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Abstract: Traditional pipeline magnetic flux leakage (MFL) internal technology 

mainly uses axial excitation method, which could not recognize the narrow crack 

defects in the axial direction of the pipe. In this paper, by using a linear magnetic 

dipole model to study the circumferential excitation method, the detection model 

of axial crack in pipeline is established, and the relationship between MFL signals 

and the geometry characteristics of axial cracks is calculated. Finally, the detection 

accuracy and identification method of axial cracks is analyzed. Research results 

show that: non-uniform magnetic field generated by circumferential excitation can 

effectively detect the narrow cracks in the axial direction of the pipeline and 

distinguish the depth and the width characteristics of cracks. However, the 

background magnetic fields near the magnetic poles have great influence on the 

detection accuracy, and the smooth interpolation method of the cubic-spline 

interpolation can be used to reduce the influence effectively.  

Keywords: pipeline, MFL, internal detection, axial excitation, magnetic dipole 

1 Introduction 

Pipeline MFL internal inspection technology is the mainstream technology to 

maintain the safe operation of long-distance oil - gas pipeline 
[1-4]

. This technology 

belongs to the monopoly technology in the world, for it is only mastered by a few 
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countries, for example the pipeline MFL internal inspection device produced by 

American GE-PII, German ROSEN represents the advanced level in the word 
[5-7]

. 

At present, axial excitation is the major method of the MFL internal inspections, 

which use the axial distributional magnetic field lines to detect the pit, large areas 

of corrosion, metal loss and circumferential cracks on the pipe wall. It plays an 

important role to maintain the safe operation of the long distance oil-gas pipeline. 

However, according to the standards of the American Society of corrosion 

(NACE35100), the value of traditional probability of detection (POD) is 90%, and 

the probability of right identification (POI) is 90%. The confidence of the pipe 

MFL internal inspection device, denoting to the product of the POD and the POI, 

is approximately 80% in the international. The confidence is not high enough 

mainly because the existing equipment is mainly axial excitation, which could not 

detect the axially oriented narrow cracks, straight welds and other defects 
[8-10]

. For 

the circumferential stress in the pipe is about two times of the axial stress, axial 

cracks are more hazardous than circumferential cracks for oil and gas pipelines  

[11-13]
. The defects are detected in circumferential excitation by detecting the 

magnetized field of surround pipe circumferential distribution, namely that axial 

crack defects can obviously change the distribution of circumferential magnetic 

field. However, the magnetic filed line distribution characteristics generated by 

circumferential excitation mode, influencing factors of detection signal, the 

recognition accuracy and recognition method of axial crack is still unclear, which 

makes the scientific nature and credibility of the test results lack theoretical basis 

[14-17]
. 

Based on the traditional MFL internal inspection method, linear magnetic 

dipole model is used in this paper to simulate the MFL detection method for 

pipeline axial crack defect, study the distribution characteristics and crack 

identification methods of the MFL signals under the circumferential excitation, 

and analyze the influence of the crack size and the background magnetic field of 

the magnetic pole on the detection signal. Through a lot of experiments, this paper 

has verified the effectiveness and feasibility of the circumferential excitation 
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detection method on the axial cracks detection, which can provide basis for the 

improvement and practical application of traditional pipeline magnetic leakage 

internal inspection methods. 

2 Model building 

2.1 Theoretical model of crack magnetic flux leakage 

When the ferromagnetic metal component reaches the magnetic saturation 

state, the magnetic filed line will be bended at defect position, and there will be a 

part of the magnetic filed line leak out of the defect surface. Using magnetic 

sensitive component (sensor) to detect the leakage magnetic field can judge the 

defect existence and characteristics 
[18,19]

. And the surface cracks can be 

considered as infinite lines, using equivalent linear dipole model to simulate the 

distribution of the MFL field [20-22]
, as shown in Fig. 1. 

 

Fig.1 Linear magnetic dipole model 

When applied horizontal magnetic field, line magnetic dipole consists of two 

infinitely long magnetic charge lines with opposing polarity, equal line magnetic 

charge density s , and the spacing of 2b. To simplify the problem, the linear 

magnetic charge density s
 

is regarded as a constant (uniformly distributed 

magnetic charge). The field strength generated by the line element with the length 

of d  at A is 
1dH  

and 
2dH  respectively. 
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Where, 1r  and 2r  is the distance from line element to A, and the component 

of 
1dH  

and 
2dH  at the direction of x, y is: 
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Therefore, the total magnetic field horizontal component xH  and the vertical 

component yH  at the crack can be obtained by integrating to xdH  and ydH . 
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2.2 Finite element model for circumferential magnetic flux leakage (CMFL) 

In the two-dimensional axisymmetric model of axial excitation, vector 

magnetic potential A  only has one component, coulomb gauge 0 A  will be 

automatically satisfied, which can be written as follows by using vector identities 

governing equation: 

JA 21


                      （9） 

Where, J  is the excitation current density and   represents the material 

permeability. 

In the cylindrical coordinate system  zr  , the equation can be simplified as: 
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The magnetic scalar potential and the excitation current density in the formula 

only have the circumferential component, which can be considered as scalar. 

Magnetic structure of the internal detection system for pipeline 

circumferential excitation magnetic flux is symmetrical 
[23,24]

, so that the 

corresponding functional variational problem of Formula (10) can be described as:  
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Where,
 

f
 
is the excitation source of magnetic field, s  represents the 

magnetic field space of the solution, 2L  is the boundary of magnetic field,  AF  

is the functional equation, r  is the radius, 1A  and 2A  indicate the boundary 

value of the magnetic field space. 

The magnetic filed line generated from the circumferential excitation in pipe 

wall is circumferential direction distributed along the pipe. Assuming that in 

strengthening boundary 1L  it meets that 0|
1
LA , meeting the boundaries of  

0/  ZA  on homogeneous natural, the Solution area partition is divided into h  

triangular elements, and in any triangular element e , magnetic potential A  can be 

approximated as: 

zrA 321  
                  （12） 

Substituting the magnetic potential on three nodes ),(i ii zrA 、 ),(j jj zrA 、

),(m mm zrA  into Formula (12), we can get that: 
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Where, 
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Substituting 1 , 2  and 3  in Formula (13) into Formula (12), eA in the 

element e  taking node value of ),,( mjilAl   as coefficient, the expanded form of 

basis functions ),,( mjilN e

l 
 

can be expressed as: 
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By Maxwell equation 
[25,26]

, e

rB  and e

zB  in element e  can be gotten: 
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So, fonctionelle  AF  in Formula (11) can be written as: 
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By calculating  AF , coefficient matrix of boundary element in non- 

homogeneous natural boundary 2L  can be obtained: 
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Where, 0l  is the length of each small unit in the border 2L , [ ]eK  is the 

contribution of non-homogeneous natural boundary 2L  to boundary element 

coefficient matrix, and eK ][   is the contribution of non-homogeneous natural 

boundary 2L  to the excitation matrix of boundary element. 

Taking extreme value for  AF , that is, 
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The linear equations for the function value iA  of n  nodes are: 
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Where, 
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The value of iA
 
on n  nodes can be obtained by solving Formula (21), and 

then the distribution of magnetic induction intensity B  in the whole space can be 

obtained. 

2.3 Simulation for circumferential excitation 

Magnetic structure of circumferential excitation is circular symmetry, 

selecting 1/4 circular ring as the subject investigated, as shown in Fig. 2. 

 

(a) Flux lines distribution of pipe with external defect 
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(b) Flux lines distribution of pipe with internal defect 

 Fig. 2 Flux lines distribution of circumferential MFL 

The magnetic filed line generated from circumferential excitation method is 

perpendicular to the axis of the pipeline, and the axially extending crack is 

perpendicular to the magnetic filed line. In the presence of axial crack defects, 

leakage magnetic field will be generated in the inner and outer walls of the 

pipeline no matter internal and external defects. 

The magnetic filed line generated from traditional pipeline axial excitation is 

evenly distributed among the pipeline. However, the magnetic filed line 

distribution characteristics of circumferential excitation are different from that of 

axial excitation. For it will generate non-uniform magnetic field in the pipe wall, 

as shown in Fig. 3, we can learn that the magnetic flux distribution in the pipe wall 

is not uniform, with the maximum magnetic field strength near the magnetic pole 

and minimum strength in the two pole center. When the pipe wall of the magnetic 

pole center reaches the magnetic saturation, and the pipe wall near magnetic pole 

reaches saturation, there will be flux leakage out of the pipe wall, generating a 

large background magnetic field, so as to affect crack detection and cover the 

leakage flux of crack. 

3 Analysis on the influence factors of the circumferential excitation signal 

3.1 The influence of background magnetic field of magnetic pole 

It can be seen from Fig.3 that the relative position of cracks and pole is 

different and the magnetic flux leakage signal strength is also different. To study 

the influence of the background magnetic field near the magnetic poles on the 
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detection accuracy, under the same magnetization condition, simulating and 

calculating cracks with different distance between poles, the sample is shown in 

Tab. 1, among which t is the pipe wall thickness. 

 
Fig.3 Magnetic induction curve at the center of the pipe wall 

Under the circumferential excitation method, leakage flux distribution curve 

of axial crack with different characteristics in Tab. 1 is shown in Fig. 4. Because of 

non-uniform pipe wall magnetization and the strong magnetic field near the 

magnetic poles, therefore, along with the increase of the distance between the 

crack and the magnetic pole, the amplitude of the MFL signal is gradually reduced 

and the MFL signal produced by the crack defect with the distance of 30 degrees 

from the magnetic pole is the weakest with center symmetry. Meanwhile, the 

closer near the magnetic pole, the more serious influence affected by the 

background magnetic field of magnetic pole, MFL signal will have distortion, and 

radial component Br and circumferential component Bθ will have varying degrees 

of distortion, being not symmetric about the defect center. Maximum absolute 

value of radial component near the magnetic pole is larger than that side maximum 

absolute value; the circumferential component signal is tilted away from the 

magnetic pole. 

Table 1 Samples of defects in different distances from the pole 

Number 

distance from 

the pole

（degree） 

Width

（mm） 
Depth(％t) Length（mm） 

1 6 0.1 50 25 

0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45  0.5 
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Number 

distance from 

the pole

（degree） 

Width

（mm） 
Depth(％t) Length（mm） 

2 10 0.1 50 25 

3 15 0.1 50 25 

4 20 0.1 50 25 

5 30 0.1 50 25 

 
 (a) Radial component 

 
(b) Circumferential component 

Fig.4 Radial MFL signals versus the defect in different distances from the pole 

3.2 Influence of crack depth 

Depth detection accuracy is an important indicator of the pipeline MFL 

internal detection technology. Under the same conditions as the width, length and 

magnetization, this paper studied the effect of different depth cracks on the 

circumferential magnetic flux leakage signals. The crack is in the center of two 
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magnetic poles, with width of 0.1mm, length of 25mm, and depth respectively as 1: 

10%t, 2: 30%t, 3: 50%t, 4: 60%t and 5: 80%t, simulation results have been shown 

in Fig .5. 

 

(a) Radial component 

 

(b) Circumferential component 

Fig.5 Circumferential MFL signals versus the defect depth 

From Fig.5, the radial component Br peak-to-peak value of circumferential 

MFL signal is increasing with the increase of the defect depth; the circumferential 

component Bθ peak-to-valley value is increasing with the increase of the defect 

depth, and the two characteristic parameters of 10%t crack is only about 1% of that 

of 80%t crack. From here we see that radial component Br peak-to-peak value Brp-p 
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can well describe the depth of defects, which can be regarded as the characteristic 

quantity of evaluating defect depth. 

3.3 Influence of crack width  

Under the same conditions of depth, length and magnetization, the crack is in 

the center of two magnetic poles, with crack width respectively as 2°, 1.5°, 1°, 0.5° 

and 0.2°. The obtained simulation calculation of the relationship between the crack 

width and the radial component of the MFL signal is shown in Fig. 6, when the 

crack width is less 1°, the radial component Br peak-to-peak value Brp-p of MFL 

signal is increasing with the increase of the defect width; when the crack width is 

larger than 1°, Brp-p is decreasing with the increase of the defect width. 

 
Fig.6 Radial MFL signals versus the defect width 

From Fig. 6, there is no regular correspondence between the Brp-p and the 
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can be used to evaluate the characteristic of crack width. 

-5   -4   -3    -2    -1    0    1    2    3    4    5 

Circumferential distance from defect center/ Degree 

0.1 

0.08 

0.06 

0.04 

0.02 

0 

-0.02 

-0.04 

-0.06 

-0.08 

-0.1 

-5 -4 -3 -2 -1 0 1 2 3 4 5
-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

1.5 

2 

0.2 

0.5 

1 

R
a
d

ia
l 

co
m

p
o

n
en

t 
o

f 
M

F
L

 s
ig

n
al

s 
/ 

T
 



  

 13 

 

Fig. 7 Defect width versus Srp-p 

Circumferential component Bθ of MFL signal with different width is shown in 

Fig. 8. When the crack width is less than 1.5°, the crack width is narrow and the 

magnetic filed of the crack can be considered uniform distribution. Thus, the 

peak-to-valley value Bθp-p of the circumference component Bθ increases as the 

crack width increment. This tendency is similar to the change rules of the MFL 

signal in axial excitation 
[27]

; when the crack width is larger than 1.5°, the 

magnetic filed of the crack can be considered non-uniform distribution along the 

crack direction. According to the magnetic field line distribution of circumferential 

excitation in Fig.3, the maximum magnetic field strength is at the edge of the crack. 

Under the influence of end effect, Bθp-p is no longer in regular changes. Therefore, 

there is no regularity of correspondence between Bθp-p and the crack width. So 

Bθp-p can not be used as the characteristic quantity of evaluating crack width.  
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Fig.8 Circumferential MFL signals versus the defect width 

However, it can be obtained in Fig.8 that the peak-to-peak spacing distance 

DSθp-p of the circumferential component Bθ in MFL signal is presenting a good 

inverse proportional linear relationship with the crack width, as shown in Fig. 9. 

Therefore, DSθp-p can be used as a characteristic to evaluate the crack width. 

 

Fig. 9  Defect width versus DSp-p 

3.4 Influence of crack length 
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20mm, 10mm and 5mm, simulation results are shown in Tab. 2, from which we 
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has weak effect on the leakage magnetic field generated by circumferential 

excitation, namely that it is difficult to determine the length of the narrow crack 

according to the MFL signal. 

Table 2 MFL signal versus defect lengths 

Number Length/mm Brp-p /T Srp-p /Degree Bp-p /T DSp-p 

1 50 0.1644 2.1625 0.12659 2.6625 

2 40 0.1599 2.1625 0.12653 2.6625 

3 30 0.1524 2.1625 0.12778 2.6625 

4 20 0.1611 2.1625 0.12685 2.6625 

5 10 0.1623 2.1625 0.12292 2.6625 

6 5 0.1597 2.1725 0.12431 2.5625 

4 Experiments 

4.1 Experimental materials 

According to the standards of the American Society of corrosion 

(NACE35100), with crack width larger than 0.1mm, crack length not less than the 

wall thickness, the crack depth detection accuracy of depth can reach 5%t. The 

X80 steel pipe with external diameter of 1016mm, wall thickness of 28 mm, length 

of 600mm is used in this paper, making axially oriented crack defect with width of 

0.1mm, length of 25 mm and different depth, as shown in Tab. 3, in practical 

engineering application. 

Table 3 Samples of artificial defects with different depth 

Defects 

number 
Length/mm Width/mm 

Depth/％wall 

thickness 

1 25 0.1 5 

2 25 0.1 10 

3 25 0.1 15 

4 25 0.1 20 

4.2 Experimental platform 

The experiment adopts the independently developed pipeline circumferential 

excitation detection device, as shown in Fig. 10. 



  

 16 

 

Fig.10 Experimental platform of circumferential MFL inspection 

The Experimental prototype in this figure consists of magnetizer, measuring 

probe and wheels mounted on both ends of the magnetic device, wheels are in 

close contact with the pipe wall, about 1mm about air gap exists between the steel 

brush and pipe wall to reduce resistance, with circumferential sensor spacing of 

4mm, and axial sampling frequency of 2KHz. 

4.3 Experimental methods 

The experimental prototype is driven by the motor through the pipe, which 

can be adjusted within the running speed of 0.1m/s〜1.4m/s. A circumferential 

saturated magnetic field will be generated in the pipe wall, with experimental 

prototype walking in the tube. If the there is no cracks in pipe wall, the magnetic 

filed lines will be located within the pipe wall; If there is a crack in the inner or 

outer wall of the pipe, the magnetic filed line will run out of the wall generating 

magnetic flux leakage signal. The magnetic leakage signal is detected by the 

measuring probes positioned between the two magnetic poles, close to the tube 

wall, which is transmitted to the computer through the data acquisition card to be 

carried out corresponding processing and display and analyze different magnetic 

flux leakage signal characteristics. The experiments have been repeated five times. 

By comparing the peak-to-peak value Brp-p of the radial component Br and the 

peak-to-valley value Bθp-p of the circumference component with different defects, 

and the mean value x  and the maximum deviations value max  can be obtained 

that is shown in Tab.1. The maximum deviations value max  within 5% proves 

that the experiments have a well repeatability and the experimental facilities are 
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stabilized. 

4.4 Data processing and result analysis 

4.4.1 Data processing 

Under the axial excitation, the distribution of the magnetic field lines is 

non-uniform. It is hard to judge the characteristics of the defects from original signals 

because of the deep influence of the background magnetic field of the poles of MFL 

signals. Therefore, in practical engineering application, the smooth interpolation 

method of the cubic-spline interpolation can effectively reduce the influence of the 

non-uniform magnetic field distribution on the MFL signals. 

For a given set of discrete points, the cubic-spline interpolation method is to use 

cubic-spline function to connect the consecutive points, and the cubic-spline 

interpolation curve is obtained. Because of the high smoothness (=the second order) 

and the approximation order (=the forth order) of the cubic-spline interpolation, the 

obtained curve is smooth. 

Assuming that there are n+1 sampling points 0 1 na x x x b      in the space 

sampling interval [a, b], and the corresponding metrical data is ( ) ( 0,1, , )i if x y i n  . 

(1) The conditions should be satisfied by corresponding cubic-spline function is: 

1) S(x) is in the small interval of 1[ , ]( 1,2, , )i ix x i n  ; 

2) S(x) is second order differentiable continuous in the interval of [a, b], 

namely 2( ) [ , ]S x C a b ; 

3) ( ) ( 0,1, , )i iS x y i n  . 

Those should be recorded as:
 

( )( 0,1, 2, , )i im f x i n  . 

In the interval of ],[ 1 ii xx  , the expression of S(x) is : 

i

ii

i
ii

ii

i
i

i

ii

i

ii

i
i

ii

i

ii

i

m
xx

xx
xxm

xx

xx
xx

y
xx

xx

xx

xx
y

xx

xx

xx

xx
xS

2

1

1
1

2

1

1

2

1

1

1

1

2

1

1

1

1

)()(

2121)(




















































































































 

 (22) 

(2) Related calculated formulas 

Assuming that： 

11   iii xxh
                       (23) 
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The second derivative of the S(x) is:  
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Because the second derivative of S(x) is continuous and differentiable, 

namely ( ) ( )i iS x S x   , the equation set can be obtained: 

)1,,2,1(2 11   nidmmm iiiiii         (28) 

This is a n-1 liner equation set about n+1 unknown quantities ( 0,1, 2, , )im i n . 

Assuming that the boundary condition is the natural boundary condition, the 

second derivative of the function f (x) on the point x0 and xn is zero, namely that: 

0)()( 0 
nxfxf ，namely that： 0)()( 0 

nxSxS   (29) 

The only solution nmmm 、、、 10 can be calculated by simultaneous equation 

sets (28) and (29). 

According to the obtained sampling points and metrical data, the spline 

interpolation can be calculated over the interval of [a, b]. 

4.4.2 Result analysis 

Taking a set of experiments random in Tab.4, the signal processed and analyzed 

by the cubic-spline interpolation is shown in Fig.11. 

Table 4. Comparison of the repeatability with different depth 

Experime

ntal  

number 

Depth/％wall thickness 

5%t 10%t 15%t 20%t 

Brp-p/Sa

mpling 

units 

Bp-p/Sa

mpling 

units 

Brp-p/Sa

mpling 

units 

Bp-p/Sa

mpling 

units 

Brp-p/Sa

mpling 

units 

Bp-p/Sa

mpling 

units 

Brp-p/Sa

mpling 

units 

Bp-p/Sa

mpling 

units 
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1 153 54 371 272 781 337 1037 384 

2 147 57 366 271 782 341 1033 387 

3 150 55 370 273 780 338 1034 385 

4 152 58 372 271 778 336 1032 383 

5 149 53 368 275 782 340 1036 387 

x  150.2 55.4 369.4 272.4 781 338.4 1034.4 385.2 

max  -2.1% 4.7% -0.9% 1.0% 0.4% 0.8% 0.3% -0.6% 

 

(a）Radial MFL signals 

 
(b) Circumferential MFL signals 

Fig.11 MFL signals versus the defect depth 

5 Conclusions 

(1)Pipeline magnetic leakage internal inspection technology uses the 

magnetic field formed by the circumferential excitation mode of circumferential 

non-uniform distributing along the pipe, and the background magnetic field near 

the magnetic poles is too strong, which brings a serious impact on the detection 
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accuracy of the crack. 

(2)The crack width and depth have obvious effect on magnetic flux leakage 

signal generated by circumferential excitation, while the affect of crack length on 

magnetic flux leakage signal is less, the actual crack width and depth can be 

judged according to the radial component, circumferential component of magnetic 

flux leakage signal and differential operation. 

(3)Pipeline circumferential excitation, magnetic flux leakage internal 

detection device can detect the axial crack defects better, but with no detectability 

on circumferential crack defect. So that, the combination of axial excitation and 

circumferential excitation can realize the pipe crack detection of full directions, 

which is also a development direction of long-distance oil and gas pipeline 

magnetic leakage internal inspection device. 

(4)The combination of axial excitation and circumferential excitation on one 

measurement device will realize the pipeline defect detection of arbitrary direction. 

But in practical engineering application, the large volume of the device and the low 

trafficability of the pipe will cause the blockage of the inspection in pipe, resulting in 

the major accidents. Meanwhile, there are major differences between the changing 

rules of two kinds of excitation methods in MFL signal. To realize the combination of 

two methods needs two independent systems of data acquisition, processing and 

storage, which will face the problem of massive data storage. Thus, it is hard to 

realize the combination of axial excitation and circumferential excitation on one 

measurement device. 
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Highlights 

1. The MFL internal inspection technology can maintain the safe 

operation of pipelines. 

2. The axial cracks are more hazardous than circumferential cracks 

for pipelines. 

3. The circumferential excitation method can improve the 

confidence of the MFL device. 

4. The axial cracks can be identified by circumferential excitation 

method. 

5. The MFL internal inspection of defects in arbitrary direction is 

possible to realize. 

 


