
Серия «Физика». № 4(100)/2020 49 

АСПАПТАР МЕН ЭКСПЕРИМЕНТ ТЕХНИКАСЫ 
ПРИБОРЫ И ТЕХНИКА ЭКСПЕРИМЕНТА 
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 

DOI 10.31489/2020Ph4/49-56 

UDC 620.179.14 

A.E. Goldshtein1*, V.Yu. Belyankov2 
1National Research Tomsk Polytechnic University, Russia; 

2TC Novochem LLC, Russia 
(*E-mail: algol@tpu.ru) 

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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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 1I 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 Bx and normal By 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 By component using the Hall sensor did not exceed 20 %. 
 

 

Figure 6. Dependences of the tangential (a) and normal (b) 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 Iс oriented perpendicular to the cross section of the test object and with the coordinates of 
the axes 1 10; 0X Y= =  and 2 20;X Y T= = − . In this case, according to [12; 42], the components of the 
magnetic field strength can be calculated by the equations: 
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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 
2

RT ≈ , 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 Ic on the calculation results, we will use not absolute 
but relative values of the components of the scattering magnetic field strength hx and hy normalized by the 
value of the field strength H0 at the point with coordinates (0, Т): 
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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. 
 

 

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 yh  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 2 2A A×  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: 
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where w2 is the number of turns in the coil, Φ 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: 
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where μ0 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: 
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where 
Aa
R
=  is a relative value of the coil size normalized by the value of the pipe radius. 

The normalized value of E0 is numerically equal to the EMF arising in the induction coil at the velocity 
of mutual displacement of the field source and the coil V and an abrupt change in the normal component of 
the magnetic field strength from zero to Н0. 

Figure 8 shows the dependence of the EMF of the induction transducer with dimensions of the central 
turn of 0.8R × 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 t∗  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 ( )e X∗  and experimental э ( )e X∗  dependences of the 

EMF of the induction transducer with the central turn of 13×13 mm2 and a gap of Y = 5 mm. Experimental 
data were obtained for the hole 3 mm in diameter, I w1 = 6 kA-turns and the pipe velocity of 0.285 m/s. For 
clarity, the maximum value of the function э ( )e X∗  was equalized with the maximum value of ( )e X∗ . 

 

 

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 
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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. Гольдштейн, В.Ю. Белянков 

Ферромагниттік құбырлардың индукциялық дефектоскоптың магниттік 
өрістері мен сигналдарын өтпелі тесік түріндегі ақаудан модельдеу 

Бақылау объектісінің сызықты емес магниттік қасиеттерін ескере отырып, қысқа соленоидтың 
магниттелетін өрісінің ферромагниттік түтікпен қабырға саңылауы арқылы əрекеттесуінің сандық 
моделі жасалды. Осы модельді қолдана отырып, құбыр қабырғасында магниттік индукцияның 
кеңістіктік таралуы жəне саңылау болған кезде құбырдың бетіне жақын магниттік индукция 
векторының компоненттерінің кеңістіктік таралуы есептеледі. Сандық модельдің дұрыстығы 
физикалық модельдеу нəтижелерімен расталады. Теориялық жəне эксперименттік зерттеулердің 
нəтижелеріне сүйене отырып, магнит ағынының шашырау əдісін жүзеге асыратын магниттік 
дефектоскоптың индукциялық түрлендіргішінің магниттік өрісі мен электрлік дабылының өзгеру 
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сипатын сипаттайтын жеңілдетілген аналитикалық модель ұсынылды. Индукциялық түрлендіргіштің 
саңылаудан шығатын дабылы сызыққа жақын саңылауға жəне саңылау диаметріне квадратқа жақын 
тəуелділікке ие екендігі көрсетілген. Мақалада келтірілген нəтижелерді магниттік өрістерді 
математикалық модельдеу жəне өлшеу мəселелерін шешуде қолдануға болады. 

Кілт сөздер: магнит ағынының шашырау əдісі, индукциялық түрлендіргіш, соңғы элемент əдісі, 
аналитикалық модель. 

 

A.E. Гольдштейн, В.Ю. Белянков 

Моделирование магнитных полей и сигналов индукционного дефектоскопа 
ферромагнитных труб от дефекта типа сквозное отверстие 

Разработана численная модель взаимодействия намагничивающего поля короткого соленоида с фер-
ромагнитной трубой со сквозным отверстием стенки, учитывающая нелинейные магнитные свойства 
объекта контроля. С использованием данной модели рассчитано пространственное распределение 
магнитной индукции в стенке трубы и пространственное распределение составляющих вектора маг-
нитной индукции вблизи поверхности трубы при наличии отверстия. Корректность численной модели 
подтверждена результатами физического моделирования. На основе результатов теоретических и экс-
периментальных исследований предложена упрощенная аналитическая модель, описывающая харак-
тер изменения магнитного поля дефекта и электрического сигнала индукционного преобразователя 
магнитного дефектоскопа, реализующего метод рассеяния магнитного потока. Показано, что сигнал 
индукционного преобразователя от сквозного отверстия имеет зависимость от зазора, близкую к ли-
нейной, и зависимость от диаметра отверстия, близкую к квадратичной. Результаты, представленные в 
статье, могут быть использованы при решении задач создания, математического моделирования и из-
мерения магнитных полей. 

Ключевые слова: метод рассеяния магнитного потока, индукционный преобразователь, метод конеч-
ных элементов, аналитическая модель. 
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