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Evaluation of Inverse Algorithms in the Analysis
of Magnetic Flux Leakage Data

Jens Haueisen, Ralf Unger, Thomas Beuker, and Matthias E. Bellemann

Abstract—We evaluate the use of linear and nonlinear inverse
algorithms (maximum entropy method, low resolution electromag-

netic tomography, L, and L, norm methods) in the analysis of @ ®

magnetic flux leakage (MFL) measurements commonly used for —
the detection of flaws and irregularities in gas and oil pipelines. We @ ® “‘ ! 0%
employed MFL data from a pipe with well-defined artificial surface @ (Tt ah @
breaking flaws at the internal and external wall. Except for the U ]

low-resolution electromagnetic tomography, all algorithms show, LmJ

on average, similar accuracy in the flaw extent estimation. Max-

imum entropy and the L; norm have a tendency to yield better re- \ ] ®

sults for smaller flaws, while the L» norm performs slightly better

for larger flaws. The errors of the flaw location estimation are com-  Fig. 1. Schematic operation of the magnetic flux leakage mettiddsteel
parable for the maximum entropy and the L, norm algorithm. The  brush, @ permanent magnet® soft iron yoke, @ pipe wall, @ metal

L, norm performs worse for those flaws situated on the internal loss flaw causing stray flux, which is measured @ magnetic field sensors
pipe wall. Linear methods (L, norm) are easier to implement and mounted on a support. The device moves into the left direction on the drawing.
require less computation time than nonlinear methods (maximum

entropy method, L, norm). In conclusion, inverse algorithms po- . .
tentially provide a powerful means for the detection and charac- Measured leakage of the magnetic flux is analyzed afterwards

terization of flaws in MFL data. off-line in order to extract the location, the extent, and the depth
Index Terms—inverse problems, magnetic flux leakage, nonde- ©f flaws in the pipe wall.

structive testing, pipeline inspection. The analysis of MFL data involves the solution of the

forward problem (i.e., the computation of the field from given

sources and geometry) and the solution of the inverse problem

(i.e., the estimation of source parameters or geometries from

ONITORING of gas and oil pipelines is of crucial im-given magnetic field data). For the solution of the forward
portance for various technical and economical reasomspblem, both analytical (e.g., [2]-[4]) and numerical methods

especially the detection of flaws and irregularities is an impofe.g., [5]-[7]), have been employed in the past. Solutions of

tant task in pipeline maintenance. As those flaws are often sithe inverse problem can be classified into the application of:

ated in inaccessible regions, it is not possible to perform a visudl direct, analytic parameter estimations; 2) nonlinear search

inspection. Therefore, inline inspection vehicles are used, whialyorithms [7]; 3) linear estimation techniques [8]-[11]; and 4)

are pumped through the pipeline together with the oil and géléer techniques (projection or de-blurring methods) [12]. Re-

flow. The magnetic flux leakage (MFL) method is a techniqueently, sophisticated forward models and inversion techniques

used for the detection of flaws in metal sheets or pipes for mdrave been developed (e.g., [13]-[15]).

than 70 years [1]. The goal of this paper is the application and evaluation of
The basic principle of the MFL method is illustrated in Fig. 1different inverse algorithms based on linear and nonlinear esti-

A static, uniform magnetic field is coupled into the permeablmation techniques in the field of MFL data analysis.

wall of the pipeline. Flaws in the pipe wall generate magnetic

field perturbations which are called leakage fields when they

leak out of the pipe. The MFL technique is commonly used

in the inline inspection business. The above mentioned & MFL Data

tonomous vehicles are equipped with MFL units and onboard|n order to mathematically describe the pipe, we define a
computers to register and store the magnetic field patternsfindrical coordinate systeiw, p, ), wherey depicts the cir-
the inspected steel pipe while traveling in the pipeline. Thgmferential direction of the pipe (anglg)the radial direction
of the pipe (radius), and the axial direction of the pipe. Since
Manuscript received March 5, 2001; revised December 12, 2001. the pipe has a fixed diameter, we give the dimensions along the
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axial sensors

/ o

P 1cm radial sensor mounting plate

Fig. 2. Sensor geometry and cylindrical coordinate systeax{al direction,
 circumferential directiony radial direction pointing into the drawing plane).

36 mm; flaw position=inside or outside the pipe wall; and
flaw depth= 20% or 50% of the wall thickness.
For the detection of the stray field, a commercial device witl
two different types of sensors were used simultaneously (Fig. z
a Hall sensor measured the axial magnetic field (in the followin
indicated byB.) and a coil sensor measured the axial derivativ:
of the radial magnetic field component (in the following indi-
cated byB,). Please note that the measurement principle (me
sured quantities) is different for the two sensor types. The sens
geometry is given in Fig. 2. The distance between the Hall se|
sors and the pipe wall was 3.5 mm, and the distance between:
coil sensors and the pipe wall was 6 mm. 'z
For the inverse computations, we assumed stationarity (s a =
also below) and we restricted the number of measuring poin w 1com
included in each inverse computation so that this number was
as small as possible (reduced computation time) while Sﬂ'ﬂ'p.& Magnetic field profiles ofaninternal flaw (digmeter36 mm, 50% wall
covering all relevant field information. This yielded an are%‘écnksr:)ersl?cgﬁﬁzugfgdvgg?cttgg és)szﬁfr'e?g;ﬁzerig::nrg?f?s)t'grffl(%)lsensors'
of 106 mm in circumferential direction and 72 mm in axial

o)

direction, including 108 radial and 324 axial measuring points a) b)
(Flg 3) 2251 150
204 Ve n (nside /
- . K¢ 125 L 50%
B. Normalization 1754 » 7 * | Inside/
) ) ) . 15+ 4 . 100 - / 20%
An estimate of the noise presentin the data was obtained from g r2s- ‘/ ] L v Outside /
channels containing no visible signal. The standard deviation ? *] R
o was employed to quantify the amount of noise. In the next 5a 20%

step, all data were transformed into the signal-to-noise space 25 il

by dividing all values by . This transformation simplifies the e e a w e 6 2w
use of data sets with different orders of magnitude (Hgrand flaw diameter [mm]
B,) in inverse algorithms. The signal-to-noise ratio (SNR) was
determined by Fig. 4. Calculated SNR of (a. and (b)B, of each flaw. Please note the
different scaling in (a) and (b). Squares indicate flaws with a depth of 50% wall
11 N N thickness on the inside wall, diamonds indicate flaws with a depth of 20% wall
_ -+ < - thickness on the inside wall, downward pointing triangles indicate flaws with a
SNR = o Z X inax Z ‘Xmiﬂ (1) depth of 50% wall thickness on the outside wall, and upward pointing triangles
t=1 j=1 indicate flaws with a depth of 20% wall thickness on the outside wall.

where N is set to 10 and, thusY? _ and X7 . indicate the

max min

ten largest and ten smallest values, respectively. Fig. 4 gives fikaverage [16]. Please note that the transformation into the
SNR values for all flaws. signal-to-noise space was performed separately foBthand

The SNR values foB, were found to be significantly larger the B. components.
than the values faB.. All values for B, were above 11, except )
for the two flaws with the smallest signals (diameter 5 mm, p& Forward Solution
sition outside, depth 20% and 50%) which were excluded fromThe current sheet convention and the pole sheet convention
further analysis. All other flaws were used throughout the papare two approaches used in computational methods in mag-
The better the SNR, the better the source localization accurawgtostatics [17], [18]. The current sheet convention employs
Commonly, SNR values of 10 and above are sufficient for arrents (often line-like current elements) to approximate the
source localization accuracy of single dipoles of about 5 mmagnetic field produced by a magnetized body while the pole
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to the pipe wall. Note that the diameter of the pipe was 610 mm
and the distance between sensors and the pipe wall was 3.5 mm
for the B. sensors and 6 mm for th, sensors. Therefore, we

do not expect a significant influence of the pipe wall curvature
on our results.

D. Inverse Solution

For our inverse solutions, we use a general Bayesian frame-
work that allows us to incorporat priori information (e.g.,
[21], [22]).

We define:

m measured data.

my forward calculated data.

g current dipole moments.

L lead field matrix (kernel matrix).

For given source locations, the lead field matfixlinks the
dipole component vectof with the forward calculated data
vectorm s

Al SENSOrS

Al and radial
SENSOME

For optimal source parameters, the squared deviakiérbe-
tween the measured dataand the forward calculated data,
is computed and minimized

A2 = |jmy — m|)® = ||Lj — m|*. 3)

Since the problem is ill-posed, regularization is needed. Regu-

Fio 5. BEM model and position of th onlv the orincinal bosit larization adds a second term, the model tédfy ), multiplied
ig. 5. model and position of the sensors. Only the principal positi -
of the sensors is depicted. Please see Fig. 2 for a detailed sensor represen(ﬁ owe regl‘"anzatlon factox

vr;lllttegsct?rri:%ctp(s)liﬁ?: Note the local mesh refinement below the position of the A2 — ||L]' B m||2 I /\HW],”Q _ D(j) 1 )\M(j) (4)
whereW is the weighting matrix. The weighting matrix allows

sheet convention does so with the help of a pole density. Usith@ incorporation of additional constraints such as source posi-

the analogy of the current sheet model, we solve the forwaign weighting [22], [23].

problem in this study. Line-like current elements can generally In this paper, we apply and compare three different inverse al-

be approximated by current dipoles. The sources of the magnejigithms: thelp norm [22], [24], the maximum entropy method

stray field were modeled employing a sheet of electric currefMIEM) [25], and the low resolution tomography (LORETA)

dipoles in an electric volume conductor. Although this approa¢he].

is not straightforward and has not been described in the litera{n the Lp norm, data and modeling term are defined by

ture dealing with magnetic flux leakage problems so far, it is

common in other fields of electromagnetic field computation D(j) = |lLj —mllp, and M(5) =W, (5

[17]-[19]. We have chosen this approach because of the S%fh 1 < pa.pm < 2. TheL; norm withpy = p,, = 1 and
ware available. Other approaches (even simpler ones) are RART., horm ’With];i — p,. = 2 represent special cases. The

sible as well, . , norm is most widely used and also called minimum norm least
A piece of pipe wall was modeled with the help of th%quares (MNLS) [8], [9], [22]

boundary—elgment ”_‘eth"d (BEM). A total_ of 4(_552 triangulgr LORETA uses a Laplacian coupling mat#ikin the modeling
elements (triangle side length of 6 mm) with a linear potenti
approach on each triangle [20] were used. The extent of the
BEM model was approximately two times larger than the extent M(5) = || BW 2. (6)
of the array of measuring points chosen. In the area where the
highest potential gradients were expected, a local refinemdiite data term is according to (4). LORETA always reconstructs
was applied and the triangle side length was approximatdlye smoothest of all possible source distributions. Although it
halved. Fig. 5 shows the BEM model and the position of thie possible to use other norms, we apply only fenorm in
measuring points. combination with LORETA.

We neglected the effect of the pipe wall curvature, which The MEM uses an entropy measure as the model term
might be a potential source of error. However, the sensor grid N
and the pipe wall have a similar curvature, and we thus maintain M(@j) = Z w; - || - log(Bw; - i) @)
the correct distance of the sensors with respect to each other and P
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Fig. 6. (a) Current distribution obtained by the norm algorithm. (b) Equivalent ellipsoid fitted to this distribution. The cones indicate dipoles, where the size
of a cone corresponds to the amplitude (strength) of a dipole. The direction of the dipole is indicated by the tip of the cone.

where N indicates the dimension of the lead field matrix an@),,,,. being the maximum an@,,.... being the mean value
[ can be related to a predefined unit current. The data termoisthe dipole moments in the current distribution. Only dipoles
again according to (4) with thé, norm. A detailed treatment having a dipole moment greater than the threstgldre used
of the implementation of MEM is given in [27]. for fitting of the equivalent ellipsoid. The center of gravity of
The regularization parameter was estimated using thethe thresholded region was computed, and the two semi-axes
L-curve method [28]. Since this method failed in a number aff the ellipsoid lying in the source reconstruction plane were
cases, we also variedmanually in order to assess its influencealculated using the weighted longest dipole distance from
on the reconstructed results.was varied in steps of decimalthe center of gravity. The weighting of the distance was done
power. The final values fok were 1 or 10 for thd.; norm, 0.1, by the dipole moment in order to avoid that small and far-off
1, or 10 for MEM, and 10°,107°, or 10~ * for the L, norm.  dipoles have a large influence on the definition of the main axis.
In contrast to the singular value decomposition (SVD) truncahe third semi-axis was set to a fixed value since only dipoles
tion scheme used in [8], [9], we apply a down weighting schene a plane were considered. With the help of this method,

of the lead field matrix as described in [22]. we estimated both the location and the extent of the flaws.
Fig. 6 shows an example of a current distribution and the fitted
E. Computational Parameters equivalent ellipsoid.

The source (dipole) positions were predefined on a quadraticForWard and Inverse modeling were performed using the soft-
grid with an extent of approximately 105 mwml05 mm, ware CURRY, version 3.0 (Neuroscan Inc., Sterling, VA) run-
which was located below the array of the measuring points fjng on a Sun UltraSparc 2 computer.
the middle of the BEM model. In a first step, the minimum
number of dipoles necessary for stable reconstruction results
was estimated. Based on these estimates, we defined a gridofEvaluation of Algorithms
52x 52 dipoles with a spacing of 2 mm for the small flaws |, 5 first evaluation, we tested all algorithms and source re-
(3, 5, 10, or 16 mm flaw diameter) and a grid of 221  qngiryction parameters using three selected flaws and two cri-
dipoles with a spacing of 5 mm for the large flaws (24 mm Qgyia to assess the quality of the reconstruction process. The first
36 mm flaw diameter) [please compare Fig. 7(b) and (d) for thgiterion was that the reconstructed dipole distribution had to
different grid sizes]. Please note that the different grids weygeld a clear focus with the maximum of the activity in the re-
introduced for the sake of reduced computation time. Griglon of the flaw [please compare Fig. 7(a) and (b)]. The second
spacing, as long as the grid is dense enough, is not expectegriterion wasA < 10% (3). Based on these criteria, all recon-
have a major influence on the solution [29]. struction results using LORETA had to be rejected. Therefore,

For the sake of statistical comparison of the source reORETA was not considered further in this study. Fig. 7 dis-
construction results and in order to reduce the large numhsays results of the four source reconstruction procedures tested.
of dipole parameters, we employed an equivalent ellipsoid
approach detailed in [30]. An equivalent ellipsoid is defined as
a three-dimensional ellipsoidal object fitted to a certain thresR- Optimization of Parameters
olded vector field (here a current distribution). The threshold The solution of the nonlinear reconstruction based orfihe
13, used for marking the most important region was definagsbrm did not converge for differeptin the data and in the model
empirically by7;, = 100% * (Qumax + Qmean)/2@max, With  term (i.e.,pq4 # ). In the case = py = p,,, Similar results

Ill. RESULTS
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Fig. 7. Reconstruction results for (a) an internal flaw with 10 cm diameter and 50% depth using LORETA, (b) for an internal flaw with 16 cm diame¥er and 50
depth using MEM, (c) for an internal flaw with 16 cm diameter and 20% depth usinBttm®rm, and (d) for an internal flaw with 24 cm diameter and 50% depth

using theL, norm. Red arrows indicate reconstructed dipoles, where the largest 20% of all dipoles are drawn with black borders. The white line depicts the actual
flaw size. The magnetic field profile is plotted with blue (negative) and red (positive) lines, where the zero line is black. In (d), the zero tidesitee for both

B. andB,.

were obtained fop € {1,1.25,1.5,1.75,2}. Thus, in the fol- o mode| term e ——
lowing only p; = p,, = 1 andpy = p,., = 2 (i.e., theL; and \ B T | "
the L, norm) will be considered. 00 —_—— LR

The reconstruction parametewas varied manuallyinalog- — L-curva — A v [
arithmic scheme for all 20 flaws investigated since fheurve = 80 | ; 0 7
method failed to produce meaningful results in a number o ; i | 28 §
cases. An example of suchhavariation is presented in Fig. 8. % [ "J I} min ' an

The minimum estimation error of the extent for all flaws was% &0 x o 15 8

determined. The value dfcorresponding to this minimum error '
was2.0 + 3.6 for MEM, 7.2 + 4.3 for the L; norm, ands.0 - 20 | \V" -”\’\F
10~*+2.2-102 for the L, norm (meant standard deviation). ol i !_:_*_ T e
For these values of, the deviationA was on averagd2% =+ - 1“;m E 08 inGE i eid
15% for MEM, 46% + 16% for the L; norm, and3.4% + 3.6% il

for the L, norm.

=

Fig. 8. Relative estimation error of the flaw extent and deviatibras a
function of the regularization paramet®r The results are based on the flaw

C. Estimation of Flaw Location with the largest diameter (SNR &. = 21.4, SNR of B, = 116.4) and were
calculated with thel. norm. TheL-curve method computed an optimum at

= 1653 while the minimum error (with regard to both directionsandy)
Fig. 9 gives the results of the location estimation errors Whl@h s obtained with\ = 0.01 (blue arrows). The legend above the diagram

were determined by the difference of the flaw center points af icates the main influence of: the larger), the more the model term (i.e.,
the centers of gravity of the calculated equivalent ellipsoids. the assumptions about the solution) is weighted [see (4)].
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20- MEM TABLE |
ESTIMATED FLAW EXTENT BASED ONMEM IN MM

flaw diameter [mm]

5 | 10 | 16 | 24 | 36

internal  z || 50 | 11.2 | 14.6 | 22.8 | 30.6

20% o 1138 96 [17.6 | 19.0 | 20.0

internal 4 6.2 | 9.2 [222)]26.0|424

*] 50% 50 [108 166 | 17.4 | 332

- 2 || — | 10.0]15.6] 240 | 558

E | L norm ;)(()t@ijal o — 150186 | 20.0 | 342

] external z || — | 10.6]17.2 ] 26.2 | 33.8

o 50% ol — | 106] 52 | 218|112
[~]
8

TABLE 1l
ESTIMATED FLAW EXTENT BASED ON THE L; NORM IN MM

20- flaw diameter [mm]
L, norm 5 10 16 24 36
internal z || 4.8 | 9.0 | 13.8 | 24.0 | 34.4
10+ 20% @ | 4.8 126.2]16.8|12.0| 15.2
/'\ internal z || 5.2 [ 10.4 [ 17.0 [ 23.2 [ 37.0
) o L \.\1_./,-'*\_,.‘. 50% o124 74 | 7.8 | 144 | 342
oty e T T T T external 2] — ] 106|142 | 23.0 | 36.6
5 '10 16 24 36 5 .10 1 24 36 10 16 24 36 10 16 24 36 20% pf — {168]27.626.0]|182
int 20% int 50% ext 20% ext 50% oxternal 2 — 82 11741246 | 364
50% e — |11.6|10.8 224 | 386

Fig. 9. Flaw location estimation error in both coordinate directions.) for
different flaw diameters and positions (int: internal, ext: external).

TABLE Il

) o ESTIMATED FLAW EXTENT BASED ON THEL> NORM IN MM
For the external flaws, the location error was significantly

higher in circumferential direction than in axial direction. For flaw diameter [mm]
example, for the external flaws and tti® norm, the mean . 5 | 10 ] 16 | 24 | 36
error in z direction was2.1 mm £ 1.3 mm and ing direction ‘Znot;mal z 1%24 197'82 }gg 31'8 ?,3'2
9.0 mm =+ 3.2 mm. The results based on tlie norm exhib- inte"mal f 15'0 9'4 14'6 23'6 32'4
ited the largest errors for the internal flaws (compared tdthe 50% o188 [ 7.0 (262354390
norm and MEM). extornal 2 || — ] 7.0 | 15.2 | 22.6 | 38.2
20% || — | 94 256254356
D. Estimation of Flaw Extent external 2z || — ]10.6]19.0]28.8] 388
®

50% — | 94 |16.6 | 25.6 | 35.8

Tables I-Ill show the estimated flaw extent for all methods
and all flaws. These values are based on the semi-axes of
the equivalent ellipsoids fitted to the current distribution a¥IEM and theL, norm while theL; norm performed worse for
explained above. those flaws situated on the internal pipe wall.

For small flaws (5 or 10 mm diameter), MEM gave the best Due to its straightforward implementation and the low com-
results, while for flaw diameters of 16 or 24 mm, the norm putational effort required, thB; norm has been used previously
performed better and for the largest flaw (36 mm diameter), tirethe field of MFL data analysis [8]-[10]. Our results based on
L, norm was the best. For tHe, norm, the circumferential di- the L, norm share the same principal properties with those pre-
rectiony was more accurately estimated than the axial directiofious results, namely the robustness of the solution even for low
z. The average performance was similar for all three algorithnfSNR and the tendency to not very focused (i.e., smeared) distri-
butions of the dipolar sources. The latter property is most prob-
ably the reason for the inferior performance of fhenorm on
flaws with smaller diameter. We found that thecurve method

We applied and evaluated linear and nonlinear inverse ald@s] failed to yield optimal values for the regularization param-
rithms in the analysis of measured MFL data with known flawter A in a number of cases. Therefore, modifications of the
properties. One algorithm (LORETA) did not yield reasonabl&-curve method or differemk estimation methods [10] should
results and we suspect that the constraint underlying this aldp@ investigated in future studies.
rithm, namely the smoothness of the solution, is not valid for Due to the fact that the measurement data included only two
MFL data. The other algorithms showed, on average, a sidifferent flaw depths (20% or 50% of pipe wall thickness), we
ilar performance in the flaw extent estimation. However, thesere not able to reliably assess the performance of the algo-
was a tendency that MEM and tlig norm yield better results rithms with regard to the estimation of the flaw depth. How-
for smaller flaws while thel, norm is better for larger flaws. ever, the mean dipole strength could be used in future studies
The errors of the flaw location estimation were comparable ftw distinguish different flaw depths (Fig. 10). The information

IV. DISCUSSION
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E 350 1 10 mm. In this paper, the BEM resolution used for all calcula-

<5 300 - tions was 7 mm, thus fulfilling these two requirements for all

£ 250 dipole positions.

E 200 The computation of the noise level in the MFL data is of cru-

% 150 | cial importance for the inverse calculations, since all source re-

< 1004 constructions are carried out in the signal-to-noise space. The

"% 50 1 l]] E method used in this paper could probably be improved by adding

g oA : _ mmm more data to the noise level estimation (i.e., more statistical
int 20% int 50% ext 20%  ext 50% power) which in turn would also improve the source reconstruc-

tion. The SNR values for the flaws situated on the external wall
Fig. 10. Mean dipole strength from tile; norm reconstruction for different with a depth of 20% (Fig. 4) do not exhibit large changes in

flaw depths (20% or 50% of wall thickness) and positions (int: interna o . . . .
ext: external). The mean dipole strength is computed from all dipoles a#d\lR with increasing flaw diameter. This can be explained by

subsequently averaged for all flaw diameters (5, 10, 16, 24, and 36 mm). The larger distance between the sensors and the flaws [34].
standard deviations are indicated by the error bars. The computational effort for such a detailed analysis of MFL

data as presented in this paper does not allow a real-time contin-

whether the flaw is located on the inside or outside of the walpus data stream analysis. The inverse computations, however,
is knowna priori from the measurements. Thigpriori knowl-  can be performed on a standard desktop computer in a few sec-
edge could be used in the estimation of the flaw depth bas@ds or a few minutes depending on the method chosen. Given
on the mean dipole strength. Yet another possibility for futufe good performance of the algorithms evaluated in our study,
applications is the use the Bayesian framework in order to iti-seems worthwhile to apply inverse algorithms in the analysis
corporate the priori knowledge about the position of the flawof MFL data.
(internal or external).

Although not shown explicitly in this paper, we found that the V. CONCLUSION

combination of botls. and5, yielded in general smaller errors The inverse algorithms based on MEM, thig norm, and

in the estimation of flaw location and extent. Reconstructiong, L, norm are suitable for inverse computation of flaw ex-

based solely o3, produced instable results with estimation erfeat and location in MFL data analysis. LORETA is not suit-

rors of up to several hundred percent. This was probably causgdh tor the analysis of MFL data. THe norm seems more ro-

by the lower spatial sampling in circumferential direction. Re‘Bust, requires less computation time, and is easier to implement

constructions based solely @) gave better results than those[
based solely o3, but performed worse than the combinatio
of both. Besides the larger number of channels (i.e., input i
formation) when using botl3. andB,,, we speculate that also
the different information content based on the different spatial
direction of the sensors contributes to the superior performance.

An indication for this can be seen in Fig. 7, where the zero linesll] F. Foerster, “Nondestructive inspection by the method of magnetic
leakage fields. Theoretical and experimental foundations of the detec-

of the magnetic field profiles ab. andB,, are Q'ep'?ted- tion of surface cracks of finite and infinite deptiyefektoskopiyavol.
In a number of cases, we found a better estimation of the flaw 18, pp. 3-25, 1982.

location inz than ing direction (Fig. 9), while the estimation of  [2] ,"On the way from the know-how to the know-why in the magnetic
he fl tent was better inthan inz direction (Tables I —III leakage field method of nondestructive testing (part oridater. Eval,
the flaw extent was better ipthan inz direction (Tables I -II1). vol. 43, pp. 1154—1155, 1985.

This is an unexpected result since the samplingdiirection is [3] V. Zhang, K. Sekine, and S. Watanabe, “Magnetic leakage field due to

much denser than ip direction (Fig. 3). Possible explanations sub-surface defects in ferromagnetic specimeNBT & E Int., vol. 28,
s . . pp. 67-71, 1995.
for this fmd'ng may be the model assumptions of the inverse 4] C. Edwards and S. B. Palmer, “The magnetic leakage field of surface-

procedures, the spacing of the dipolar source grid, and the fact breaking cracks,J. Phys. D: Appl. Physvol. 19, pp. 657-673, 1986.

that only flaws with a circular shape were investigated. (5] L. N. Krotov, A. S. Shleenkov, R. S. Melnik, and V. E. Shcherbinin,
Th limitati in this studv. For example. we ne- Computer modeling of magnetic fields of defects. The two-dimensional
ere are some limiations in Y. ple, problem,”Rus. J. Nondestruct. Testol. 31, pp. 671-675, 1995.

glected the effect of probe velocity. According to the literature, [6] W. Lord, J. M. Bridges, W. Yen, and R. Palanisamy, “Residual and active

the effects of the probe velocity known so far are minor [31], leakage fields around defects in ferromagnetic materiddster Eval,
32]. Hyst is effects are not taken into account in our com- vol. 36, pp. 47-54, 1978.
[32]. Hysteresis e ' untin ou [7] S. Ratnajeevan, “Inverse problem methodology and finite elements in

putations because the applied magnetic field strength brings us  the identification of cracks, sources, materials, and their geometry in in-

well into the saturation part of the hysteresis curve. Other causes i‘ggelssm'e locations|EEE Trans. Magn.vol. 27, pp. 3433-3443, May
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