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Modeling of magnetic fields and signals of a ferromagnetic
pipe flaw detector induced by a through hole defect

A numerical model has been developed for interaction of the magnetizing field of a short solenoid with a fer-
romagnetic pipe exhibiting a through hole in the wall, which takes into account nonlinear magnetic properties
of the test object. This model was used to calculate spatial distribution of magnetic induction in the pipe wall
and spatial distribution of the components of the magnetic induction vector near the pipe surface with a
through hole. The validity of the numerical model was confirmed by physical modeling results. The results of
theoretical and experimental studies were used to develop a simplified analytical model that describes behav-
ior of the magnetic field of the defect and the electrical signal of the induction transducer of a magnetic flaw
detector that implements the method of magnetic flux leakage. It is shown that the dependence of the signal
of the induction transducer induced by the through hole on the gap is close to a linear one, and its dependence
on the hole diameter is close to a quadratic one. The results obtained in the study can be used for creation,
numerical modeling and measurement of magnetic fields.
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Introduction

Some of the most important traditional objects of non-destructive testing are metal pipes: heat-
exchangers, drill pipes and tubing pipes used to transport various liquids and gases, including water and gas
pipes, and others. Types of inspection to detect continuity defects include acoustic, capillary, radiation and
eddy current techniques. For ferromagnetic pipes, widely spread techniques are magnetic non-destructive
testing, primarily magnetic flux leakage testing (MFL).

MFL implies magnetization of the test object in a constant or low-frequency alternating magnetic field
and distortions of the magnetic field lines of force near continuity defects [1-3]. As a result, part of the mag-
netic flux is displaced by the defect towards the surface to form local leakage flux. Disturbance of the mag-
netic flux depends on size and shape of the defect, and its depth and orientation both in the test object and
relative to the direction of the magnetizing field.

Magnetic leakage fields are recorded using magnetic powder (magnetic particle inspection), magnetic
tape (magnetic-tape inspection), induction transducers (induction method), flux gates (flux gate inspection),
Hall sensors (Hall effect method), and magnetoresistors (magnetoresistance testing) [4].

Research objective

The induction method has proven high efficiency for in-service inspection of drill, tubing and coiled
tubing (CT). Classical implementation of the method for flaw detection in these types of pipes implies mag-
netization of the test object by a constant longitudinal magnetic field created by a short solenoid [5, 6]. In-
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duction coils are placed in the central part of the solenoid with central turns located on a cylindrical surface,
which is coaxial to the pipe surface. The number of induction coils is determined to minimize the effect of
the test object heterogeneity and to overlap the sensitivity zones of adjacent coils (eight coils are most often
used). This ensures the smallest gap between the induction transducer and the pipe surface (of the order of
several mm).

1 — pipe; 2 — hole; 3 — solenoid; 4 — induction coil
Figure 1. Ferromagnetic pipe with a through hole in the magnetic field of the solenoid

The aim of the study is to develop a mathematical model of the interaction of the magnetizing field with
a ferromagnetic pipe exhibiting a through hole in the wall. The tasks to be solved are as follows:

— development of a numerical model of the interaction of the constant magnetic field of a short solenoid

with a pipe having a through hole in the wall using the finite element method;

— experimental verification of the developed numerical model;

— finding simplified analytic expressions describing the magnetic field of the defect and the electrical

signal of the induction transducer.

Figure 1 schematically shows the geometry of the problem being solved. A test object was a pipe sec-
tion made of St3 steel of water and gas pipeline assortment: 33.5 mm outer diameter; 3.2 mm wall thickness;
500 mm length; 1.5-3 mm hole diameter. It was assumed that the pipe was magnetized by the solenoid with
a length of 100 mm, an outer diameter of 240 mm, an inner diameter of 120 mm and maximum
magnetomotive of / w; = 6 kA-turns, where [ is the current of the solenoid; w; is the number of turns of the
solenoid. The arrangement of the pipe and the solenoid was assumed to be coaxial.

Numerical Modeling Results

The finite element method (FEM) was used to develop the model. The advantages of FEM in solving
real problems are versatility, an arbitrary shape of the inspected area, no need of object approximation with
standard geometric figures, and solution of asymmetric problems with allowance for heterogeneity of the
parameters of materials and media [7-10].

The outer boundary of the study area in modeling was assumed to be a cylindrical surface. A mesh
compaction mechanism was applied to increase the accuracy of calculations (Fig. 2). The magnetic proper-
ties of steel were set by the main magnetization curve St3 [11].
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Figure 2. Numerical model after meshing
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Equipotential lines and color spectrum in Figure 3a show the distribution of magnetic induction B in the
pipe wall during its interaction with the solenoid magnetic field at / w; = 6 kA-turns and the hole diameter of
3 mm obtained in numerical modeling. Figure 3b presents enlarged distribution of magnetic induction in the
pipe wall near the hole with its center located in the transverse plane of the axially-symmetric solenoid.

/

a b
Figure 3. Distribution of magnetic induction in the pipe wall along the pipe length (a) and near the hole (b)

Figure 4a shows spatial distribution of magnetic induction near the hole at a distance of 3 mm from the
pipe surface. Figure 4b presents spatial distribution of magnetic induction for the normal component of the
magnetic field induction.

a

Figure 4. Distribution of the module of the magnetic induction vector (a) and its normal component (b)
near the hole at a distance of 3 mm from the pipe surface
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0 2 4 Iw,, kA-turns

Figure 5. Dependence of the magnetic induction in the pipe wall
in the transverse plane of the axially-symmetric solenoid on the 7w, value

Cepus «dunsukay. Ne 4(100)/2020 51



A.E. Goldshtein, V.Yu. Belyankov

The developed numerical model takes into account nonlinear properties of the ferromagnetic material of
the test object. Figure 5 shows the dependence of the magnetic field induction in the pipe wall of the axially-
symmetric solenoid on the value of /w, obtained by numerical modeling (dashed line). The analysis of the-

se results shows compliance with experimental data that is applicable for most of practical tasks (solid line).
Induction was measured using a standard method based on the EMF integration of the external feed-through
transducer that occurs when the solenoid current changes abruptly.

Figure 6 shows spatial distribution of tangential B, and normal B, components of the magnetic field in-
duction vector at a distance of 3 mm from the pipe surface along the longitudinal axis X. Modeling assumed
that the center of the hole is located in the axially-symmetric solenoid (Fig. 1). Discrepancy between the ob-
tained results and the results of measuring the B, component using the Hall sensor did not exceed 20 %.
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Figure 6. Dependences of the tangential () and normal () components of the magnetic induction
on the X coordinate at different distances from the pipe surface

Analytical Modeling Results

The results of numerical and physical modeling were used to develop a fairly simple approximate ana-
lytical model to describe the magnetic field of the hole in the wall of a magnetized pipe. Analysis of various
versions of the model [12, 13] showed that the basic version to use can be a hole replaced with two conduc-
tors with current /, oriented perpendicular to the cross section of the test object and with the coordinates of
the axes X, =0; ¥, =0 and X,=0; Y,=-T. In this case, according to [12; 42], the components of the

magnetic field strength can be calculated by the equations:

I, Y Y+T I, X X
x = 2 2 0 7| vz 2 27 o 2 |- M
2m| X°+Y° XP+(Y+T) 2| X°+Y" XP+(Y+T)
For pipes with an outer diameter of 20 to 45 mm, compliance between the calculation results obtained
by equation (1) and those obtained in physical modeling that is applicable for practical tasks can be achieved

at T = R , where R is the pipe radius.

It should be noted that not the absolute values of the components of the magnetic leakage field strength
proportional to the magnetic field induction in the pipe wall are of interest, but their spatial distribution over
the pipe surface. Thus, in order to eliminate the effect of /. on the calculation results, we will use not absolute
but relative values of the components of the scattering magnetic field strength £, and 4, normalized by the
value of the field strength H, at the point with coordinates (0, 7):

H, y y+0,5 H, X X
he=—=—=—=- 2 7 h = T2, 2 )
H, x+y° x*+(y+0,5) Hy x"+y" x*+(y+0,5)
where x = % and y :% are relative values of the coordinates normalized by the value of the pipe radius.
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Figure 7 shows the dependences of the components of the magnetic leakage field calculated using equa-
tion (2) on the x coordinate for different values of y.
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Figure 7. Dependences of the tangential (a) and normal (b) components of the magnetic leakage field
on the x coordinate at different distances from the pipe surface y

The h, component is used for practical implementation of the method of induction flaw detection. As-

sume that this component of the scattering magnetic field is measured by a rectangular induction winding
with the central turn of 24X2A4 located on the cylindrical surface coaxial to the pipe surface in the central

part of the solenoid (Fig. 1).
According to the law of electromagnetic induction, the EMF induced in the coil at a constant pipe ve-
locity V'is calculated as follows:
do do
e=-w,—=-w,V—, 3
Tt Pdx N
where w, is the number of turns in the coil, @ is magnetic flux passing through the central turn of the coil,
which is determined through integration of the induction of the magnetic leakage field over the surface of the

turn:
X+4

®=p,24 [ H (X,Y)dX , (4)
X-4

where [, is permeability of vacuum.

Equation (4) assumes that the magnetic leakage field is homogeneous in the transverse direction within
the coil.

As already mentioned, the behavior of the leakage field above the pipe surface and of the coil signal in-
duced by the field is of great interest. By analogy with the previous equations, we will find not the absolute
EMF value, but its relative value:

x+a

e=t=d [ heyydx Ey=-wpn,24VH, 5
dx x-a

where a :% is a relative value of the coil size normalized by the value of the pipe radius.

The normalized value of E, is numerically equal to the EMF arising in the induction coil at the velocity
of mutual displacement of the field source and the coil ¥ and an abrupt change in the normal component of
the magnetic field strength from zero to H,.

Figure 8 shows the dependence of the EMF of the induction transducer with dimensions of the central
turn of 0.8R X 0.8R on the displacement of the pipe section with the hole relative to the transducer with vari-
ous gaps. The dependence of the signal of the induction transducer on time e"(#) exhibits similar behavior.

The numerical results obtained using equation (5) and in physical modeling are similar for the proposed
model that is applicable for most of practical tasks.
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Figure 8. Dependence of the EMF of the induction transducer on the x coordinate
at different distances from the pipe surface y

Figure 9 shows a comparison of the calculated ¢"(X) and experimental e (X) dependences of the

EMF of the induction transducer with the central turn of 13x13 mm® and a gap of ¥ = 5 mm. Experimental
data were obtained for the hole 3 mm in diameter, / w; = 6 kA-turns and the pipe velocity of 0.285 m/s. For

clarity, the maximum value of the function e (X) was equalized with the maximum value of ¢"(X) .
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Figure 9. The calculated (1) and experimental (2) dependences of the signal
of the induction transducer on the shift of the hole along the X axis

Figure 10 shows the calculated and experimental dependences of the maximum value of the induction
transducer signal induced by the hole on the gap y. For the gap range from 0 to 0.5 R, this dependence is
close to linear.

Figure 10. The calculated (solid line) and experimental (rhomboid marks) dependences
of the signal of the induction transducer on the gap

54 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Modeling of magnetic fields and signals ...

In addition, the dependence of the maximum value of the induction transducer signal on the diameter of
the hole was determined experimentally. This dependence is quadratic, which is due to the almost linear de-
pendence of the induction (strength) of the magnetic leakage field on the volume of a through defect detected
in the continuity of the cylindrical surface.

Conclusion

The numerical model of interaction between the magnetizing field of a short solenoid and a ferromag-
netic pipe with a through hole in the wall has been developed with regard to the nonlinear magnetic proper-
ties of the test object. The validity of the numerical model was confirmed by the results of physical model-
ing. Based on the obtained theoretical and experimental results, a simplified analytical model was developed
to describe the behavior of the magnetic field of the defect and of the electrical signal of the induction trans-
ducer with an accuracy applicable for most of practical tasks. It is shown that the dependence of the signal of
the induction transducer induced by the through hole on the gap is close to a linear one, and its dependence
on the hole diameter is close to a quadratic one.
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A.E. T'ompamreiin, B.YO. bensakos

@DeppOMarHUTTIK KYOBIPJIAPAbIH HHIYKIUAJIBIK 1e(QeKTOCKONTHIH MATHUTTIK
epicTepi MeH CUTHAJIIAPbIH OTIIEJII TeCiK TYpPiHAeri akayaaH MoeJibey

Bakpuiay OOBEKTICIHIH CBI3BIKTBI €MEC MArHHTTIK KACHETTEPiH €CKePEe OTBIPHIN, KbICKA COJCHOH/TBIH
MarHUTTeJNIeTiH OpICiHiH (eppPOMArHUTTIK TYTIKIEH KaObIpFa CaHbLIaybl apKbUIbl OPEKETTECYiHIH CaHIBIK
Mozeni ckacayasl. Ockl MOZENBII KOJJIaHAa OTBIPbIN, KYObIp KaObIPFachlHId MAarHUTTIK WHIYKLIHSHBIH
KEHICTIKTIK Tapaiybl JKOHE CaHbulay OOJFaH Ke3le KYOBIpAbIH OeTiHe J>KaKblH MAarHUTTIK HHIYKLHS
BEKTOPBIHBIH KOMIIOHEHTTEPiHIH KEHICTIKTIK Tapaiybl ecenrteneni. CaHIBIK MOICIbIIH AYPBICTHIFbI
(U3UKANBIK MOJENBACY HOTIKENEpIMEH pacTaianbl. TEOpHsUIBIK JKOHE OSKCIIEPUMEHTTIK 3epTTeylepaiy
HOTIDKENIEpiHE CyHEeHe OTHIPHIN, MAarHUT aFbIHBIHBIH LIAIBIPAY OJICIH JKYy3ere achpaThlH MarHUTTIK
Je(heKTOCKONTHIH MHIYKIWSUIBIK TYPJICHIPTilIiHIH MarHUTTIK O©piCi MEH JJIEKTPJIK JaOBUIBIHBIH ©3repy
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CHNATBIH CHIATTANTHIH KEHUACTIINeH aHATUTHKAIBIK MOIETb YCBIHBLUIABL. NHIYKUMSUIBIK TYPICHAIPTiITIH
CaHpLIAyJaH LIBIFATBIH Ja0bUIBI CHI3BIKKA JKAKBIH CAHBUIAYFa )KOHE CAaHBUIAY JUAMETPiHEe KBaApaTKa JKaKbIH
TOYeNIiliKKe He eKeHAIri KepceriireH. Makamaga KeNTIpUINeH HOTIKENEpAi MarHUTTIK —epicTepai
MaTeMaTHKAJIBIK MOJICIIb/ICY JKOHE OJIIICY MACeJIeNIepiH elyae KoJianyra 6oaapl.

Kinm coe30ep: MarHWT arbIHBIHBIH HIAMIBIPAY Ofici, MHIYKIWSIBIK TYPICHIIPTINI, COHFBI 3JIEMEHT OJici,
AQHAINTUKAIIBIK MOJIETIb.

A.E. T'ompamreiin, B.YO. bensakos

MopeaupoBaHye MATHUTHBIX OJIeH M CHUTHAJIOB MHAYKIMOHHOTO Ae()eKTOCKONa
(eppoMaruuTHBIX TPYO OT Ae(peKTa THIIA CKBO3HOE OTBEPCTHE

Pazpaborana umcieHHass MOJENb B3aMMOAECHCTBHIS HAMAarHNYUBAIOLIETO MOJISI KOPOTKOTO COJICHOUAA ¢ dep-
POMAarHUTHOHN TPyOO# CO CKBO3HBIM OTBEPCTHEM CTCHKH, YIHUTHIBAIOIIAs HEIWHEHHbIE MarHUTHBIE CBOWCTBA
o0bekTa KOHTpoisL. C HCHOJIB30BaHUEM MAHHOW MOJEIH PacCUUTAHO IPOCTPAHCTBEHHOE pacIpeiesiCHUue
MarHUTHON MHAYKLHH B CTEHKE TPYOBI M MPOCTPAHCTBEHHOE PACIIPE/ICNICHHE COCTABIISIONIINX BEKTOPa Mar-
HUTHOM MHIYKIIMU BOJIU3H MOBEPXHOCTU TPYOBI IPU HATMYMH OTBepCTUS.. KOPPEKTHOCTH YHCIEHHONH MOAENTH
HOJATBEPXKACHA pe3yIbTaTaMU (U3NUECKOro MOoenupoBanus. Ha ocHOBe pe3ysbTaToOB TEOPETHUECKHX U SKC-
MEePUMEHTANBHBIX HCCIEIOBAHUH MpEIOkKEHa YIPOLIEHHAs aHAJIUTHYECKash MOJIENb, ONUCHIBAIOIIAs XapakK-
Tep W3MEHEHUs MarHUTHOTO IOJI Ae(eKTa M 3IEKTPUUECKOr0 CHTHANa MHIYKIMOHHOTO Ipeo0pa3oBarels
MarHUTHOTO Ae(EeKTOCKOIIA, PEea3YIONIero METO/ PacCestHNsl MarHUTHOTO nortoka. IToka3aHo, 4To cHrHaNI
HMHIIYKIHOHHOTO IIpeo0pa3oBaTelsi OT CKBO3HOI'O OTBEPCTHSI MMEET 3aBHCHMOCTH OT 3a30pa, OJIM3KYIO K JIH-
HEHWHOH, ¥ 3aBICUMOCTb OT IHaMETpa OTBEPCTHS, OJIM3KYIO K KBaJpaTHIHON. Pe3ynpTaTsl, IpecTaBlicHHbIE B
CTaThe, MOTYT OBITh MCIIOIB30BAHbI IIPU PEIICHUN 33Ja4 CO3JaHus, MaTeMaTUIECKOTO MOJIETHPOBAHUS U U3-
MEpEHHs] MarHUTHBIX TOJIEH.

Kniouesvie crosa: METOA pacCesiHNsA MAarHUTHOI'O IIOTOKa, PIH,HyKL[PIOHHLIfI npeo6pa3OBaTenb, MCTOJ KOHECY-
HBIX DJIEMCHTOB, AHAJIUTHYCCKAsA MOICIIb.
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