is established.

Table 1: Distributions of magnetic induction intensity at
P1-P4

P1 P2 P3 P4
Odd Odd
Bx | symmetry 0 symmetry 0
(*) ()
Odd Odd
By 0 symmetry 0 symmetry
(*) ()
B, Even Even Even Even
symmetry | symmetry | symmetry | symmetry

In the table, "+" indicates that the value of the
magnetic induction intensity is the same as the symbol
of the position value, while "-" suggests that the value
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of the magnetic induction intensity is opposite to the
symbol of the position value. In addition, the distribution
of the magnetic induction intensity near P4 can be
understood according to the three-dimensional figures
shown in Figs. 7 (d)-(f).

Based on the above analysis, the influence of
circumference length of crack on By is further analyzed.
As shown in Fig. 8 (a), when there is no crack, that is,
the corresponding angle of the crack is 0°, By at P1 and
P3 would be symmetrically distributed. By at P2 and P4
are almost zero. As shown in Fig. 8 (b), when a crack with
a central angle of 60° appears, the magnetic induction
intensity at P1 is expected to increase to some extent,
while the By of the other three positions are basically
unchanged. Under such circumstance, the By at P1 and
P3 is no longer symmetric. As can be seen from Fig. 8
(c), when the corresponding central angle of the crack
increases from 60° to 120°, the magnetic induction
intensity at P1 increases slightly, while the magnetic
induction intensity at P3 changes a bit. Apart from those,
as shown in Fig. 8 (d), when the corresponding central
angle of the crack goes up from 120° to 180°, the

magnetic induction intensity at P3 increases significantly.

Meanwhile, the Bx at P1 and P3 are distributed
symmetrically again. However, compared with the
symmetry shown in Fig. 8 (a), both of them increase
in amplitude. As depicted in Fig. 8 (e), when the
corresponding central angle of the crack increases from
180° to 270°, double peaks appear at P4, in addition to
a certain increase at P3. What's more, as shown in Fig.
8 (f), when the corresponding central angle of the
crack increases from 270° to 360°, double peaks of the
magnetic induction intensity observed in Fig. 8 (e)
disappear because the model becomes an axisymmetric
structure again. By at P1 also increases. At this time,
the distributions of the magnetic induction intensity at
four positions are similar to those without cracks. The
difference is that the values of By at P1 and P3 increase
significantly.

In the light of the previous analysis of changes of By,
the schematic diagram shown in Table 2 is established,
in which "1" indicates a significant increase in the
magnetic induction intensity, and " /" refers to a certain
increase in the magnetic induction intensity, and the
symbol "—" suggests few changes appear in the magnetic
induction intensity.
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Fig. 8. By distribution for different circumferential
lengths of cracks.

Table 2: The variation of Bx with the circumference
length of crack at P1-P4

P1 P2 P3 P4
0° Symmetry 0 Symmetry 0
with P3 (+) with P1 (+)
60° 1 _ — —
120° _ —
o | Symmetry B
180 : — Symmetr _
with P3 (+) W?;h iy (4)_/)
270° _ . Double peak
f appears
f> Symmetry | Double peak
360° | Symmetry | — Yy y ouble p
with P3 (+) with P1 (+) | disappears

Therefore, the circumference length of crack mainly
has a certain influence on By at P1 and P3, and exerts
little effect on By at P2 and P4. By comparing the
symmetry of By at P1 and P3, the length of the crack in
the circumferential direction, thus, gets to be deduced.

Then, the effect of the circumference length on By is
studied, as shown in Fig. 9. By monitoring the By at the
P1, it can be found that only in the absence of crack and
full-circumferential cracks, does no double peaks occur,
and any other circumferential cracks would result in
double peak in By. Moreover, the amplitude of the peak
is not significantly affected by the circumference length
of the crack. By monitoring By at P3, only when half-
circumferential cracks are present and the phenomenon
of double peaks appears, will no other circumferential
cracks of any length lead to the double peaks in By. There
is a slight change in By at P2 and P4, which, however, is
not obvious. Therefore, several other special cracks, such
as half-circumferential and whole-circumferential ones,
get to be qualitatively assessed by the detection of By at
P1 and P3.
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Table 3: The variation of B, with the circumference
length of crack at P1-P4
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Fig. 9. By distribution for different circumferential lengths
of cracks.

Finally, what is analyzed hereby is the influence of
circumference length on B, as shown in Fig. 10. Based
on the changes of B; in Fig. 10, the schematic diagram
presented in Table 3 is established. In the table, "|"
indicates a significant decrease in the peak of the
magnetic induction intensity, and """ reveals a certain
decrease in the peak of the magnetic induction intensity.
Moreover, "—" shows that the peak of the magnetic
induction intensity proves no change. As can be seen
from the table, peaks of B, at P1-P4 decrease sequentially
with the ascendance of the circumference length of the
crack. Therefore, circumference length of crack can also
be quantitatively evaluated by analyzing the change of B,.
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Fig. 10. B, distribution for different circumferential
lengths of cracks.

Figure 11 shows the relationship between the abrupt
positions of the z-direction component of the magnetic
induction intensity and the different crack lengths. Crack
length is represented by the corresponding central angle,
and eight types of circumferential cracks with different
central angles of 0°, 60°, 120°, 180°, 240°, 270°, 300°
and 360° are used. The abrupt position of the z-direction
component of the magnetic induction intensity is
represented by the arc length corresponding to the
measured radius of 13.5 mm. As shown in Fig. 11,
there is an obvious linear relationship between the
circumference length of the crack and the abrupt location
of the magnetic induction intensity. In the test, the
magnetic sensor is scanned along the circumference of
r = 13.5 mm. By monitoring the change of the magnetic
field, the information about crack location and crack
length can be obtained in time. In addition, the magnetic
field is approximately reduced from 1.8x10° T to
1.6x10°2 T for the circumferential cracks studied in this
paper, and the abrupt change of about 0.2x10% T is
relatively large, so the detection effect is quite obvious.
Thus, it can not only quantitatively analyze the shape
of the crack section, but also quantitatively understand
the circumference length of the crack by using the
characteristics of the magnetic field.

90

80 1

70 1

60 b

50 N

40 4

30 1

201 b

10 1

The abrupt positions of B, in the direction of the arc / mm

: : : : : : :
50 100 150 200 250 300 350 400
The central angle corresponding to the crack / °

Fig. 11. The relationship between the abrupt position of
B, and the central angle of the crack.

In conclusion, the three directions of the magnetic
induction intensity demonstrate their own characteristics
in evaluating the circumference length of crack. The
By is adopted to evaluate several special cracks, but it is
not suitable for the quantitative study of crack lengths.
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Furthermore, B, suggests obvious advantages in the
quantitative analysis of cracks. Meanwhile, By, to some
extent, can also meet the demand of the quantitative
analysis of circumference lengths in cracks and judge
several special lengths.

1V. CONCLUSION

In present paper, the relationship between the crack
in metal pipe and the magnetic field in the surrounding
space is studied in detail by means of finite element
simulation. It can be observed from these analyses that
the eddy current field can reflect details such as crack
shapes and circumference lengths. These results show
that the eddy current testing based on the analysis of the
three-dimensional magnetic field proposed in this paper
is feasible, which is superior to MFL testing and other
electromagnetic methods in many aspects. This method
has expended the application range of eddy current non-
destructive testing and provided guidance for the
quantitative evaluation of pipeline cracks.
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