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This paper describes the design method of a magnetic system to maximize the magnetic flux leakage (MFL) in
a non-destructive testing (NDT) system. The defect signals in a MFL type NDT system mainly depend on the
change of the magnetic leakage flux in the region of a defect. The characteristics of the B-H curves are analyzed
and a design method to define the operating point on B-H curves for maximum leakage is performed. The com-
puted MFL signal by a nonlinear finite element method is verified by measurement using Hall sensors mounted
on the 6 legs PIG, the traveling detector unit in gas pipe, in an 8 inch test tube with defects. The rhombic
defects could be successfully identified from the defect signals.

1. Introduction

The magnetic flux leakage (MFL) type non-destructive
testing (NDT) method is widely used to detect corrosion
and other defects of the gas pipelines. The object pipeline is
magnetically saturated by a magnetic system with perma-
nent magnet and yokes. Hall sensors detect the leakage
fields in the region of the defect. So, the sensitivity of the
sensor system depends on the operating point in the mag-
netic saturation curves of the object, and on Hall sensor
position.

To increase the sensing signals, it is necessary to increase
the change of the magnetic leakage flux in the region of
defect. In this paper, the optimal design method of the mag-
netic system with permanent magnet and yokes is de-
scribed. In case the operating point on the magnetic satu-
ration curves of the object is too low, the object will not be
magnetically saturated in the defect region, so the defect
signals become weak. In case it is too high, the change of
the magnetic flux in the defect region will be small, so the
amplitude of the sensor signal becomes weak again. The
operating point of the magnetic system is optimized so as to
maximize the change of the magnetic flux in the region of
the defect. The computed MFL signal obtained by a non-
linear finite element method is verified by actual measure-
ments. For the measurement, we made a gas pipe of 8
inches diameter with several types of artificial defects and
on MFL PIG with 6 legs. In each leg, a magnetizing yoke
and magnet was equipped with 3 sets of Hall sensors to
detect the MFL signals. Artificial rhombic defects could be

successfully identified from the defect signals.

2. Optimal Operating Points
in Saturation Curves

Fig. 1 shows the conventional model of a cross section of
a gas pipeline with a defect. In the figure, ®, is the mag-
netic leakage flux under the region without defect, @, is the
magnetic leakage flux under the region with defect and ®,
@, are the fluxes inside the tube. The amplitude of the Hall
sensor signal depends on the leakage flux density .. Not
only the magnitude of @, but the ratio ®./®, influences the
signal to noise ratio of the defect detection system. Fig. 2

t

Fig. 2. The magnetic saturation curves.
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(a) Case 1
Fig. 3. Three cases of the operating point and A.

shows the magnetic saturation curves of the object. In the
region of a defect, the magnetic field is increased a little
because of the defect depth. If the tube is not saturated, @,
is equal to @,. So the magnetic flux density inside the tube
is increased from By, to By,. If the tube is magnetically sat-
urated, the remnant flux ®,-®, will increase ®,. The mag-
netic flux density in this case is increased from B, to Bj,.
The ratio ®./®, is defined with respect to the operating
point in the saturation curves because of the non-linearity of
the magnetic system. In Fig. 2, B,-B, is proportional to the
leakage flux. So, we can define a leakage parameter A that
is proportional to @ /®@,.
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Fig. 3 shows three possible cases. In case the operating
point is too low, as in Fig. 3(a), the magnitude of @, is
small and so is A. In case the operating point is too high as
in Fig. 3(c), the magnitude of @, is big, but the change of
leakage flux @ /®, is small and so is A. The optimum case
is in Fig. 3(b). In this case, the operating point of the object
is approaching saturation and a small defect will saturate
the object so that the A value is big. So, the design of the
magnetic system with permanent magnet and yoke should
be optimized to set the operating point in the region with
high 4.

3. Finite Element Analysis

In an MFL type NDT, a Hall sensor detects the leakage
field around a defect in the tested object. The field source is
mainly a magnet assembled in the PIG. So it is a highly
nonlinear system with permanent magnet. In this case, we

(b) Case II

(c) Case III

cannot use the relation B=uH anymore. The Maxwell equa-
tions in this nonlinear permanent magnet system would be
as follows.

V x H=J @)
B = piy(H+M) 3)
B=V x A )

So, the system equation is as follows,

H=vB-vM 5)
VX (VWWXA)=]J+v VXM 6)
—~(V-vW)A=J+v,V xM @)

where v, v, J and A are the magnetic susceptibility, the rel-
ative susceptibility, the current density and the magnetic
potential, respectively. In this equation, the susceptibility is
not constant so that (7) needs to be solved iteratively. In
case the tested object with defect is under-saturated, the
magnitude of the magnetic leakage field will be small. In
case the object is over-saturated, the change of the magnetic
field around the defect will be small. So the sensitivity of
the NDT depends on the operating point in the saturation
curve of the tested object.

Fig. 4 shows typical flux distribution of the MFL type
NDT in PIG. If we want to detect the depth a sensitively,
the magnet size should be designed so that the operating
point of the B-H curve is p - B, where B, is the saturation
point of the magnet and p is the saturation factor. In the fig-
ure, the length of the magnet /,, is as in (8),
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Fig. 4. Magnetic flux leakage computed by finite element analysis.
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Fig. 5. Measured and calculated MFL signals. The depth of the
defect is 1.74 mm and the length is 5.8 mm. (Thickness of the
pipe =5.8 mm)

where ¢ is the thickness of the pipe, ¢ the depth of defect or
corrosion. The magnetic flux in the tube B; and p is the tar-
get value in the design. The non-linear characteristics of the
NdFeB magnet and steel pipe are analyzed iteratively.

4. Sensing Signals

For the measurement, we made a gas pipe of 8 inches
diameter with several types of artificial defects and on MFL
PIG with 6 legs. In each leg, the magnetizing yoke and
magnet were equipped with 3 sets of Hall sensors. Fig. 5
shows the radial component of magnetic field. The thick-
ness ¢ of the pipe is 5.8 mm, the depth of the defect is 1.74
mm and the length is 5.8 mm. The magnitude and distance
between peaks of the calculated signals are bigger than
measured, as expected. As the depth of the defect increases,
the magnitude of the sensing signal is also increasing as in
Fig. 6. In this figure, the axial component B, and the radial
component B, of the magnetic flux density are displayed for
defect depths 0.58 mm, 1.74 mm and 5.22 mm, respec-
tively. The computed magnitude of the MFL signals with
respect to defect depths is compared with measurements in
Fig. 7.
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Fig. 7. The magnitude of the MFL signals with respect to
defect depths.

5. Reconstructed Images of Defects

If we measure the defect signals with several positions of
the sensor, the defect image can be constructed. Fig. 8(a)
shows the sensing signals with axial and radial components
from an artificial hollowed rhombic defect. Based on the
signals of Fig. 8(a), the image of the hollowed rhombic
defect can be constructed as in Fig. 8(b). Image construc-
tions from the signals were performed with Matlab soft-
ware. In case of grooved rhombic defects, the signals and
the constructed images are in Fig. 9. In the figures, the
radial component of the magnetic field gives better image
than axial component.

6. Conclusions

Since the MFL type NDT system is a highly nonlinear
magnetic system, the detected signal depends on the oper-
ating point of the magnet. In this paper, an optimum design
method of the magnetic system to maximize the MFL sig-
nals in NDT is described. Since the sensitivity of the MFL
sensor mainly depends on the change of the leakage flux,
the design method is optimized to define the operating point
in B-H curves for the maximum leakage. The computed
MEFL signal by a nonlinear finite element method is verified

dzl dz2 dz3
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Fig. 6. Sensing signals with respect to the defect depths. (dz1 : 0.58 mm, dz2 : 1.74 mm, dz3 : 5.22 mm) The width of the defect

remains constant. Bz is axial field and Br is radial field.
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(b) Constructed images of the signals from hollowed rhombic defect

Fig. 8. Detected MFL signals and constructed images of an artificial hollowed rhombic defect. The size and depth of the defect is 3t
x 3t and 0.9t. The size of the Hall sensor track space is 0.42t.
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(a) Leakage flux of the axial and radial components from grooved rhombic defect

(b) Constructed images of the signals from grooved rhombic defect

Fig. 9. Detected MFL signals and constructed images of an artificial grooved rhombic defect. The size of the groove width is 0.5t.
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by measurement using Hall sensors mounted on the 6 legs
PIG in an 8 inch test pipe with defects. The rhombic defects
could be successfully reconstructed from the defect signals.
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