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A Study on the Magnetic Flux Leakage Type

Non-Destructive Testing System

by Sang Ho PARK

Department of Electrical and Electronics Engineering
The Graduate School of Korea Maritime University

Busan, Republic of Korea

Abstract

The magnetic flux leakage(MFL) type non-destructive
testing(NDT) system is widely used to detect metal loss of the
underground gas pipelines. In the system, sensor module is consisted
of permanent magnet, magnetic yoke and hall sensors to detect
corrosion defect or any other damages of the gas pipeline.

To increase the magnitude of the sensing signals, it is
necessary to increase the change of the magnetic leakage flux in the
region of defect. The optimal design method of the magnetic system
with permanent magnet and yokes is described. In case the operating
point on the magnetic saturation 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. The operating point of the magnetic
system 1is optimized so as to maximize the change of the magnetic
flux in the region of the defect.

During the measurement, average speed of the PIG module is
4~5 m/sec. But, in most cases, the speed of the PIG module is not
constant and varying inevitably from 0 to over 10 m/s because of the
irregular geometry of the underground pipeline such as curvature,
joint, and wrinkle structures. So, it is necessary to compensate the
velocity induced distortion signals as to obtain the pure defect signals
from measured signals. The method to deduce the speed of the PIG
module from the sensing signals are described and the compensation
scheme to eliminate the velocity induced signal distortions are
developed.

In each leg, a magnetizing yoke and magnet were equipped
with 3 sets hall sensors to detect the MFL signals. For the
measurement, we made a gas pipe of 30 inches diameter with several
types of artificial defect. Artificial rhombic defect could be
successfully identified from the defect signals. The computed MFL
signal obtained by a nonlinear finite element method is verified by

actual measurements.
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~ [ [ [wN,- (joo A+ o ve)av
= [ [N;(joo A+ 0 vd) - nds

—ffva,.-(jwo?iJrovcp)dv

(2.14)

A3 Rl AE AA ARael et A4 HEe mesA eolw

He AAE #A =1 A= 4 (2159 2k
Rq,:—ffvai-(jw071>+ov<b)dV (2.15)
2.4 o] AF3}(Discretization)

2244 AAstete] FRg A4 (213), (2155 olitststr] el A
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=X, Y, 2z, ¢2 W v 2

A, ON; 0A,  ON; dJA, IN;
R_fff( Z&y_ayVZOx 82Vyc?z 0z

e P o [ 52 w1 [ [ way

Yy (?x )av

(2.16a)
A, N, 9A, aN, 3A, 4N, oA
R,= fff( Zax_axvzay 0z 'F 0z oz 'x gy 24V

Fwo [ [ Naav o { [N av 1 ([ [ way

(2.16b)

ON, JA,  OdN; 0JA ON;, 0A,
R_fff( yé’x_axyé’z+8yx8y_6’yxaz)dv

v oo J [ [ wAcav s o ff R av -1 [ [ vav

(2.16¢)

Rem oo [ [ Sa e g By gy

oN; oN; oN;
_Offf( ox gﬁ oy gi 0z gi

(2.16d)

) dV

A (216)= olatskstr] Sl 27t vEe g 2329 99& Fig
2447w ApEA 2

AZ AR FEm A A

i)
o b~
o
i
dlo
—V‘—l‘
i
flo
r ol
X
i
ftlo
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Np = 6V(e) (apt+ bpx+ cpy+ dpz)

V(e): Jé (dle+ dze‘l‘ 6l3€)+ 049)

a,e=(—l)i{xj(ylzk—ykzl) ‘l‘xk(y]‘Zl_yle)

+ 2 ( vz, — v;24) )
bo=(—D"{y;(zp=21) +3,(0z,=2;,)+ y(z—2,)}
co=(—1D"{z00_ @R W 29%)+ 2,(x;— x,)}

dp = (_l)i{xj(yk_ y1) 2 xk(yl_ y]‘) + xl(yj_ yk)}

(2.17)
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o , e

K)ze , P20 Rte , Pao
oleld #ANL \\\\Z/////
21 (2.16)° WY 2

" se , P30
shel o] kakat
t k=t Fig. 2.4 Tetrahedron element
e 2o Hr

S S
Ry = 3507 uurjzl{(cc-i-dd)Ax]—cbfAy] dbA%)

(2.18a)
-|-ja)oﬁ 2(1+6;])ij+ 24 qu) Jélﬁ]ix
1
R, JF Z — bic A%+ (bib+dd)A°,— dic, A%} (2. 18D)
) s
+ joo 2ﬁ 2 A+EDAGH S 2 6_%;@
_ 1 1 _
R =g oy, B bdA% - cdAlt (et bb)A%)
-|_ja)0K 2(14—62,)142;"‘ 21dq> _%]ﬁz
v
R y; =—j00 24 /Zl(biAxi—" Ayt diAL) (2.18d)

4
- 360V9 ]Z]{(blb]—'— CZ'C]'+ dl‘dj)q)]'
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olAOZHY wiA dY9dME= 16x16 2423 E(element matrix), 37|
A= o=0°lEE 12x12 L42PFE S LA 5 JA "o PE

21 (2.19)9F #Zo] e
[KLU]=[F)] (2.19)

o171 A

kxx kxy kxz k ;;D
kyx kyy kyZ k

Kij = kzx kzy kzz k z0 | Uj =
)2 bx k by k bz b o1}

eb}b

w11

B = 67° WL CiC;
e _ 11
K=" 560w,
xd 0

k 2 b;
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k B 36Ve 11011,, bld]

k= d,
B =0 b,
/eqjy:icZ
2 idz

k o0 :_]_O%%]F(blb]'f' CZ'C]'+ dz'd])

2o tiste] x¥ste] Al s (system matrix)e W

A 5 FEAS FolA A g
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Fig. 3.1 MFL signals according to the relative permeability
of the brush
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(a) 2D analysis

(b) 3D analysis

Fig. 3.2 Magnetic flux leakage computed by 2D/3D FEM
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3.2 MFL PIGY ¥4 E Ao 3 AE

Azgle Fhage] ANEFREE ol g3 AozA oA FAsm
APo N 49 Table 317 o] 7kxzha fao)e] A&7}

5
Yoke(linear)
4 0.
Gas Pipe(linear)
23
H
oll
qr 2 Yoke(nonlinear)
K
)/(x/)kh Gas Pipe(nonlinear)
1
0

0 5 10 15 20 25 30 35 40 45 50
Brush H| A&

Fig. 3.3 Comparisons of MFL PIG signal in linear and

signal in non-linear
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Fig. 3.4 The magnetic saturation curve
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Table 3.1 Magnetic flux densities inside the gas pipe in 3D linear

analysis
[ @ T]
qA
=q8 Pipe Brush Yoke Magnet |Back Yoke
1 1.290 0.135 0.344 0.540 1.466
2 1.706 0.238 0.431 0.608 1.915
3 2.033 0.320 0.498 0.659 2.266
5) 2.510 0.443 0.597 0.735 2.785
8 2.990 0.564 0.695 0.810 3.299
10 3.220 0.620 0.740 0.845 3.540
20 3.840 0.774 0.866 0.941 4.206
50 4.400 0.900 0.975 1.026 4.804
100 4.640 0.936 1.018 1.063 5.059
200 4.790 0.928 1.040 0.084 5.207
500 4.900 0.871 1.055 1.099 5.316
1000 4.950 0.811 1.068 1.106 5.366
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Table 3.2 Magnetic flux densities inside the gas pipe in 3D

non-linear analysis

[ @ T]
qA

=q8 Pipe Brush Yoke Magnet |Back Yoke
1 1.236 0.131 0.314 0.534 1.390
2 1.425 0.211 0.384 0.575 1.550
3 1.501 0.260 0.423 0.597 1.614
5) 1.570 0.317 0.467 0.621 1.676
8 1.611 0.360 0.500 0.638 1.715
10 1.626 0.376 0.512 0.645 1.729
20 1.659 0.412 0.540 0.660 1.760
50 1.682 0.433 0.562 0.670 1.781
100 1.691 0.437 0.573 0.674 1.788
200 1.696 0.434 0.584 0.676 1.793
500 1.700 0.424 0.605 0.677 1.796
1000 1.702 0.409 0.623 0.678 1.797
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Fig. 3.6 Analysis points of MFL PIG
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(b) By(Axial component)

Fig 3.7 Analysis of MFL which is 3mm far from hall sensor in R

axis and hall sensor is center in Z axis.
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Fig 3.8 Analysis of MFL which is bmm far from hall sensor in R

axis and hall sensor is center in Z axis.
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Fig 3.9 Analysis of MFL which is 3mm far from hall sensor in R

axis and hall sensor is three quarters in Z axis.
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Fig 3.10 Analysis of MFL which is bmm far from hall sensor in R

axis and hall sensor is three quarters in Z axis.
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B[T]

Fig. 3.11

Table 3.3 Magnetic flux densities
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0.5

1
0820000

|
600

non-linear analysis

00 700000
H[A/m ]

|
140000

The magnetic saturation curve in pipeline

inside the gas pipe in 3D

[ehg] @ T
CEY
Pipe Brush Yoke Magnet |Back Yoke
A
1 1.5741 0.1353 0.4256 0.7982 1.5450
2 1.6403 0.2136 0.4831 0.8110 1.5937
3 1.6788 0.2640 0.5188 0.8188 1.6223
5 1.7214 0.3246 0.5606 0.8280 1.6546
10 1.7661 0.3902 0.6048 0.8381 1.6830
20 1.7871 0.4313 0.6335 0.8448 1.7099
50 1.8061 0.4553 0.6544 0.8496 1.7256
100 1.8135 0.4509 0.6645 0.8515 1.7318
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Fig. 3.12 3D analysis of MFL PIG
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(a) Case 1

(b) Case IT

(b) Case I

Fig. 3.15 Three cases of the operating point and A
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Fig. 4.1 Analysis signals according to depth of defect
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Fig. 4.2 Analysis signals according to length of defect
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i [

(a) (b)

Fig. 4.3 Rhombic defect of two type
(a) Hollowed rhombic defect

(b) Grooved rhombic defect
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(a) Bx

(b) By
Fig. 4.4 Detected MFL signals and constructed images of an artificial
hollowed rhombic defect.(The size and depth of the defect is 3tx3t

and 0.9t where the thickness t of pipe is 17.5[mml])
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(a) Bx

(b) By

Fig. 45 Constructed images of the signals from hollowed rhombic

defect.(The size and depth of the defect is 3tx3t and 0.9t)
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(a) Bx

(b) By

Fig. 4.6 Detected MFL signals and Constructed images of an artifical

grooved rhombic defect.(The size of the groove width is 0.5t)
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(a) Bx

(b) By

Fig 4.7 Constructed images of the signals from grooved rhombic

defect.(The size of the groove width is 0.5t)
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Fig. 4.9 Analysis of MFL PIG with defect by 3D
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(a) Axial components of MFL PIG

Z

(b) MFL image of axial component

Fig. 4.10 Analysis MFL signals by axial component
(Min: 195[G], Max:1100[G])
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(c) MFL Signals of axial component

Fig. 4.10 continued
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(a) Radial components of MFL PIG

Z
(b) MFL image of radial component

Fig. 411 Analysis MFL signals by radial component
(Min: -1000[G], Max: 1000[G])
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(c) MFL Signals of radial component

Fig. 4.11 continued
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(a) Circumferential components of MFL PIG

(b) MFL image of circumferential component

Fig. 4.12 Analysis MFL signals by circumferential component
(Min: -216[G], Max: 216[G])
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(c) MFL signals of circumferential component

Fig. 4.12 continued
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(b) defect size 1tx3t

Fig. 4.14 Type of defect size
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Fig. 4.14 continued

_61_



-0.07 -0.035 0 0.035 0.07
H

0.05

0.03

-0.03

-0.05

Fuareke| 72| [m]
(b) By(Axial component)
Fig. 4.15 MFL PIG signals according to the defect

_62_



(a) Defect depth 10[%]
(Min: 324[G], Max: 394[G])

(a) Defect depth 90[%]
(Min: 195[Gl], Max: 1100[G])

1 f'
ll
Fig. 4.16 Image of defect depth by axial component
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(a) Defect depth 10[%]
(Min: -99[G], Max: 99[G])

(c) Defect depth 90[%]
(Min: -1000[G], Max: 1000[G])

Fig. 4.17 Image of defect depth by radial component
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(a) Defect depth 10[%]
(Min: -12[G], Max: 12[G])

(¢) Defect depth 90[%]
(Min: -216[G], Max: 216[G])

Fig. 4.18 Image of defect depth by circumferential component
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vxH=J (5.1)
B=u,(H+ M) (5.2)
B=vxA (5.3)

oA71A = AgolA e FAk&(permeability), A= A7) WE FelAo)

ok vl AAde] fle EAlA AstEe Asts xEA

M=xXH (5.4)

o Zo]l FHHAT A dAol vy S4HS zhe mjdo] £iE o
NE AFole AstFS AL A7y AL ol e thegh A oR
ERHA gonw vAFE WATl Gk QurHow A5 M
Qo] A7 AAEHH AR = 719 ¥ (reversible component @ X H)
3915 A AAR E AhAA g AuAs 54 e )

}< & (irreversible component : M)2] oz YeldH 4 Qlth

N

M=xH+M (5.5)

2l (655 2 (5.2)°] thdstd
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H=vB—v (5.6)

sb e Ae v oA v=1/, w=up, v,=1/1,
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B=uH (5.10)
Z Ul 901, A (5100 A (5.3)el tglste] fol thate] W

_69_



(5.11)

2 G.Del W

o
=

(5.11)

|
A

=2 vEhd 5

(5.12)

Vx(‘lll— VXZ):_}

—~
fite)

R

3
pul

g GAAe 9

(5.12)

Al
A

= Y & v

(5.13)

S

>=

—

w5

= YEd 4 Ak 4 Ga13)

(5.14)

= vEpd 5

21 (5.8)9]

=
=

T W

s}
=y

53 7

7

i)

)
Mo

_70_



fgW{(v -VV)Z-F_}—}-VVVXﬁ}aQ:O (5.15)
Green A&l ¢} AA XA ZHE

fg{—vvwv CA+ W=V, WK MR =) (5.16)

i
ne
rr
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[KJ[Al=[A+L[f,] (5.17)
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Fig. 5.1 Diagram of the magnetization

_72_



(a) Flux line of the axial component magnetization

(b) Flux line of the radial component magnetization

Fig. 5.2 Flux line of the magnetization
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(a) Axial component MFL signals
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(b) Radial component MFL signals

Fig. 5.3 Effects of the axial component remanent magnetization

_74_



k

2Lk ox
2 2> o>
1o fole fol

ro
>
}01,

0.24 0.29 0.34 0.39
Z Axis [m]

(a) Axial component MFL signals

-0.44

Z Axis [m]

(b) Radial component MFL signals

Fig. 5.4. Effects of the radial component remanent magnetization

_75_



54 PIG &= 93 A5 BA

2 HolNE PIGE) o2 Asfte] & sdo] wAsA ). of
2 Qa) slag YR Bl AR/ A =3, o AR sl
o Aol gTET. AA Al o7 A5 T AZ7) daAE A

o2
b
k
k=)
K
o
e
2
fof
%
ox
K-
oo
QL
2
—H
o
2
:L
C)
lo
N
o2
b
k
rlr

Alm/s]7} 710l AA olF %= 0 ~ 10[m/s]o]th.
T3 Sz wetA X[ A7|7F AstetA "o Fe & el Ashe

o] 24 NETPL A
PIG7H BAs) QThE <199 Wi} gloms &5 sdgo] WAy
kAl g+t PIG7F F=38t4 Fig. 564 & PIGY B 7 Ayrte 7}

5
2% Wi 29 SHF7E vEugA "o
o] fHF= HxVt IUIEFF SIS € T e oA HEA
T2 HFA7IA Aok B3 pdFY A7e FSE v

Fig. 55(a)= BAA MFL PIG®] A= do]™, Fig. 5.5(b) MFL PIG
7} 4lm/s]12 o]FA] A AHolt}. Fig. 55(b)¢ Zo] PIG7 LEX%o=
AP FZ ByHY LEHL AU)F o] FAidtee WFoE JHFIF
WS, 9% FrkstE e WEFo R JHFIE ST 2y FF
B H o 27139 Wafo] witlo]2 2 Fig. 5643 AF o 3 w3k
2 "7 ®@Y Fig. 572 35T Helo g 723 B 139

_76_



el

1
=

FA(1-2m/s)E o] FA = F

bt 2w2} Z7hgel met Ao

3

[e)
-

Fig. 59(a)©

o ojo] WAy

€]

H

AN
——

=
=

=3
=i

Fig. 5.104

=
=

At} Fig. 59(a)

P
L \Y i

SEEE

]

o

€]

H

o
ﬁo
o
2

]

To-

iy

_77_



TN M

(a) The result of v=0[m/s]

(b) The result of v=4[m/s]

Fig. 55 Distortion of the flux line because of the PIG speed
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Fig. 5.6 continued
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(b) The result of v=1[m/s]

Fig. 5.7 Changes of the radial component magnetic fields

according to the PIG speed
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(d) The result of v=4[m/s]

Fig. 5.7 continued
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(b) The result of v=1[m/s]

Fig. 5.8 Changes of the axial component magnetic fields

according to the PIG speed
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(d) The result of v=4[m/s]

Fig. 5.8 continued
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Fig. 5.9 Effect of the PIG speed
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Fig. 5.10 Maximum field and slop according to the PIG speed
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3749l AN =s} Rolgint weka F 457he] MM AF ARE 9

of FA= ol Fig. 6.1 831 #j#3} Aol Alxleltth. Fig. 6.2+
v AARSol w2 PIGS] EFUn ZhAadte] UEYE ¢ Qe AF
& Table 6-13 o] 7haghke] AAact, A 7tape] Fwgon
A, B, C D, E F, G H, [22 Y+ 77t 30°4 7]&olA At 4
E Eol AlZFe FWFoze o] 35imml, AFYFoze =
35[mm], Zo] 34[mm] 28l Aste] T2 #Heo 9

465[mm]lell X sta At Fig. 632 891 wjxke]l Aol 9x|o]n,
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Fig. 6.2 PIG after pigging[6]
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Table 6.1 Standard defects on 8 inch pipeline surfacel6]

[&9] @ mm]
A B C D E F G H I
2 o] 35 35 35 35 17 52 52 52 18
* 35 17 35 35 17 52 52 52 18
: z1 o] 3.4 2 2 05 |1 18 | 1.3 | 05 | 06 | 0.7
1= | 465 | 315 | 465 | 315 | 465 | 315 | 315 | 315 | 465
2 o] 17 17 53 17 54 17 18 18 34
* 17 17 53 17 54 17 18 18 34
’ z1 o] 2 2.5 5 1.8 | 32 | 48 | 1.6 | 29 | 46
= | 560 | 725 | 615 | 735 | 615 | 715 | 465 | 765 | 615
2 o] 17 17 17 17 17 52 18
* 17 17 35 17 5.7 52 1.8
’ z1 o] 23 | 25 | 1.7 2 2 1.8 1.7
= | 615 | 765 | 915 | 765 | 915 615 915
2 o] 17 18
% 52 2.5
4
7l 0] 2 1.8
1A | 915 915
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25 28 31 axial
26 29 32 circum
27 30 33 radial

Fig. 6.3 Sensor position of 8 inch pipeline[6]

_91_



IHGFEDCBA

2%

SaT
mER
217
29T

Fig. 6.4 Standard defect, shape and position of 8 inch pipeline[6]
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[+ : mm]
NN A SAA
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Fig. 6.5 Calculated and measured of defect Al
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Fig. 6.6 The magnitude of the MFL signals with respect to defect
depth
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Fig. 6.8 Hall sensor module[6]
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Fig. 6.10 3tx3tx0.2t defect[6]
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Fig. 6.11 0.5tx0.5txhole defect[6]

Fig. 6.12 2tx1tx0.4t defect[6]
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Table 6.3 Defect position of Pull Bed Gas
Pipel6]

10 3 8

11 1 6

d=hiaat="A
@ 1tx1tx0.4t
@ 2tx2tx0.3t
@ 3tx3tx0.2t
@ 1tx1tx04t(HF-2 )
@ 1tx1tx0.6t
® 1tx1tx0.2t
@ 0.5tx0.5tx0.4t
0.5tx0.5tx 5
©@ 1tx2tx0.4t
10 2tx1tx0.4t
@ 1tx3tx0.4t
@ 1tx1tx0.4t
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Fig. 6.13 Axial signals
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Fig. 6.14 Constructed images of the axial signals
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Fig. 6.15 Radial signals



i)

i}

Fig. 6.16 Constructed images of the axial signals
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Fig. 6.17 Analysis of radial component(defect size 3tx3tx0.2t,
Bp—p=70.6[G])
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(c) Constructed images of 3D

Fig. 6.18 Analysis of axial component(defect size 3tx3tx0.2t,

Bp—p=39.2[G])
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Fig. 6.19 Analysis of radial component(defect size 2tx2tx0.3t,
Bp-p=66.7[G])
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(c) Constructed images of 3D

Fig. 6.20 Analysis of axial component(defect size 2tx2tx0.3t,
Bp—p=35.3[G])
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(c) Constructed images of 3D

Fig. 6.21 Analysis of radial component(defect size 0.5tx0.5txhole,
Bp-p=101.96[G])
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(c) Constructed images of 3D

Fig. 6.22 Analysis of axial component(defect size 0.5tx0.5txhole,
Bp-p=70.58[G])
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Fig. 6.23 Analysis of radial component(defect size 1tx1tx0.4t,
Bp-p=90.19[G])

- 111 -



80

60

40

20

1151.6 1151.7 1151.8 1151.9

(a) Signals (b) Constructed images

(c) Constructed images of 3D

Fig. 6.24 Analysis of axial component(defect size 1tx1tx0.4t,
Bp-p=54.9[G])
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Fig. 6.25 Analysis of radial component(defect size 1tx1tx0.4t,
Bp—p=62.7[G])
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(c) Constructed images of 3D

Fig. 6.26 Analysis of axial component(defect size 1tx1tx0.4t,
Bp—p=35.3[G])

- 114 -



60

40

11516 11517 11518 1151. “".

(a) Signals

%ucted images
=
S/

(¢) Constructed images of 3D

Fig. 6.27 Analysis of radial component(defect size 1tx3tx0.4t,
Bp-p=90.2[G])
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(b) Constructed images

(c) Constructed images of 3D

Fig. 6.28 Analysis of axial component(defect size 1tx3tx0.4t,

Bp-p=27.45[G])
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Fig. 6.29 Analysis of radial component(defect size 2tx1tx0.4t,
Bp-p=54.9[G])
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Fig. 6.30 Analysis of axial component(defect size 2tx1tx0.4t,

Bp—p=27.45[G])
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Table 6.4 Analysis of defect signals by radial component

=]

1

o,

2 ¥

Zo][mm] t= Shak W Rg
64.09 3.6t 122[9%]

3tx3tx0.2t
62.45 3.6t 119[%]
45.24 2.5t 12919%]

2x2tx0.3t
374 2.1t 106[%]
15.08 0.86t 172[%]

0.5tx0.5tx A=
12.49 0.7t 142[%]
[0)

L 04 18.85 11t 107[%]
2d) 12.49 0.7t 71[9%]
377 2.1t 214[%]

1tx16x0 4t
24.98 1.4t 142[9%]
18.8 1.07t 107[%]

1£x3tx0.4t
187 11t 35[%]
339 1.9t 96.8[%]

2tx 1tx0.4t
312 1.8t 178[%]
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Table 6.5 Analysis of defect signals by axial component

=
2 ¥

Zo][mm] t= Shak W Rg
64.09 3.6t 122[9%]

3tx3tx0.2t
62.45 3.6t 119[%]
45.24 2.5t 12919%]

2x2tx0.3t
374 2.1t 106[%]
15.08 0.86t 172[%]

0.5tx0.5tx A=
12.49 0.7t 142[%]
[0)

L 04 18.85 11t 107[%]
2d) 12.49 0.7t 71[9%]
377 2.1t 214[%]

1tx16x0 4t
24.98 1.4t 142[9%]
18.8 1.07t 107[%]

1£x3tx0.4t
187 11t 35[%]
339 1.9t 96.8[%]

2tx 1tx0.4t
312 1.8t 178[%]
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Fig. 6.31 Calculated length and width of radial component

Fig. 6.32 Calculated length and width of axial

component
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