Article

UDC 620.179.14 Received: 10.02.2025
d_-}) https://doi.org/10.31489/2025PH2/47-54 Accepted: 01.04.2025

A.E. Goldstein™, K.A. Stryapchev

National Research Tomsk Polytechnic University, Tomsk, Russia

Measurement of ferromagnetic pipe wall thickness
by magnetic flux leakage method

The paper considers the use of the magnetic flux leakage method for measuring the wall thickness of ferro-
magnetic pipes. The method implies longitudinal magnetization of the test pipe section using a short solenoid
and measurement of the spatial longitudinal component of the magnetic field strength in the air gap between
the solenoid and the test pipe using Hall sensors. A numerical model has been developed to analyze the inter-
action between the magnetizing field of the short solenoid and the ferromagnetic pipe. The model considers
the nonlinear magnetic properties of the test pipe and its geometrical parameters, including the distance be-
tween the pipe edge and the measurement plane of magnetic field. The accuracy of the model was validated
through physical modeling techniques. A simplified analytical dependence of the longitudinal component of
the magnetic field strength on the pipe wall thickness was obtained. A method was proposed to mitigate the
impact of the distance from the measurement plane to the pipe edge on wall thickness measurement results.
The method entails simultaneous measurement of the magnetic field strength and the distance between the
pipe edge and the measurement plane. The method considers the distance between the pipe edge and the
measurement plane of the magnetic field strength thereby enabling a 10-fold reduction in the error of the wall
thickness measurement induced by the edge effect. The study results can be used for generation, mathemati-
cal modeling, and measurement of the magnetic field, including magnetic inspection of steel drill pipes.

Keywords: magnetic testing, magnetic flux leakage method, finite element method, analytical model, Hall
sensor
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Introduction

Magnetic flux leakage (MFL) has been the most widely used non-destructive testing method for pipes
made of ferromagnetic materials [1-4].

According to the MFL method, a pipe section is magnetized along its longitude direction in a constant
magnetic field. The main part of the magnetic flux generated by the magnetic field source is closed along the
pipe body. A small part of this flux is closed in the air above the pipe, in line with the ratio of magnetic con-
ductivity of the ferromagnetic material and air. The latter is referred to as the magnetic leakage flux.

Given the constant total magnetic flux, a decrease in the pipe cross-sectional area leads to a redistribu-
tion of the specified magnetic fluxes: a decrease in the magnetic flux along the pipe body and an increase in
the magnetic flux through the air. Consequently, measuring the magnetic flux density in the air (magnetic
leakage flux) provides data on the cross-sectional area of a metal object.

In addition, the presence of continuity defects within the pipe leads to the distortion of magnetic field
lines, causing a portion of the magnetic flux passing through the metal to leak onto the pipe’s surface, there-
by forming a local magnetic leakage flux. The disturbance of the magnetic flux depends on dimensions and
configuration of the defect, the depth of its location, and its orientation relative to the direction of the mag-
netizing field.

A comparable technical approach, employed to inspect drill pipes, is testing of steel ropes for the pres-
ence of unacceptable reduction in the cross-sectional area and local defects [5, 6].

Problem statement

When the MFL method is employed to measure the wall thickness of ferromagnetic pipes, the test ob-
ject is magnetized by a constant longitudinal magnetic field generated by a short solenoid [7, 8] or by a mag-
netic system based on permanent magnets [1].

To measure the longitudinal component of the magnetic field strength (hereinafter magnetic field
strength), Hall sensors, which are universally employed, are placed in the middle part of the magnetizing de-
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vice in the air gap between the magnetizing device and the test object [4]. The number and location of Hall
sensors are chosen to overlap the sensitivity zones of adjacent sensors and minimize the impact of test ob-
ject’s transverse displacements on measurement results.

The study attempted to analyze the efficacy of the MFL method for measuring the wall thickness of a
ferromagnetic pipe. The study objectives were to develop a numerical model of the interaction between a
constant magnetic field generated by a short solenoid and a ferromagnetic pipe, using the finite element
method, experimentally verify the developed model, and find simplified analytical expressions to describe
the pipe magnetic field and its dependence on the magnetizing device parameters, the pipe wall thickness,
and the edge effect.

The geometry of the problem under consideration is depicted schematically in Figure 1.
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1 — solenoid; 2 — pipe; 3 — Hall sensor position
Figure 1. Ferromagnetic pipe in the magnetic field of the short solenoid

The test object was a section of the pipe fabricated of 15XM steel. Its outer diameter was 88.9 mm, a
wall thickness was 6-12 mm, and a length was 2000 mm. The pipe was magnetized by a solenoid (135 mm
in length, 340 mm in outer diameter, 230 mm in inner diameter), with a maximum magnetomotive force
Iw; = 8.4 kA turns, where | denotes the solenoid current and w; represents the number of solenoid turns. The
pipe and the solenoid were arranged coaxially.

Hall sensors 3 are arranged along the transverse symmetry plane of the solenoid, in the air gap between
solenoid 1 and test pipe 2, at an equal distance from the pipe surface. During the pipe wall thickness meas-
urement, at least four Hall sensors are used to minimize the dependence of the measurement result on trans-
verse displacements of the test pipe. The sensors are positioned with an angular shift of 90° relative to the
transverse symmetry plane.

During measurement, the test pipe moves in the longitudinal direction Z relative to the solenoid and
Hall sensors. During its displacement, the longitudinal component of the magnetic field strength and the dis-
tance A between the pipe edge and the transverse symmetry plane of the solenoid are measured. The aver-
aged value of the magnetic field measurement by Hall sensors is used as the value of the magnetic field
strength H.

A change in the pipe cross-sectional area causes redistribution of magnetic fluxes along the pipe body
and through the air. Measuring the magnetic field strength provides data on the cross-sectional area of the
metal object, which is linearly related to the pipe wall thickness, T.

Numerical modeling results

A numerical model of interaction between the constant magnetic field generated by the short solenoid
and the pipe was developed using the finite element method (FEM).

The benefits of FEM for modeling magnetic fields include arbitrary shape of the inspected area and its
capacity to address asymmetric problems by taking into account the heterogeneity of material parameters and
the media [9-12].
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The model was constructed via the COMSOL Multiphysics software, using the MAGNETIC FIELDS
module. The integrated tools of the software were used to construct a 3-D model pipe-inductor, with speci-
fied magnetic characteristics of the pipe and the parameters of the inductor, as well as the magnetization
mode.

It was assumed in the modeling that the outer boundary of the study area is cylindrical in shape (Fig. 2).
The magnetic properties of 15XM steel were set based on a basic magnetization curve experimentally ob-
tained in accordance with GOST 8.377-80 [13].

Figure 3 shows equipotential lines and color spectrum indicating the distribution of magnetic induction
B along the longitudinal axis of the pipe at a distance of 20 mm from its surface during interaction with the
magnetic field of the solenoid with Iw; = 8.4 kKA turns at a pipe wall thickness of 9.8 mm, which was ob-
tained by numerical modeling. In this case, symmetrical positioning of the pipe relative to the transverse
symmetry plane of the solenoid was considered.

Figure 2. Calculation model Figure 3. Magnetic induction distribution along
after grid superimposition the pipe length at a distance of 20 mm from its surface

The analysis of the magnetic field strength distribution along the longitudinal axis H(Z) revealed its in-
homogeneous character. A relatively homogeneous magnetic field is observed in the transverse symmetry
plane of the solenoid. It extends in the longitudinal direction at a distance comparable to the longitudinal size
of the solenoid. In this case, the value of the magnetic field strength H depends on the value of the
magnetomotive force Iwy, geometrical parameters of the solenoid, magnetic properties of the pipe material,
and the pipe wall thickness T.

Figure 4 shows the dependence of the magnetic field strength H in the transverse symmetry plane of the
solenoid at a distance of 20 mm from the pipe surface on the value lw; at a wall thickness of 9 mm (solid
line) obtained based on the results of numerical simulation. The discrepancy between the calculated and ex-
perimental results (circle symbols) does not exceed 3 %, which is acceptable for most practical tasks.
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Figure 4. Dependence of the magnetic field strength in the transverse symmetry plane
of the solenoid at a distance of 20 mm from the pipe surface on the value of Iw;
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Figure 5 shows the dependence of the magnetic field strength H on the pipe wall thickness T at a fixed
value of the magnetomotive force Iw; = 8.4 kA-turns.
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Figure 5. Dependence of the magnetic field strength on the pipe wall thickness

The analysis of this dependence reveals that the direct transformation function H(T) remains constant
within the specified range of test parameters T = (6...12) mm. This indicates that the value of T can be deter-
mined based on the value of the measured magnetic field strength H. The dependence presented in Figure 5
can be approximated with high accuracy by a polynomial of the third degree:

H(T)=381.003—27.145T +0.932 T2 —0.016 T°.

The inverse transformation function T(H) can also be approximated with high accuracy by a polynomial
of the third degree:

T(H)=33.179-0.185H +3.955x10* H? -3.628x107" H?.

The magnetic field strength H in the gap depends not only on the pipe wall thickness T, but to a large
extent on the distance from the plane (transverse symmetry plane of the solenoid) to the pipe edge.

Figure 6 shows the dependence of the longitudinal spatial component of the magnetic field strength H
on the distance A between the pipe edge and the transverse symmetry plane of the solenoid.
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Figure 6. Dependence of the magnetic field strength on the distance
from the transverse symmetry plane of the solenoid to the pipe end at different values of T

The analysis of this dependence shows that at the pipe length L > 1.5 m the magnetic field strength H
remains constant in the middle part of the pipe with the constant wall thickness T. When approaching the
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pipe edge, the magnetic field strength H decreases significantly. The edge effect is due to the change in the
spatial distribution of the magnetic flux when the pipe edge is located close to the magnetized pipe section.

This effect can be mitigated by measuring the magnetic field strength H, as well as the distance A be-
tween the pipe edge and the transverse symmetry plane of the solenoid. A conventional distance sensor or a
distance sensor as part of an electromechanical actuator that moves the test object can be used for measure-
ment. Data on the linear displacement of the test object enable the correction of the wall thickness measure-
ment results that accounts for the edge effect.

Figure 6 (circle symbols) illustrates the experimental dependence of the magnetic field strength on the
distance between the pipe end and the transverse symmetry plane of the solenoid at T=9.8 mm. The
discrepancy between the calculated and experimental results does not exceed 3.5 %, which indicates that the
experimental data correspond to the results of numerical modeling, which is acceptable for most practical
tasks.
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Figure 7. Functions of the inverse transformation of the value of the longitudinal spatial component
of the magnetic field strength H into the thickness T of the pipe wall for different distances A
between the end of the pipe and the transverse plane of symmetry of the solenoid

Figure 7 shows a set of functions of the inverse transformation of the longitudinal spatial component of
the magnetic field strength H into the pipe wall thickness T for different distances A between the pipe edge
and the transverse symmetry plane of the solenoid. A group of pipe specimens with different wall thickness
T is used to determine these functions. The magnetic field strength H is measured for fixed values of the dis-
tance A between the pipe edge and the transverse symmetry plane of the solenoid. Functions T(H) with ac-
ceptable accuracy can be obtained by standard approximation of the experimental data by third degree poly-
nomials. For measurement, the value of the test parameter T(H) is calculated for a specific distance A.

Conclusion

The effectiveness of the proposed method for measuring ferromagnetic pipe wall thickness was con-
firmed by the results of laboratory tests performed with a prototype used to measure the thickness of the pipe
wall with the specified parameters. A total of 7 test pipes with the wall thickness T within the specified range
were used to define the transform functions.

The experimental results showed that the change in the magnetic field strength induced by the edge ef-
fect can attain 30 % for the specified geometrical parameters of the test object. Without corrections for the
edge effect, the relative measurement error of the wall thickness T can reach 40 %. The length of the edge
effect zone is about 500 mm for each of the pipe edges.

The proposed method accounts for the distance between the pipe edge and the solenoid plane and ena-
bles 10-fold reduction in the wall thickness error from the edge effect. In this case, the length of untested ar-
eas of the test object, where the edge effect mitigation is ineffective, is less than 125 mm.
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MarHuTTiK arbIHHBIH IIAIBIPAY AiciMeH (peppOMArHUTTIK KYObIp
Ka0bIPFACbIHbIH KAJBIHABIFBIH MATHUTTIK 0aKbLJIAY

Makanana GheppOMarHUTTIK KYOBIpJIapAbIH KaOBIPFAChIHBIH KAJBIHIBIFBIH OaKbLIAY YIIiH MarHUT aFbIHBIHBIH
IHIAIIBIPAY 9/ICIH KOJIIaHy KapacThIPBUIFaH, 0J1 OaKblIaHATHIH KYOBIP y4acKeCiHiH KbICKA COJCHOMIBI apKbLIBI
OOMJIBIK MarHUTTENYiHE JKOHE DJIEKTPMAarHUTTIK KYOBIp MeH OakblIaHAaThIH XOJUT JAaT4Wri apachlHAAFbl aya
CaHBUIAYBIH/IAFBl MarHUT OPICIHIH KEepPHEYNIriHiH OOMIBIK KEHICTIK KYpayIIbICBIH OJIIIeyre HeTi3AeNreH.
CpiHaK OOBEKTICIHIH CHI3BIKTHI €MeC MAarHUTTIK KacHEeTTepiH >KOHE OHBIH T€OMETPISUIBIK MapaMeTpiiepiH,
OHBIH IIIIHJE TYTIKTIH JKHETi MEH MarHuT OpICiHIH KEpHEYJIriH eJIley »Ka3bIKTHIFbl apachIHIaFbI
KAIIBIKTBIKTBI €CKepPe OTBHIPHIIN, KbICKA COJICHOUATHIH MATHUTTEY OPICiHiH (h)eppOMArHUTTIK TYTIKIIEH e3apa
OpeKeTTeCYiHIH CcaHABIK Mozeni o3ipiueHnl. CaHABIK MOJENBIIH AYPHICTHIFBI (H3HKAIBIK MOJIEIBACY
HOTIDKENIEpIMeH pacTanajasl. MarHUT epiciHIH KepHeyniriHiH OOMIbIK Kypampaac OediriHiH KyObIp
KaOBIPFACHIHBIH KAJIBIHJBIFPIHA OHAMIATBUIFAH AHATUTHKAJBIK TOYSNAIMIri ajbiHAAbl. MarHut epiciHig
KepHEy MOHIH JKOHE OJIIIey JKa3bIKThIFbIHAH KYOBIPIBIH IIeTiHe NEeHiHr KalIBIKTBIKTHI Oipiecinm esmieyre
HETi3[e]IreH OISy JKa3bIKTBIFBIHAH KYOBIPIBIH IICTiHE NEHIHI1 KAIIBIKTHIK KaOBIPFACHIHBIH KaJbIHIBIFBIH
0akpuIay HOTWXKEJIEpIHE OCEepiH a3alTy ofici YCHIHBUIFaH. Y CHIHBUIFAH OaKpUIay OMiCiH KOJJaHFaH Ke3Je,
KYOBIPJIBIH JKHETi MEH MarHHUT ©PICiHIH KepHEYIITiH Iy >Ka3bIKThIFl apachlHIaFbl KAIIBIKTHIKTHL €CKepe
OTBIPHIN, KHUEK ocepiHe OaillaHBICTHI KAOBIpFa KAJIBIHABIFBIH OIey Karemirin mamameH 10 ece azaiityra
Gomampl. Makanama KeNTipUIreH HOTHXKENlep MarHUT OpICTEpiH KYPY, MAaTeMATHKAIBIK MOJIEIbIEY JKOHE
OJIIlIey eCENTepiH IIenIyle, COHbIH imiHAe Oomar Oyprbutay KyOBIPJIapblH MAarHUTTIK Oakpulay YIIiH
HaiilaaHbUTY bl MYMKIH.

Kinm co30ep: MarHuTTiK OakplIay, MarHUT aFbIHBIHBIH aFy 9[iCi, COHFBI 3JIEMEHTTEp OJICi, aHAJIUTHKAIBIK
MOJI€]Ih, XOJIJI JaTYuri
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MarHuTHbIA KOHTPOJb TOJIHUHBI CTeHKU (epPPOMATHUTHBIX TPYO
METO/I0OM PACCeSIHUSI MATHUTHOTO NMOTOKA

PaccMoTpeHo ucnosk30BaHNe METOa PACCESHNSI MArHUTHOTO MOTOKA JUISl KOHTPOJIS TOJIIUHBI CTEHKH dep-
POMAarHUTHBIX TPYO, OCHOBAHHOTO Ha INPOJOJPHOM HAaMarHMYMBaHUHM C MOMOINBI0 KOPOTKOTO COJIEHOWAA
y4acTKa KOHTPOJIUPYEMOH TpyOBl U U3MEPEHHU MPOJOIbHON MPOCTPAHCTBEHHON COCTABISIOIIEH HANPsHKEH-
HOCTU MAarHUTHOTO TOJIA B BO3JYIIHOM MPOMEXKYTKE MEXIy COJEHOUAOM M KOHTPOIHpyeMo# Tpy06oil ¢ mo-
MOIIBIO AaTunKoB Xoita. Pazpaborana 4yncieHHas MOAENb B3aUMOJAEHCTBUSI HAMAarHUYHMBAIOLIErO MO KO-
POTKOTO coJieHOu1a ¢ (heppOMarHUTHOH TPyOOi, yINTHIBAIOIIAs HEIMHEITHbIE MarHUTHBIE CBOHCTBA 00BEKTa
KOHTPOJIS U €T0 TeOMETPUUIECKUE ITapaMeTpPEl, B TOM YHCIIE, PACCTOSIHUE MEXTy KpaeM TPyOBI H INIOCKOCTBIO
U3MEPEHHUs HANPSHDKEHHOCTU MArHUTHOTO oJis. KOppeKkTHOCTh YHMCIIEHHOM MOJIeNu IOATBEPAKIeHA Pe3ybTa-
TamMu (U3HIECKOTO MojenupoBaHus. [lomydeHa ynpoleHHas aHaJUTHYeCKast 3aBUCHMOCTb ITPOIOIBHOHN CO-
CTaBJIIONIEH HANPSHKEHHOCTH MAarHUTHOTO TIOJISL OT TONIIMHEI CTeHKH TPYOBI. [Ipemiosken MeTo ymMeHbIIe-
HUS BIMSHHUSA Ha PE3yIbTaThl KOHTPOJIS TONIIMHBI CTEHKH PACCTOSIHUS OT IUIOCKOCTH HM3MEPEHHs 0 Kpas
TpyOBI, OCHOBaHHBIH HA COBMECTHOM M3MEPEHHH 3HAUEHMS HAIPSHKEHHOCTU MAarHUTHOTO TOJIS U PACCTOSTHUS
OT TIOCKOCTH M3MEPEHHs A0 Kpas TpyOsL. IIpu Bcnonp30BaHUH IPEATaraeMoro MeToaa KOHTpoIs Oaaroaapst
Y4eTy pacCTOSHHS MEXIY KpaeM TPYObl M IJIOCKOCTBIO M3MEPEHHs HANpsHKEHHOCTH MArHUTHOTO IOJS ITO-
TPEIIHOCTh M3MEPEHHUs TONIINHEI CTeHKH, 00YCIIOBIICHHas: KpaeBbIM 3P deKToM, MOXKeT ObITh CHI)KEHA MpH-
MepHO B 10 pa3. Pe3ynbraThl, npeacTaBICHHBIE B CTaThe, MOTYT OBITH HCIIOJIB30BAHBI TIPH PEIICHUY 3a1ad
CO3JIaHMs1, MaTEMaTUYECKOTO MOJICTUPOBAHYS X U3MEPEHUSI MAaTrHUTHBIX 110JICH, B TOM YMCIIE sl MATHUTHOTO
KOHTPOJIS CTAJIBHBIX OYypPHIIBHBIX TPYO.

Kniouesvie cnosa: MarHUTHBIN KOHTPOJIb, METOA PACCEAHUA MAarHUTHOI'O IIOTOKA, METOJ KOHCYHBIX 3JICMCH-
TOB, AHAJIUTHYCCKasA MOAC/Ib, JAaTYUK Xomma
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