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Technical diagnostics fuel injection pump 
condition used of fuel with hydrogen 
containing admixtures
Diagnostyka stanu technicznego pompy 
wtryskowej pracującej na wzbogaconym 
dodatkami zawierającymi wodór paliwie
aBstr act

article describes high pressure fuel pump cP1H common rail system 
which worked on fuel with hydrogen containing admixtures. it was pre-
sented how can high pressure injection pump diagnose. research object 
was dismantled on spare parts and checked under microscope. Paper di-
scusses construction and mechanism of action researched fuel pump. du-
ring the researches has been presented crucial elements of pump. it has 
been described the areas where are produced metal fillings in pressure 
pump and discussed the methods of prevents them.

Keywords: high pressure pump, fuel dosages, Common Rail system, fuel 
injector, CI – engine

streszczenie

W artykule przedstawiono pompę wtryskową układu common rail typu 
cP1H, która pracowała na zanieczyszczonym dodatkami zawierającymi 
wodór paliwie. Pokazano, w jaki sposób można zdiagnozować pompę 
wtryskową, rozmontowaną na części składowe oraz poddano badaniom 
mikroskopowym. W referacie została omówiona budowa badanej pompy 
oraz zasada działania. Podczas badań zostały przedstawione najbardziej 
newralgiczne elementy pompy. Przedstawiono również miejsca pompy, 
w których tworzą się niebezpieczne metaliczne opiłki oraz omówiono me-
tody im zapobiegania.

Słowa kluczowe: pompa wysokiego ciśnienia, dawka paliwa, układ Com-
mon Rail, wtryskiwacz paliwa, silnik ZS

Introduction1. 
common rail system is at present the most popular injec-

tion solution. Because of work condition whole system is 
very important right fuel quality. There is necessary to keep 
whole injection system in cleanness or in controlled [1-7]. 
Fuel pollution is frequent reason of fuel injectors or high 
pressure pump damages is spite of using special fuel filters. 
Main source of fuel pollution are: atmosphere factors, fric-
tion, corrosion processes and chemical reaction. The most 
frequent reason damages injection system aresolid bodies 
(metal filings, si, Fe and al oxides, Hc), H2o and corrosion 
products [8]. Figure 1 presents fuel from high pressure rail 
polluted with metal fillings.

Theoretically there is no possibility to get water to fuel 
during refining because of right production and cleaning 
technology. Water doesn’t dissolve in the fuel only makes 
suspension. The main reason of getting water to engine fuel 
are transportation and distribution, not appropriate stor-
ing and condensation water vapour especially in fuel tanks. 
Water in engine fuel causes decrease fuel energetic value, 
corrosion in whole system, greasiness decrease, worst fuel 
pumping and filter what damages precision elements in fuel 
injectors and high pressure pumps [9].

Description of modern fuel pump2. 
Main task of fuel injection pump is generate high pressure 

in system in all work engine range. common rail system 
pump generates pressure constantly independent of injec-
tion process. There is three section piston radius high pres-
sure pump in cars and as well an in – line high pressure 
pump with two sections in trucks. High pressure pump is 
powered from engine through the clutch, flywheels, chain or 
fan belt. rotation speed of fuel pump changes with rotation 
engine speed [10].

High pressure common rail system fuel pump is con-
structed with main body where is on the bearing high 
pressure section propulsion shaft [6]. Placed on the shaft 
eccentric makes high pressure section to sliding motion. The 
move of power from shaft to section piston occurs roller, 
slide ring and mounted under piston plate. rotational speed 
of fuel pump depends on engines speed. Propulsion correla-
tion between pressure pump and engine should be match so 
that quantity pump fuel were not so high but to cover fuel 
demand by full engine load [8].

Fuel is led to high pressure section and there is accumu-
lated. section are moved by pump shaft with help eccentric. 
High pressure is controlled by high or low pressure valve. it 
depends on sort common rail system. There are two ways 
of common rail steering (high or low pressure). The first 
systems were controlled only by high pressure valve. Fuel 
surfeit were transferred to fuel tank. This solution has fault 
because it was wasted to much energy to accumulate fuel 
and warm fuel were transferred back to tank. Therefore 
it was used low pressure valve (fuel dispenser). Main task *correspondence author. e-mail: balitski@ipm.lviv.ua
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of dispenser was transfer that much fuel to high pressure 
pump how much it was need in given moment. This solution 
reduced waste of energy [10].

Fig. 1. Pollute fuel with metal fillings from high pressure system rail
zanieczyszczone paliwo metalicznymi opiłkami z układu Rys. 1. 

wysokiego ciśnienia

Fig. 2. High pressure Bosch cP1H fuel pump mounted on stPiW 
3 test bench

Wysokociśnieniowa pompa wtryskowa Bosch typ cP1H Rys. 2. 
zamontowana na stanowisku probierczym

Fig. 3. High pressure Bosch cP1H fuel pump disassemble on 
spare parts

Wysokociśnieniowa pompa wtryskowa Bosch typ cP1H Rys. 3. 
zdemontowana na element skłądowe

There are three types of cP1 high pressure pumps: cP1s 
(standard), cP1k (compact) and cP1H (reinforced). Piston 

radial high pressure fuel pump cP1H is reinforced version 
of cP1 family pumps. it is adapted to higher pressures (160 
MPa) because of increase main body strength, changes valve 
units and reinforces pump propulsion [7]. it was improved 
energy efficiency through adjustment fuel dosage to section 
by dispenser valve. Figure 1 presents cP1H high pressure 
pump [5]

Influence the fuel quality on high pressure 3. 
pump work

The first sign of defect high pressure pump is problem with 
supporting system pressure in maximum load dosages range 
[4]. There is perceptible drop engine power in that range. The 
reason of this is to low system pressure because fuel pump is 
not able to generate it. The reason of this is defect the high 
pressure sections. Figure 4 presents high pressure pump 
divides on two modules: a – propulsion, B – high pressure 
section. The propulsion module contains propulsion shaft 
with bearing and eccentricity, efficiency valve and initial fuel 
pump. High pressure module is responsible for bank up fuel. 
it contains head with piston, bearing and valve. Figures 5 – 8 
present elements depend on high pressure pump parameters. 
elements were observed under microscope. There is notice-
able considerable their usage.

Fig. 4. a – main body with steering and propulsion section, B – 
high pressure section: a – propulsion shaft, B – efficiency valve, c 

– eccentricity, d – main bearing, e - main body, F – initial fuel pump, 
g – piston in high pressure spring, H – high pressure section head, 
i – high pressure section piston, J – high pressure section valve

a – korpus pompy wtryskowej z regulatorem wydatku Rys. 4. 
oraz sekcją napędową, B – sekcja wysokiego ciśnienia: a – wałek 
napędowy, B – zawór wydatku, c – łożysko ślizgowe napędzające 
sekcje wysokiego ciśnienia, d – pierścień z łożyskiem głównym, 
e – korpus pompy wtryskowej, F – pompka przetłaczająca, g – 
sprężyna w sekcji wysokiego ciśnienia, H – głowiczka sekcji wyso-
kiego ciśnienia, i – tłoczek sekcji wysokiego ciśnienia, J – zaworek 
wysokiego ciśnienia

Fig. 5. a – low pressure pump inside, B – polluted area of low 
pressure pump

a – wnętrze pompki wysokiego ciśnienia, B – zanieczysz-Rys. 5. 
czona powierzchnia pompki przetłaczającej

Figures 7 - 8 present work diagrams of researched high 
pressure pump. Figure 7 shows the magnitude of fuel 
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efficiency. There is noticeable that faulty pump has lower 
fuel efficiency but figures 8 presents that in spite of lower 
fuel efficiency this pump has higher functionality. during 
high pressure researches the most important factor is fuel 
efficiency. only when fuel efficiency parameters are correctly 
it is possible to counting fuel pump functionality. There is 
possibility to calculate practically functionality of fuel pump. 
The efficiency of correct working pump is 573 mm3 (1000 
rotation of pump) by system pressure 0 MPa. efficient fuel 
pump has 523 mm3 by 100 MPa system pressure. Pump 
functionality is 91%. Faulty pump has by 100 MPa 150 mm3 
fuel efficiency by 100 MPa. its theoretical functionality 93% 
but practical only 26%. it means that high pressure pump 
is damage.

Fig. 6. a, B – high pressure section head
a, B – głowiczka sekcji wysokiego ciśnieniaRys. 6. 

Fig. 7. High pressure pump fuel efficiency [mm3] diagram
Wydatek pompy wysokiego ciśnienia [mmRys. 7. 3]

Fig. 8. High pressure pump efficiency [%] diagram
sprawność pompy wysokiego ciśnienia [%]Rys. 8. 

Conclusion4. 
The main work parameter of high pressure pump are fuel 

efficiencies and practical functionality. High pressure pump 
is functional in huge range of fuel pressure from 25 to 160 
MPa. The elements depend on make pressure are sections. 
technical conditions of precision elements sections pistons 
influence on efficiency magnitude. Bad quality fuel damages 

friction areas in low pressure initial fuel pump. There are 
produce metal filing between spinning pump elements and 
pump area. Metal fillings are very dangerous. These damage 
not only high pressure elements but fuel pump propulsion 
shaft, main bearing, eccentricity and sealers. Metal filings 
move with fuel in high pressure system to injectors dam-
aging them. There is in fuel water in spite of air humidity. 
it causes local corrosion in various high pressure pump 
elements especially on precision elements (fig. 7). Practical 
high pressure pump functionality is use full method of di-
agnosing. it is calculated from efficient pump fuel efficiency 
without system pressure and research pump fuel efficiency 
by 100 MPa system pressure. Fuel rotation speed is 1000 
turns per minute. so calculates efficient determines usage 
degree of fuel pump. The range of correctly working high 
pressure pump efficient is 80 – 100%. researched pump 
has of efficiency higher than 80% but fuel efficiency were 
low. it means that high pressure section were uses similar 
to turbines elements [11, 12].
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Eddy Current System for Complex Geometry 
Inspection in High Speed Application
System wiroprądowy do kompleksowej kontroli 
geometrii w zastosowaniach z dużą prędkością
aBstr act

rigid pipelines installed in offshore structures for oil and gas production 
are built from pipe sections connected by circumferential welds. such welds 
are generally points of stress concentration and therefore the regions that 
most demand periodic inspection. The weld geometry and the inspection 
speed required for in service inspection are the main challenges associated 
to the inspection procedure. in the present work an eddy current transdu-
cer with sensing coils placed orthogonally and connected in differential 
mode was introduced to evaluate fatigue cracks in weld root. a dedicated 
embedded electronic hardware was developed to drive the transducer and 
measure the electrical complex impedance of the coils and was specifically 
designed for operation under autonomous in-line inspection tool in a spe-
ed range between 0.5 – 1.0 m/s. The achieved results have confirmed that 
the introduced eddy current transducer is a potential solution for fatigue 
crack detection in irregular surfaces like weld root, while the hardware 
developed presented a reasonable snr and achieved the data rate required 
to be incorporated in an autonomous in-line inspection tool.

Keywords: fatigue crack; weld root; eddy current testing; in-line inspection 
tool

streszczenie

sztywne rurociągi instalowane w morskich konstrukcjach do produkcji 
ropy i gazu budowane są z odcinków rur połączonych spoinami obwodo-
wymi. takie spoiny są zwykle punktami koncentracji naprężeń, a zatem re-
gionami, które w największym stopniu wymagają okresowej kontroli. geo-
metria spoiny i prędkość kontroli wymagana do przeprowadzenia badania 
serwisowego stanowią główne wyzwania związane z procedurą inspekcji. 
W niniejszej pracy, w celu oceny pęknięć zmęczeniowych w rdzeniu spo-
iny, zaproponowano przetwornik wiroprądowy z cewkami pomiarowymi 
umieszczonymi ortogonalnie i połączonymi różnicowo. opracowano spe-
cjalny wbudowany system elektroniczny do sterowania przetwornikiem 
i pomiaru impedancji złożonych cewek elektrycznych. system został za-
projektowany specjalnie do pracy jako autonomiczna jednostka inspekcji 
linii w zakresie prędkości od 0,5 do 1,0 m/s. uzyskane wyniki potwierdziły, 
że wprowadzony przetwornik wiroprądowy jest potencjalnym rozwiąza-
niem umożliwiającym wykrywania pęknięć zmęczeniowych na nieregu-
larnych powierzchniach, takich jak rdzeń spoiny. Ponadto opracowany 
sprzęt zapewnia odpowiedni współczynnik stosunku sygnału do szumu 
snr i osiąga prędkość transmisji wymaganą dla zastosowania w jednost-
kach niezależnej kontroli w linii.

Słowa kluczowe: pęknięcie zmęczeniowe; rdzeń spawu; testowanie wiroprą-
dowe; jednostka kontroli inline

Introduction1. 
rigid pipelines installed in offshore structures for oil 

production are built from pipe sections connected by 
circumferential welds. The application of clad material to 
subsea rigid pipelines is recently gaining ground in deep 
water oil exploration. its bimetallic configuration presents 
an attractive combination of mechanical strength and corro-
sion resistance, ensuring the safety and integrity of pipelines 
that connect the reservoir to oil rig. The clad material for 
oil exploration consists of a base material, usually carbon 
steel, inner coated with a thin layer of corrosion resistance 
alloy (cra), turning into an attractive economical solution 
for deep water exploration since only a small portion of the 
noble anti-corrosive alloy is required. clad material has 
a metallurgical bond between the cra and the base mate-
rial attained by the carbon diffusion during the hot rolling 
process [1].

 The potential for fatigue cracks to occur in pipeline struc-
tures due to cycling loads inherent of any offshore oil produc-
tion, such as, tide variation, waves, ocean current, platform 

movements, etc., makes necessary have an inspection tool 
to carry out periodic nondestructive inspection in the inner 
pipe surface, figure 1a and B. it is worth mentioning that 
the inspection tool highlighted in figure 1a flows inside the 
pipeline propelled by the oil flow at a velocity which at the 
most times exceed 0.5 m/s.

in case of clad material, it is crucial to detect fatigue crack 
on its initial stage because if the crack propagates through 
the layer of the cra and reaches the carbon steel a strong 
galvanic couple is completed accelerating exponentially 
the fatigue corrosion process [2]. in this context, the weld 
geometry and the inspection speed required for in service 
inspection are the main challenges associated to the inspec-
tion procedure. Figure 2 shows the influence of the weld 
geometry associated with the inspection speed. assuming 
a high-speed condition and a crack in the opposite side of 
the weld root, in such circumstance the sensor path may not 
pass exactly through the crack contour surface. 

 in the present work an eddy current transducer with coils 
placed orthogonally and differentially connected was intro-
duced to evaluate fatigue cracks in weld root. a dedicated 
embedded electronic hardware was developed to drive the *correspondence author. e-mail: cgcamerini@metalmat.ufrj.br

© 2018 Published by „Badania nieniszczące i diagnostyka” siMP Publishing agenda
doi: 10.26357/Bnid.2018.007
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transducer and measure the electrical complex impedance 
of the coils and was specifically designed for operation 
under autonomous in-line inspection tool in a speed range 
between 0.5 – 1.0 m/s. in the laboratory experiments, an 
automated inspection was performed with the goal to evalu-
ate transducer’s detectability and different scanning speed 
was tested to reproduce in service situation. 

Fig. 1. a) subsea pipelines and the in-line inspection tool (Pig), 
and B) clad pipe section with the inspection region highlighted.

a) rurociągi podmorskie i jednostka inspekcji in-line Rys. 1. 
(Pig) i B) Wybrany odcinek rury z powiększonym obszarem 
kontrolnym.

Fig. 2. influence of the weld geometry and the inspection speed 
in the crack detectability.

Wpływ geometrii spoiny i prędkości kontroli na wykry-Rys. 2. 
walności pęknięć.

The techniques instrumented in the commercial in-line 
inspection tool, such as, MFL (Magnetic Flux Leakage), 
ultrasound, eMat (electromagnetic acoustic transducer), 
are very effective in inspection of general corrosion or mi-
cro cracks in the base metal of carbon steel pipelines [5-7]. 
However, because of some practical limitation, such tech-
niques are not efficient in micro cracks detection, especially 
in welded parts. reber et.al. [8] have shown an ultrasonic 
configuration for crack detection in carbon steel pipeline 
girth welds and presented significant experimental results 
demonstrating the technique capability. The authors high-
lighted in their conclusions that the application of such 
technique in in-line inspection tools is still a challenge. such 
challenge gets more complex in case of clad material inspec-
tion, where the anti-corrosive layer results in an additional 
interface for the ultrasonic wave propagation, interfering 
directly in the incident and refracted wave. Moreover, cheng 
et.al. [9] pointed out that ultrasonic testing is not effective 
for inspections of inconel welds because of its strong in-
homogeneity and anisotropy. once the ultrasound wave is 
sensitive to grain structures [10], inconel welds significantly 
scatter the waves so that clear echoes due to defects cannot 
always be noticed. 

such challenge motivates the feasibility study of an in-
line inspect tool development to detect fatigue cracks in 
the circumferential welds of clad pipelines based on eddy 
current concept. yusa et.al. [11, 12] and todorov et.al. [13] 
presented the capability of the ec transducer for fatigue 

crack detection in welded joints. among the publications 
analyzed [11-18], it was verified that the ec transducer with 
orthogonal configuration of coils exhibits the most relevant 
inspection results. its differential configuration and the fact 
that the coils are located in close proximity to each other, 
minimizes the influence of the weld root profile in the in-
spection signal. Besides the relevant results completed with 
such orthogonal transducer, none of the studied authors 
evaluated its behavior and performance when operating 
at high speed condition, relevant for field application for 
pipeline inspection. in addition, the tests performed in the 
examined studies used commercial or lab ec equipment, 
which restricts the application in tools that demands embed-
ded electronic hardware. 

Thus, the goal of the present work is evaluate the capa-
bility of an ec transducer to successfully meet the previ-
ously described requirements: detect fatigue cracks in the 
circumferential weld root of clad pipelines when operating 
at different inspection speed. it is worth mention that the 
in-line tool is propelled by the oil flow, which is inherently 
inconstant. an orthogonal coils ec based transducer was 
manufactured and tested, and a specific electronic hardware 
was developed to drive the transducer and measure the test-
ing coils electrical complex impedance. 

Materials and measuring system2. 
a clad plate with substrate of carbon steel high strength 

low alloy, aPi 5L X65, and clad layer of inconel 625, with 
dimensions 120x80x15mm, was manufactured with a 45° 
bevel to receive a weld bead from gtaW (gas tungsten arc 
Welding) weld process. an electrical discharge Machining 
(edM) notch with dimensions of 10.0x1.5x0.2mm was ma-
chined in the central part of the inconel side between the 
weld root and the inconel base material. Figure 3a presents 
a photo of the testing sample with the edM notch indica-
tion, while 3b a metallographic image of the weld cross sec-
tion after mechanical grinding, polishing and etching with 
chromium nitride solution. one may note the thickness of 
the carbon steel layer, 12mm, and the inconel 625 clad of 
3mm.

Fig. 3. a) clad sample with the weld bead and edM notch; b) 
metallographic image of the weld cross section.

a) Próbka warstwowa (materiał platerowany) ze spoiną Rys. 3. 
i nacięciem edM; b) obraz metalograficzny przekroju spoiny.

The transducer manufactured to inspect the notch, con-
sists of the testing coils placed in orthogonal configuration 
with layers interweaved, wounded over a dielectric core as 
shown by figure 4a. The coils are differentially connected 
thereby reducing spurious signals caused by variation of the 
distance to examined material during the inspection process 
[18]. When compared with ec pencil probes, orthogonal 
coils present low sensitivity to lift-off, allowing reduction 
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of its influence rate from 40 dB/mm to 8 dB/mm. For weld 
inspection orthogonal coils configuration present relevant 
results because spurious signals arising from some specific 
materials characteristics or from some physical structures 
that are common to both coils are annihilated thereby 
providing no undesirable response. each manufactured 
coil present 5 interleaved layers with 15 turns per layer, and 
an average inductance of 36.1 µH. The transducer testing 
frequency was 400 kHz and to assist the inspection, a kuka 
robotic arm model Hollow Wrist with krc4 controller was 
used (Figure 4b). With a payload of five kilograms, the ro-
botic arm carry the sensors and tests different inspection 
speed from 0.05 m/s to 1.0 m/s.

Fig. 4. a) orthogonal coils with the layers interweaved, and B) 
kuka robotic arm for automated inspection.

a) cewki ortogonalne z przeplotem warstw i B) ramię Rys. 4. 
robota kuka do zautomatyzowanej kontroli.

The electronic hardware was developed to drive the ec 
sensors and measure the electrical complex impedance of 
the testing coils. Figure 5 present the basic concept of the 
ec coils impedance calculation procedure. First, in order 
to conduct the calculations, both voltage and current of 
the testing coil were measured. For that purpose, the shunt 
resistor was utilized and two complex potentials (v1, and 
v2 ) were sensed. Then, the ohm’s law in phasor form is 
applied to obtain the magnitude (eq. 6) and angle (eq. 7) of 
the complex impedance as demonstrated by equation 1- 7.

Fig. 5. electrical scheme of a coil.
schemat zastępczy układu cewki.Rys. 5. 

(1)

(2)

(3)

(4)

(5)

(6)

(7)
Figure 6 presents the block scheme of the measuring sys-

tem while figure 7 shows a photo of the developed electronic 
Printed circuit Board (PcB). as shown in the block scheme, 
the excitation signal is a sine wave with parameters defined 
in the form of the table and store in the microprocessor, 
which follows to a digital-to-analog converter (dac) and 
a power amplifier to finally drive the coils. The hardware 
measures signals that are scaled versions of the voltage over 
the coils and their currents. These signals are digitized by 
an analog-to-digital converter (adc). Then, in order to 
turn the digitized waveforms into phasors, a Fast Fourier 
transform (FFt) or a similar algorithm, allowing processing 
the analysis in frequency domain, is applied.

initially the algorithm implemented in the microproces-
sor arM 32-bit to calculate the magnitude and phase of the 
complex impedance was the Fast Fourier transform (FFt). 
However, in order to improve the hardware processing time 
and consequently the experimental data rate, the FFt was 
replaced with the goertzel algorithm. The goertzel algo-
rithm is an efficient evaluation of individual terms of the 
discrete Fourier transform (dFt). When the full spectrum 
analysis needs to be carried out, the goertzel algorithm is 
less efficient, because it presents a higher order of complexity 
than FFt. on the other side, in case of computing a small 
number of frequency components, it is more numerically 
efficient (then using the FFt), being very useful for small 
processors and embedded applications [19]. in the case of 
conventional ec testing, where the transducer is excited by 
a single known frequency, the goertzel algorithm seems to 
be very suitable to calculate the coil impedance variation. 

equation 8 [19] presents the computed dFt term for the 
input sequence x[n] in the chosen frequency range ω_0 using 
the goertzel analysis. The index k indicates the frequency 
bin of the dFt. if, for instance, a sine wave with 8 points was 
used, then the 8th bin of the FFt will have the real and im-
aginary information that can be turned into magnitude and 
phase. However, if, instead of using FFt to calculate all the 
bins, it is possible to use the goertzel algorithm to calculate 
only x[7], where less computational effort is conducted. 

Fig. 6. schematic block of the hardware to drive the eddy current 
coils and evaluate the impedance variation.

schemat blokowy układu do zasilania cewek wiroprądo-Rys. 6. 
wych i pomiaru zmienny impedancji.
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Fig. 7. Photo of the electronic hardware developed to drive and 
measure the ec transducer impedance variation.

zdjęcie układu elektronicznego opracowanego do zasilania Rys. 7. 
i pomiaru zmienny impedancji przetwornika ec.

(8)

where:  and .
The use of the goertzel algorithm offered a significant im-

provement in the hardware data streaming. in comparison 
to the FFt, the goertzel analysis resulted in a calculation 
speed six times faster. on the other hand, while it provides 
only a single term of the dFt some relevant information, 
especially concerning harmonics content, is lost. if the 
excitation signal saturates the adc it can be easily noticed 
by the distortion caused in the FFt spectrum and can be 
evaluated based on the harmonics analysis. in such case, 
the total harmonic distortion (tHd) coefficient can be 
used. it defines the ratio between main and other harmon-
ics and gives evidences about the behavior of the coil input 
excitation signal. However, according to the properties of 
the goertzel algorithm, the calculation of tHd is limited 
then. nevertheless, it was decided to work with the faster 
algorithm in order to increase the hardware data streaming, 
which is quite relevant for high speed application. Finally, 
with the faster calculation and less data in the streaming 
package (tHd data is only calculated in the FFt version) 
allowed the total data rate of the electronic hardware to be 
increased from ≈50 Hz (1/10.5 ms) for FFt to ≈100 Hz (1/19 
ms) for goertzel.

Results and discussion3. 
The testing sample was scanned with different scan speed, 0.2, 

0.5 and 1.0 m/s, using the orthogonal ec transducer operating 
at 400 kHz. Figure 8 presents the experimental schematic where 
an array of five ec transducers scanned the clad sample. The 
notch was set in the opposite side of the weld root so that the 
array must pass over the weld before passing through the notch. 
The transducer were excited and its response signal measured 
using the hardware developed. to scan the sample the trans-
ducer were set in longitudinal alignment with a lateral spacing 
of 1 mm, reaching the high scan resolution for in-line inspec-
tion tools defined by Barbian et.al. [20]. although the tests 
were performed on flat plates, it is considered representative for 
a circumferential inspection condition. The flat arrangement is 
mainly used because it simplifies the mechanical arrangement 
and consequently the tests with different scan speed. 

Fig. 8. inspection result of the clad sample with the notch besides 
the weld bead.

Wynik kontroli platerowanej próbki z wycięciem poza Rys. 8. 
ściegiem spoiny.

Fig. 9. inspection results of different scanning speed of the clad 
sample, where: a) 0.2 m/s, B) 0.5 m/s and c) 1.0 m/s. 

Wyniki kontroli otrzymane dla różnej prędkości skanowa-Rys. 9. 
nia próbki platerowanej: a) 0,2 m/s, B) 0,5 m/s oraz c) 1,0 m/s.
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during the movement of the array, the output signal of 
each transducer was measured, and the two-dimensional 
distributions of the signals’ amplitude are shown in Figure 
9a, b and c. one can observe that in all speed condition, 
the edM notch can be clearly distinguished from the weld 
bead and, as the scanning speed increases, the notch signals 
amplitude are significantly attenuated. 

Besides the clear identification of the notch, these results 
corroborates the fact that as higher the scanning speed, 
higher is the weld geometry influence in the inspection 
results. as presented in figure 2, according to the inspec-
tion speed there is a transducer trajectory associated in the 
weld root region. The present results made it explicit that 
even in high-speed condition, 1.0 m/s, it is possible to detect 
the notch with the suggested ec array and the developed 
hardware. it is worth mention that the presented experi-
ments were performed with no lift-off, which in case of long 
distance inspection might result in a severe abrasion of the 
transducers along the pipeline inner wall.

Conclusions4. 
a dedicated hardware was developed to drive the ec 

transducer and measure the electrical complex impedance. 
The goertzel algorithm implementation improved the hard-
ware data rate, which seems to be a relevant alternative for 
high-speed inspection tools where only a single frequency 
is evaluated. different inspection condition was tested and 
as the speed is increased the notch identification signal at-
tenuates, mainly because of the weld penetration geometry 
which makes difficult to proper profile the weld bead. The 
suggested ec system using the developed hardware and the 
transducer with orthogonal configuration presented the 
possibility to implement an in-line inspection tool to detect 
fatigue cracks in clad pipelines.
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Robust and efficient  
finite-difference-time-domain modelling of 
the propagation of nonlinear elastic waves
Niezawodne i wydajne modelowanie propagacji 
nieliniowych fal sprężystych metodą różnic 
skończonych w dziedzinie czasu
aBstr act

a robust finite-difference-time-domain (Fdtd) scheme to model the 
non-linear elastic wave propagation in a homogeneous isotropic material 
is presented. a formulation based on rotated staggered grid scheme in 
a displacement-velocity-stress configuration incorporating both geome-
tric and material nonlinearities is proposed. By adopting a Parsimonious 
algorithm, the computational memory requirement is reduced by 50%. si-
mulations are accelerated by exploiting massive data parallelism innate to 
the Fdtd approach using parallel computation on graphical Processing 
units with nvidia cuda’s aPi. For the proposed numerical scheme, the 
grid convergence criterion and accuracy over propagating distances are in-
vestigated. The study is also extended to determine the contribution from 
geometric and material models at various input amplitude levels. The time 
and frequency domain signals obtained from the proposed scheme are ve-
rified with a commercial finite element solver. The simulation runtimes 
for an aluminium sample of dimensions 20 mm x 10 mm using a 5 MHz 
pulse is of the order of one minute, which makes the proposed numerical 
scheme attractive to model nonlinear elastic waves in large domains.

Keywords: Finite Difference Time Domain, Rotated Staggered Grid, Parsi-
monious Scheme, Nonlinear elastic waves, CUDA, GPU

streszczenie

W artykule przedstawiono odporny schemat metody różnic skończonych 
w dziedzinie czasu (Fdtd) do modelowania propagacji nieliniowych fal 
sprężystych w jednorodnym materiale izotropowym. zaproponowano po-
dejście oparte na rotowanych siatkach przestawnych w układzie przemiesz-
czenie-prędkość-naprężenie obejmującym zarówno nieliniowość geome-
tryczną, jak i materiałową. zastosowanie algorytmu redukcji oszczędnej, 
zmniejszyło zapotrzebowanie na pamięć obliczeniową o 50%. symulacje są 
przyspieszane przez wykorzystanie olbrzymiego paralelizmu danych wbu-
dowanego w podejście Fdtd z wykorzystaniem obliczeń równoległych 
na jednostkach przetwarzania graficznego (gPu) wyposażonych w inter-
fejs aPi nvidia cuda. dla proponowanego schematu numerycznego 
badane jest kryterium zbieżności siatki i dokładność w funkcji odległości 
propagacji. Badanie rozszerzono również w celu określenia wkładu mo-
deli geometrycznych i materiałowych na różnych poziomach amplitudy 
wejściowej. sygnały w dziedzinie czasu i częstotliwości uzyskane z pro-
ponowanego schematu są weryfikowane za pomocą komercyjnego opro-
gramowania wykorzystującego metodę elementów skończonych. czasy 
pracy dla symulacji propagacji impulsu o częstotliwości 5 MHz w próbce 
aluminium o wymiarach 20 mm x 10 mm są rzędu jednej minuty, co spra-
wia, że proponowany schemat liczbowy jest atrakcyjny dla modelowania 
nieliniowych fal sprężystych w dużych domenach.

Słowa kluczowe: metoda różnic skończonych w dziedzinie czasu, rotowane 
siatki przestawne, schemat redukcji oszczędnej, nieliniowe fale sprężyste, 
CUDA, GPU

Introduction1. 
interatomic forces that bind solids determine the responses 

to external forces. The interatomic potentials can be very well 
approximated as quadratic in displacements, for sufficiently 
small displacements of atoms from their equilibrium posi-
tions. as a result, the response to small external forces can 
be reasonably approximated to be linear in displacements. 
For microscopically homogeneous solids subject to small 
external forces, a description in terms of linear response 
would be a reasonable first approximation. However, there 
are a wide range of solids, natural and synthetic, that are not 
homogenous in a strict microscopic sense. Microscopically 
inhomogeneous features such as dislocations, grain bounda-
ries, voids, micro-cracks, pores exist. solids having these 
internal features are in reasonably stable equilibrium and 

may be described as macroscopically homogenous media 
in some average sense.

There exists considerable experimental evidence to indi-
cate that such macroscopically homogeneous media respond 
nonlinearly to applied forces. several of the examples of 
nonlinear effects reported in the literature include higher 
harmonics generation[1,2], resonance shift in frequency[3], 
amplitude-dependent and non-classical dissipation[4], dc 
response and subharmonic generation[5], wave modulation 
and frequency mixing[6]. nonlinear acoustic and elastic 
waves have been investigated extensively for past few dec-
ades on grained materials[7], and rocks[8], in areas relating 
to geology[9], seismology[10], biophysics[11], biomedical 
engineering[12], lithotripsy and acoustic physiotherapy of 
soft tissues[13] and nondestructive testing of polycrystalline 
and composite media[14]. 

Historically, the nonlinear theories have been classified *correspondence author. e-mail: prsd.shiva@gmail.com
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into two: classical theory, which accounts for the higher 
order elastic terms in the Hooke’s law and the non-classical 
theory which includes mechanisms like stress-strain hyster-
esis and contact acoustic nonlinearities(can)[5]. 

two types of classical nonlinearity have been reported in 
the literature[4,15,16], i.e. geometric (kinematic) and mate-
rial (physical) nonlinearities. The former accounts for the 
gradient of the strain-displacement relation, whereas the 
latter is the result of the nonlinear stress-strain function (i.e. 
the third- and higher-order terms in elastic energy). The 
contribution of geometrical nonlinearity in solids has been 
known to be much smaller than the material nonlinearity, 
and, hence, has usually been neglected[17]. 

among the various applications of nonlinear acoustic and 
elastic waves described earlier, the most exciting potential is 
believed to be in characterising materials nondestructively. 
in last few decades, researchers have been able to experi-
mentally relate the acoustic nonlinearity parameter, β with 
microscopically inhomogeneous features such as disloca-
tions, grain boundaries, precipitates, voids, micro-cracks 
formed due to various damages mechanism like fatigue, 
creep, thermal aging and radiation damage which can be 
related to the third-order elastic(toe) constants[18,19].

The majority of literature deals with the experimental de-
termination of the nonlinearity parameter using harmonic 
generation technique. The non-linearity parameter obtained 
from experiments is the combined effect of many micro-
scopic factors as well as instrumentation non-linearity. The 
individual contribution of each of the microscopic factors 
to the non-linearity parameter is not entirely understood. 
numerical simulations can provide a better insight into 
nonlinear wave characteristics by allowing for the study 
of individual contributions to non-linearity. a variety of 
numerical methods have been employed for examining 
the nonlinear wave propagation through homogeneous 
isotropic media, including the finite element (Fe) method 
[20–23], the elastodynamic finite integration technique[24] 
and the finite difference(Fd) method[25,26]. researchers 
in the past have mostly resorted to various commercially 
available explicit/implicit Fe solvers for dealing with such 
problems. For instance, chillara and Lissenden [20] solved 
a two-dimensional Fe model using the implicit solver, while 
rauter and Lammering[22] and Xiang et al. [23] adopted an 
explicit solver, all of them incorporating toe constants to 
account for the nonlinear effects. drewry and Wilcox[21] 
on the other hand, looked at computationally less intensive 
one-dimensional Fe models, underlining various signal 
processing protocols for obtaining the quantitative value 
of nonlinearity parameter. commercial software packages 
based on FeM are memory intensive. implicit solvers are also 
cPu time intensive as the computational domain increases.

Little work has been done in the past to develop finite 
difference time domain(Fdtd) numerical models for elastic 
wave propagation through nonlinear media. Matsuda and 
Biwa [25,26] proposed a two-dimensional finite difference 
time domain(Fdtd) model using a standard staggered 
grid(ssg)[27,28] by incorporating both geometric and 
material nonlinearities. For anisotropic as well as nonlinear 

media, ssg requires interpolation of stress and strain [25]. 
The rotated staggered grid(rsg) Fdtd scheme[29] over-
comes this shortcoming by placing the density and material 
parameters at the same location corresponding to velocity 
and stress components respectively. There have been efforts 
in the past to exploit the graphics processing cards to acceler-
ate simulations for linear elastodynamic problems [30–33]. 

The scope of the present work is to develop a robust and 
time-efficient two-dimensional rsg-Fdtd scheme capable 
of modelling the non-linear response of the material while 
exploiting massive data parallelism innate to the Fdtd ap-
proach. a formulation to deal with finite amplitude wave 
propagation based on Fdtd method considering both the 
geometric and material nonlinearities is presented here. The 
geometric nonlinear model adopts a signorini’s model[34], 
while the complete nonlinear model considers Lagrangian 
stress and strain tensors, accounting for both geometric 
and material nonlinearity. The gridding convergence re-
quirements to capture the higher harmonics components 
are presented. signal stability as a function of propagation 
distance, evolution of higher harmonics with input am-
plitude as well as with propagation distance are described. 
The time and frequency domain signals obtained from the 
proposed scheme are verified with the commercial Fe solver. 
The article has been organised as follows. section 2 presents 
the theoretical formulation of nonlinear wave propagation. 
section 3 explains the Fdtd scheme implemented in this 
study. section 4 describes the numerical model, grid conver-
gence and propagation aspects. The results are discussed in 
section 5 and conclusions are presented in section 6.

different models presented in this studyTab. 1. 
różne modele przedstawiane w niniejszej pracyTab. 1. 
Model Strain Measure Elastic Constants

Linear elastic  
(Lin) cauchy strain second order

geometric nonlinear 
(gnL)

almansi Hamel 
strain second order

Material nonlinear 
(MnL) Lagrangian strain second and third 

order

Non-Linear Elastodynamics - Theoretical 2. 
Formulations

We consider three different models for the present study. 
First, a linear elastic model (Lin) is used considering cauchy 
strain as the strain measure coupled with second-order elas-
tic constants. second, geometric nonlinear model (gnL) is 
introduced by adopting signorini’s model[34] relating finite 
strain tensor and cauchy’s stress tensor which is coupled 
with second-order elastic constants. Third, a complete 
nonlinear model comprising both geometric and material 
nonlinearity called Material nonlinear model(MnL) is used. 
Here, the Lagrangian strain is used as the strain measure and 
is combined with second and third order elastic constants. 
The models considered in this study are shown in table 1.

Linear Elastic Model2.1 

in this model, a linear relationship between stress and 
strain is assumed and cauchy strain is used as the strain 
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measure [35]. The linearized strain tensor is,

(1)

where εij is the strain, ui is the displacement and .

Following the constitutive relationship for elastic isotropic 
solids we have,

(2)

The simplified constitutive equations turn out to be

(3)

(4)

(5)

where λ and μ are the Lame elastic constants and τij is the stress.

Geometric Nonlinear Model2.2 

Here, instead of the linearized strain, a finite strain tensor 
is used here. signorini’s model[34] relating the finite strain 
tensor (almasi-Hamel strain) and cauchy’s stress tensor is 
employed in this formulation. The third order elastic con-
stants are not considered. The finite strain tensor in terms 
of displacement gradient is,

(6)

The constitutive equations concerning two-dimensional 
non-linear wave propagation following[36] are,

(7)

(8)

(9)

Material Nonlinear Model2.3 

For the Material nonlinear model, the governing equa-
tions of motion, the displacement – velocity relation, and 
the stress- strain relation can be written by[15] 

(10)

(11)

(12)

where Xi is the Lagragian coordinates, νi the velocities and Pij 
are the components of the nonsymmetric first Piola-kirchoff 
stress tensor. For an isotropic material, the second- and third-
order stiffness tensors are given as,

(13)

(14)

where A, B and C are the third-order elastic constants for an 
isotropic material following Landau and Lifshitz[37], δij is the 
kronecker’s delta function and 

in simplified terms, equation (12) can be expressed as

(15)

(16)

(17)

(18)

where,

(19)

it is to be noted that the stress tensor in the case of material 
nonlinearity is not symmetric. The elastodynamic equations 
for two-dimensional problem, in the absence of body forces, 
are given by,

(20)

(21)

(22)

(23)

Finite Difference Time Domain (FDTD) 3. 
Formulation

Rotated Staggered Scheme (RSG) 3.1 
in this section, the 2d Heterogeneous explicit Parsimonious 

rotated staggered grid scheme is described. The rsg finite 
difference scheme was proposed by saenger et al. [29], and it 
has been successfully applied in seismic modelling of elastic, 
viscoelastic, isotropic and anisotropic media[38]. in the rsg 
unit cell, all the velocity (and displacement) components are 
at the same location and the stress components at the other 
location (see Figure 1). correspondingly, density is located 
at the same position as velocity and material parameters are 
located at the same position as stress. This gridding scheme 
is advantageous in modelling non-linear response of materi-
als as well as anisotropic crystal systems with symmetry less 
than orthotropic. it is to be noted that non-linearity and ani-
sotropy of a material can also be modelled using the standard 
staggered grid(ssg) [27,28], but requires interpolation of 
components[25,39]. The present scheme is also numerically 
stable with the existence of high contrast heterogeneities like 
voids, cracks, inclusions and the presence of more than one 
medium (fluid-solid contact). The application of boundary 
condition whether welded interface or free-surface bound-
ary condition, is straightforward in the heterogeneous 
formulation of the rsg scheme. The major disadvantage of 
using rsg scheme is a stricter grid dispersion criterion, i.e., 
a higher sampling ratio is needed to achieve the same level 
of accuracy as obtained by a conventional ssg [40]. This 
leads to increased computational memory requirements and 
consequently large simulation times. Both these issues are 
addressed in this article by adopting a Parsimonious scheme 
and accelerating the simulations on graphical Processing 
units respectively.

compared to the ssg scheme, the rsg method rotates 
the finite differential operators to the elementary cell in the 
diagonal directions first, and then, the standard Fd operator 
is calculated by the linear combination of these operators. 
a detailed description of the rsg scheme can be found in 
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ref.[29]. We adopt a second order update in space and first-
order update in time. The extension to higher order spatial 
derivatives is straightforward.

Fig. 1. rotated staggered gridding scheme
schemat obróconej siatki przestawnejRys. 1. 

Parsimonious Scheme3.2 

There are various numerical formulations of the above 
governing equations: velocity-stress, displacement-
velocity-stress, displacement-stress and displacement-
displacement [41]. We develop an algorithm by adapting 
a displacement-velocity-stress (dvs) scheme. The proposed 
scheme is staggered in time where displacements are stored 
at integral timesteps and velocities are stored at half-integral 
timesteps leading to a recursive time-marching algorithm 
(as shown in Figure 2). equations (3-5), (7-9) and (15-18) 
are used to compute the stress values from displacement at 
integral timesteps. equations (20-21) are used to update 
the velocities at half timesteps from the stress values, and 
finally, equations (22-23) are used to evaluate displacement 
at the next integral timestep. in order to reduce the compu-
tational memory requirement, we employ the parsimonious 
staggered grid [42][43]. it is not a gridding scheme in itself, 
but rather an algorithm to reduce computational memory 
requirement. since in the dvs formulation, no temporal 
derivatives involving stress exist, there is no need to store 
stress tensor components for successive timesteps. This is 
the prime reason for parsimony. The scheme necessitates 
storing only displacement components and velocity compo-
nents reducing the computational memory to 50%. 

Fig. 2. Parsimonious gridding scheme
schemat redukcji oszczędnejRys. 2. 

stress components are evaluated but not stored for 
subsequent timesteps. the parsimonious scheme has 
memory requirements similar to that of a collocated grid 

[44] but exploits the numerical stability and accuracy of 
a complete[27] and partial staggered grid[29]. The bot-
tleneck is that programming is much more involved and 
redundant computations are performed between adjacent 
grid points increasing the computational time. This increase 
in computational time is compensated by performing paral-
lel computations on graphical Processing units exploiting 
the massive data parallelism innate to the Fdtd approach. 
a complete set of discretized Fd equations for geometric and 
material nonlinearity can be found in appendix.

Parallel Computing- Efficient simulation using 3.3 
GPU 

The numerical scheme outlined in the previous section is 
implemented through the use of compute unified device 
architecture (cuda)[45], an application Programming 
interface(aPi) and a parallel computing platform, to lever-
age graphical processing units(gPu) capabilities. cuda 
provides transparent access to the gPu hardware at a low 
level while minimising the programming complexity and 
the attainable efficiency was demonstrated with an Fdtd 
case study performed by Pandala et.al [46], wherein a speed 
improvement of up to seventy times was reported in com-
parison with computer processing units(cPu). The authors 
also have earlier explored the capability to use cuda based 
acceleration for linear wave propagation through the poly-
crystalline material for both two and three-dimensional 
models[47]. in the present scheme, in order to retain the 
information between successive timesteps, the two sets 
of displacement and velocity components are stored as 
global variables. The stress components are evaluated at 
individual grid points as local variables. The use of shared 
memory does not provide any acceleration as there is zero 
redundancy in memory transactions. all the computations 
have been carried out with nvidia tesla k40c graphics 
card.

Fig. 3. snapshot and schematic diagram of a model for nonlinear 
elastic wave propagation.

schematyczne przedstawienie modelu do propagacji nie-Rys. 3. 
liniowej fali sprężystej

Numerical Modelling4. 
Scheme4.1 

an Fdtd simulation was carried out on a domain 
having dimension 20 mm x 10 mm. a Hann windowed 
tone burst signal of 5 MHz centre frequency with eight 
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cycles was imposed from the top surface of the domain. 
Hann windowed signal is known to produce significantly 
lower amplitudes (80dB) at the frequencies of harmonics 
of interest[21]. through transmitted signal was received 
from the other end of the domain as shown in the sche-
matic diagram in Figure 3. the length of the modelling 
domain was adjusted to isolate the first arrived signal 
from the side wall reflections at the receiver. the mate-
rial properties used are for aluminium and are given in 
table 2.[48].

Material Properties used for aluminum[48]Tab. 2. 
Właściwości materiałowe aluminium [48]Tab. 2. 

Material aluminum
ρ 2727 kg/m3

λ 57.0 gPa
μ 27 gPa
a -320 gPa
B -200 gPa
c -190 gPa

Gridding4.2 

it is known that rsg scheme requires at least 15 grid 
points per wavelength to avoid numerical dispersion and 
provide reasonable accuracy [40]. This criterion has been 
deduced from linear wave propagation considerations. it 
needs to be re-examined while dealing with nonlinear 
wave propagation involving generation of higher harmonic 
components. in the present study, we investigate the spatial 
sampling requirements to ensure sufficient modelling ac-
curacy to extract up to third harmonics components from 
the numerical model. For the domain given in Figure 3, 
numerical simulation was performed for both gnL and 
MnL models by varying the grid point per wavelength 
as indicated in Figure 4. The peak amplitude of excitation 
here was set to 10-7m. The received time domain signal was 
Fast Fourier transformed to extract the amplitudes of static, 
second and third harmonic components. typical input and 
received time domain signal along with the corresponding 
frequency spectra are shown in Figure 5.

The grid convergence was obtained by calculating the 
difference between the amplitudes of individual harmonic 
component (i.e. static(a0), second(a2) and third(a3) 
harmonic component) to that of the converged solution 
ac. The converged solution is obtained at the highest mesh 
density, in this case at λ/50. From, Figure 4 (a), for gnL 
model, it can be seen that both second harmonic and static 
displacement components converge beyond 30 grid points 
per wavelength. The presence of third harmonic compo-
nents in this model was found to be minimal throughout 
and has hence been ignored from the present analysis and 
rest of the article. Figure 4 (b), which is for MnL, converges 
beyond 45 grids per wavelength. as static displacement 
component converges much earlier, ensuring the conver-
gence for third harmonics will ensure sufficient sampling 
for static displacement components. general criteria for 
gridding and time stepping for gnL and MnL model is 
given in equation (24), (25) and (26)

Fig. 4. convergence of normalised harmonic amplitude against 
number of grid points per wavelength obtained for (a) gnL and 
(b) MnL models. a zoomed view of the graph near to the converg-
ing point is shown in the inset image. results are presented for 
static displacement (blue diamond marker), second harmonic (red 
circular marker) and third harmonic component (black square 
marker).

zbieżność znormalizowanej amplitudy harmonicznej Rys. 4. 
w funkcji liczby punktów siatki przypadających na długość fali, 
uzyskana dla modeli: (a) gnL, (b) MnL. W powiększeniu poka-
zano widok wykresu w pobliżu punktu zbieżności. Wyniki przed-
stawiono dla przemieszczenia statycznego (niebieski znacznik 
diamentowy), drugiej harmonicznej (czerwony znacznik kołowy) 
i trzeciej harmonicznej (czarny znacznik kwadratowy).

(24)

(25)

(26)

where VL is the longitudinal velocity in the material, λ is the 
longitudinal wavelength, Δh is the gridding, ck represents 
difference coefficients(e.g. Holberg coefficients[49]). 
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Fig. 5. (a) typical input excitation and received a-scan signal 
(normalized) (a) corresponding FFt signal (normalized)

typowy znormalizowany sygnał wzbudzenia i wyj-Rys. 5. 
ściowy: (a) w dziedzinie czasu (sygnał typu a) (b) w dziedzinie 
częstotliwości

Propagation Aspects4.3 

The solution to the nonlinear ultrasonic wave equation, 
based on an input harmonic wave train, has been deduced 
in numerous articles published earlier [15,19,21,50] and 
hence will not be repeated here. The expression for second 
harmonic nonlinear response (β) is given by 

(27)

where β is the second-order nonlinear parameter, ν is the 
longitudinal wave velocity of the material, ω is the angular 
frequency, z is the thickness of the material, A1 is the 
fundamental amplitude, A2 is the second harmonic amplitude.

similarly, the third harmonic nonlinear parameter and 
the static displacement nonlinear parameter are given in 
eq. (28) and (29)

(28)

(29)

where δ is the third order nonlinear parameter, βdc is the static 
displacement nonlinear parameter, Adc is the static displacement 
amplitude, A3 is the third harmonic amplitude.

Fig. 6. variation of (a) a2/a1
2, (b) adc/a1

2 and (c) a3/a1
3 with 

propagation distance for MnL model
zależność (a) aRys. 6. 2/a1

2, (b) adc/a1
2, (c) a3/a1

3 od odległości 
dla modelu MnL 
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Fig. 7. variation of (a) a2/a1
2 and (b) adc/a1

2 with propagation 
distance for gnL model

zależność (a) aRys. 7. 2/a1
2, (b) adc/a1

2 od odległości dla modelu 
MnL

The stability and accuracy of the proposed Fdtd model 
for nonlinear elastic media are demonstrated by performing 
simulation on medium with varying propagation distances 
using both the gnL and MnL models. it is expected from 
relations (27), (28) and (29) that the relative amplitude ratio, 
defined by a2/a1

2, adc/a1
2 and a3/a1

3 would vary linearly 
over the propagation distances. The modelling parameters 
for this study have been kept similar to that mentioned in 
section 4.1 while the propagation distance was varied from 
10 mm to 50 mm. The frequency domain plots obtained for 
gnL and MnL models were individually normalised with 
respect to their corresponding amplitudes of the fundamen-
tal (a1) and amplitudes corresponding to static, second and 
third harmonic components were extracted. This normalisa-
tion permits comparisons between the responses from dif-
ferent nonlinear models. The variation of a2/a1

2, adc/a1
2 and 

a3/a1
3 with propagation distance for MnL model is shown 

in Figure 6. a similar plot for a2/a1
2 and adc/a1

2 evaluated 
using the gnL model is shown in Figure 7. The linear trend 
indicates that the nonlinear effect captured by the numerical 
scheme is consistent with the theoretical expression for all 
three nonlinear parameters given in eq. (27), (28) and (29) 

as mentioned earlier, the contribution from third harmonics 
generated from gnL model was found to be negligibly small 
at the given input amplitude level and has been ignored from 
the analysis detailed in this section.

Results and discussions5. 
Verification of FDTD model5.1 

We compare the MnL-Fdtd model with an Fe model im-
plemented using a commercial software package, coMsoL 
Multiphysics 5.2 [51]. This commercial software package 
runs on an implicit solver and adopts a straightforward im-
plementation of third-order elastic constants (toec’s). in 
contrast, our Fdtd model employs an explicit scheme, and 
the objective here is to draw a comparison in terms of the 
accuracy of the solution, as such packages have been widely 
utilised for the nonlinear wave propagation studies[20, 52, 
53].The modelling parameters are kept identical for both 
the models and are shown in table 2 and table.3. The peak 
amplitude of input excitation was set of 10-7m. Figure 8.(a) 
shows the time domain and FFt signal drawing a compari-
son between the Fe and Fdtd model. it can be seen that the 
time domain signals shows good agreement with each other 
showing a discrepancy within 1%. The FFt shown in Figure 
8. (b) also indicates good agreement with the Fe Model for 
static components, second harmonic and third harmonic 
components showing the differences to be less than 1% for 
the peak amplitudes. The simulation time for the Fdtd 
model given in table 3, was of the order of one minute, while 
the memory intensive model having a dimension 20 mm x 
50 mm with 5MHz input frequency took 6 minutes.

simulation parameters used for comparing Fe and Fdtd Tab. 3. 
models.

Parametry symulacji używane do porównywania modeli Tab. 3. 
Fe i Fdtd

Fe Model F dtd Model
Model dimension 20 mm x 10 mm

input frequency/number of cycles 5 MHz/ 8 cycles
step time/gridding 3.4e-9sec / λlongitudinal/45

Comparison of Linear, GNL and MNL models5.2 

The amplitude of input displacement considered here is in 
the order of 10-7m. Figure 9. (a) compares the time domain 
signal received for the three models. it can be seen that all 
the three models overlap with each other to a greater extent, 
while some fluctuations can be observed beyond the first 
arrived signal in case of MnL model (shown in the inset 
in Figure 9. (b)). This could indicate the presence of higher 
harmonic components as reported in Fig.7 of [20]. The 
frequency spectra shown in Figure 9. (c) indicate a higher 
harmonic contribution from MnL than gnL. similar trends 
have been reported in the numerical model presented by 
chillara and Lissenden [20].

The study was extended to investigate into the responses 
of the harmonic components by varying the input amplitude 
levels. Figure 10 shows frequency responses for MnL and 
gnL models, indicating consistent increment in the higher 
harmonic generation. at lower amplitude levels (in the order 
of 1e-9m), both gnL and MnL models, showed excellent 
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agreement with the linear elastic model, which indicates 
that noticeable harmonic components are generated only 
above certain finite amplitude levels. The static displacement 
component (or dc component) amplitudes are observed 
to be one order higher in MnL model in comparison with 
gnL model.

Fig. 8. comparison of FeM and Fdtd models with the input 
excitation signal (a) time domain (b) FFt. note the difference in 
the signal strength between input and output signal in the time 
domain are reflected in the FFt plot.

Porównanie wyników modeli FeM i Fdtd z wejściowym Rys. 8. 
sygnałem wzbudzenia (a) w dziedzinie czasu (b) w dziedzinie 
częstotliwości. uwaga: różnica w sile sygnału między sygnałem 
wejściowym i wyjściowym w dziedzinie czasu jest odzwierciedlona 
na wykresie widmowym.

Conclusions 6. 
The development of a robust numerical Fdtd rsg 

scheme to deal with geometric and material nonlinearity 
in homogeneous isotropic materials has been described. 
The two bottlenecks of rsg scheme: large computational 
memory and extensive simulations times are addressed 
by adopting a Parsimonious scheme and parallelizing the 
time domain simulations on gPu with cuda aPi. The 
simulation runtimes for the most memory-intensive test 
case of the Fdtd model was of the order of six minutes. 

The study also provides the required spatial sampling to 
ensure sufficient modelling accuracy to extract up to third 
harmonics as a guideline for future modelling. The time 
and frequency domain signals obtained from the proposed 
scheme are verified with the commercial available Fe solver 
showing a discrepancy within 1%. The amplitude of the 
harmonic contents extracted has shown linear behaviour 
with propagation distance, underlying the stability and ac-
curacy of the proposed modelling scheme. it is observed that 
the contribution of MnL model dominates the gnL model 
at a given input amplitude level and both gnL and MnL 
model behaves similar to the linear model at smaller input 
amplitude levels, which are in agreement with the existing 
numerical predictions[20].

Fig. 9. comparison of response of Linear (blue dashed lines), 
gnL (red solid lines) and MnL (black solid lines) models for 
a peak to peak input excitation of the order 1e-7 m showing (a) 
received time domain signal and (b) magnified view of the time 
domain signal shown in the inset shows the presence of extra fre-
quency components (c) FFt of the received time domain signal for 
the corresponding models.

Porównanie odpowiedzi modelu liniowego (niebieskie Rys. 9. 
linie przerywane), gnL (czerwone linie ciągłe) i MnL (czarne linie 
ciągłe) dla wzbudzania wejściowego o wartości międzyszczytowej 
rzędu 10-7 m: (a) odebrany sygnał w dziedzinie czasu, (b) powięk-
szony widok sygnału w dziedzinie czasu (obecność dodatkowych 
składowych częstotliwościowych), (c) wynik transformacji FFt 
odebranego sygnału dla badanych modeli.
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Fig. 10. comparison of response of (a) Linear versus MnL (b) 
Linear versus gnL models for various orders of peak to peak input 
amplitudes. results of the Linear models are shown in blue dashed 
lines with circular markers, and both MnL/gnL models are rep-
resented using solid lines. 

Porównanie odpowiedzi modeli dla różnych rzędów mię-Rys. 10. 
dzyszczytowej amplitudy sygnału wejściowego: (a) liniowy i MnL 
(b) liniowy i gnL. Wyniki modeli liniowych są przedstawione 
za pomocą niebieskich przerywanych linii z okrągłymi znaczni-
kami, a oba modele MnL / gnL są reprezentowane za pomocą 
linii ciągłych.

as the rsg Fdtd scheme is numerically stable with the 
existence of high contrast heterogeneities such as voids, 
cracks and inclusions, numerical investigation can be 
extended to understand the effect of microstructural inho-
mogeneities like micro-voids[54], micro-cracks, inclusions 
and precipitates[55] on acoustic nonlinearity parameter 
with appropriately measured second-order and third-order 
elastic constants[56]. 

also, with the ability of rsg scheme to better handle 
anisotropic media, the current numerical scheme could 
also be adopted for studying the nonlinear wave propaga-
tion through polycrystalline media by incorporating the ap-
propriate second and third-order elastic constants for each 
grain. The spatial sampling requirements derived earlier 
may not hold in this case, as grains are being often smaller 
compared to the probing wavelength, requiring much finer 
gridding than the aforementioned criteria.
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Appendix8. 
The following discretized equations are valid for interior 

of the solid. at the boundaries, the computation of velocity 
is performed by replacing the central finite differences with 
either forward (or backward) finite differences. The partial 
derivatives and represented by  and  are computed as 
follows

(30)

(31)
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where P is the variable of interest, subscript i = x,z ; k = x,z and 
superscipt represents timesteps.

Geometric Nonlinearity
The complete set of discretized equations (7-9), (20-23) 

for geometric nonlinear model described in section 2.2 are 
given by

(32)

(33)

(34)

(35)

(36)

(37)

Material Nonlinearity
The constitutive equations (15-18), elastodynamic equa-

tions (20-23) for material nonlinear model when discretized 
take the following form

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Przemysław Łopato

Notatka z wyborów PTBNiDT SIMP
W dniu 9 maja 2018 roku w domu technika not 

w Warszawie odbyło się Walne zebranie sprawozdawczo-
Wyborcze delegatów Polskiego towarzystwa Badań 
nieniszczących i diagnostyki technicznej siMP. W zebra-
niu wzięło udział 19 delegatów wybieranych w oddziałach 
PtBnidt oraz 5 zaproszonych gości, w tym sekretarz 
generalny siMP kazimierz Łasiewicki. ustępującego 
Prezesa PtBnidt siMP tomasza chadego uhonorowano 
medalem im. Prof. Pawłowskiego w uznaniu za wybitne 
zasługi i za zdynamizowanie środowiska. następnie Prezes 
przedstawił sprawozdanie z działalności zarządu PtBnidt 
siMP w kadencji 2014-2018.

 od lewej: Bogusław Ładecki (sekretarz), tomasz chady 
(Prezes) i Bogdan Piekarczyk (członek zarządu)

Przedstawiciel komisji rewizyjnej – Jan kielczyk – 
przedstawił sprawozdanie komisji. W podsumowaniu 
stwierdzono, że ustępujący zarząd poprawnie wydatkował 
fundusze PtBnidt oraz właściwie wywiązywał się ze swo-
ich obowiązków statutowych. Walne zebranie delegatów 
zatwierdziło bilans PtBnidt siMP za rok 2017 oraz udzie-
liło absolutorium zarządowi PtBnidt siMP w kadencji 
2014-2018.

W trakcie zjazdu odbyły się wybory Prezesa towarzystwa. 
Jedynym zgłoszonym kandydatem był tomasz chady, który 
został wybrany na Prezesa PtBnidt siMP na kadencję 
2018-2022 oraz delegatem towarzystwa na Walny zjazd 
delegatów siMP.

do zarządu PtBnidt siMP wybrani zostali: Bogusław 
Ładecki, Bogdan Piekarczyk, Patryk uchroński, Marek 
Lipnicki, Przemysław Łopato oraz dyonizy szewczyk. zarząd 
się ukonstytuował, Wiceprezesem został Marek Lipnicki, 
sekretarzem został Bogusław Ładecki a funkcję skarbnika 
objął dyonizy szewczyk. Powołano również trzyosobową 
komisję rewizyjną w następującym składzie: Jan kielczyk, 
Bogusław olech, ryszard Świderski.

Podczas spotkania toczyła się dyskusja nad kierunkami 
działania towarzystwa i uchwalane były wytyczne, co do 
programu działań na okres następnej kadencji.
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Badania ultradźwiękowe szyn kolejowych
Ultrasonic testing of the rails
aBstr act

tests carried out during production and exploitation are to give an answer 
about the correctness of made products such as rails. visual and ultrasonic 
examination are performed. visual examinations are basic non-destruc-
tive examinations in rails diagnostics. in the rails catalog, defects of such 
damage like cracks were classified. you can find there information about 
the location, position or causes of defects in the rails. detection of de-
fects in rails is one of the first applications of ultrasonic testing. The aim 
of the study is to detect defects occurring in the volume of the material 
and evaluation of their size. examination of rails mounted on the track 
causes the introduction of ultrasonic waves from the surface of the head 
through the coupling liquid layer with the surface of the test. access from 
the surface of footer is impossible and no detectable cracks in the footer 
can be detected. application in performing in the field of ultrasonic testing 
include echo technique, tandem technique or modern ultrasonic techni-
que Phased-array.

Keywords: Rails, ultrasonic testing, echo technique, tandem technique, 
Phased Array techniques

streszczenie

Badania wykonywane w trakcie produkcji i eksploatacji mają dać odpo-
wiedź o prawidłowości wykonania wyrobów jakimi są szyny kolejowe. 
Wykonywane są m.in. badania wizualne i ultradźwiękowe. Badania wizu-
alne stanowią podstawowe badania nieniszczące w diagnostyce szyn kole-
jowych. W katalogu szyn dokonano klasyfikacji wad takich uszkodzeń jak 
np. pęknięcia. odnaleźć tam można informacje dotyczące lokalizacji, po-
łożenia czy przyczyn powstawania wad w szynach. Jednym z pierwszych 
zastosowań badań ultradźwiękowych jest wykrywanie wad w szynach. 
celem badania jest wykrycie wad występujących w objętości materiału 
oraz oceny ich wielkości. Badanie szyn zamocowanych na torze powodu-
je wprowadzanie fal ultradźwiękowych z powierzchni główki przez war-
stwę cieczy sprzęgającej z powierzchnią badania. niemożliwy jest dostęp 
z powierzchni stopki i nie można wykryć rozwijających się pęknięć eks-
ploatacyjnych w stopce. zastosowanie przy wykonywaniu badań ultradź-
więkowych znajdują miedzy innymi technika echa, technika tandem czy 
nowoczesna technika ultradźwiękowa Phased-array.

Słowa kluczowe: szyny kolejowe, badania ultradźwiękowe, technika echa, 
technika tandem, , technika Phased Array

Wady w szynach wykrywane są na początku przy pomocy 
badań wizualnych. do tego celu zastosowanie ma m.in. kata-
log szyn, w którym dokonano systemu klasyfikacji pod kątem 
wad dotyczących złamań, pęknięć i uszkodzeń. zamieszczone 
są informacje dotyczące położenia, wyglądu oraz przyczyn 
powstawania. W katalogu podano również metody wykry-
wania wad w szynach, jak i zalecenia dotyczące postępowania 
z szynami, w których wykryto wady [1]. 

Bez względu na zasady funkcjonowania każdej z ko-
lei, utrzymanie dróg kolejowych wymagać będzie zawsze 
usuwania pewnej części szyn z powodu ich pęknięć lub znisz-
czeń powstałych w procesie produkcyjnym lub powstających 
w eksploatacji. Ważne jest więc śledzenie zachowania się szyn 
w torze, dzięki czemu zarówno użytkownicy, jak i producenci 
mogą skupić swoje wysiłki na podnoszeniu jakości i jedno-
cześnie poprawiać warunki ich eksploatacji [1]. katalog 
wad szyn podaje możliwości wykrycia wad w szynach przy 
pomocy metody wizualnej, dającej możliwość wykrycia oraz 
obserwacji uszkodzeń znajdujących się na powierzchni szyny 
oraz monitorowania i rozwoju wad. W katalogu podane są 
również sposoby wykrywania oraz zalecenia dotyczące 
wykrytej wady szyny. na rys.1 pokazano przykład pęknięcia 
poziomego sklasyfikowanego w katalogu wad szyn.

Pękniecie poziome charakteryzuje się stopniowym 
oddzieleniem górnej części główki szyny, pęknięcie rozpo-
czyna się wewnątrz główki szyny i postępuje równolegle do 
powierzchni tocznej, pęknięcie pojawia się na powierzchni 
główki, czasami towarzyszy mu pęknięcie pionowe, może 

występować łącznie z wykruszeniami końców szyn i za-
zwyczaj obserwuje się poszerzenie powierzchni tocznej. 
W późniejszym stadium może nastąpić oddzielenie frag-
mentu metalu, oddzielenie takie traktuje się jako złamanie, 
gdy ubytek na głębokości materiału przekroczy 10 mm i dł. 
50 mm. sposoby wykrywania to m.in. badanie wizualne, 
badanie młotkiem, badania ultradźwiękowe [1].

Rys. 1. Pęknięcie poziome (końców szyn) 112. Wada powstała 
podczas produkcji [1].

Horizontal crack (the ends of the rails) 112. The defect cre-Fig. 1. 
ated during the production [1].

zalecenia: obserwacja szyny, wymiana szyny, zamknięcie 
toru, natychmiastowa wymiana złamanej szyny.

odpowiedzią na pytanie, co znajduje się w objętości ele-
mentu badanego są badania ultradźwiękowego. dają możli-
wość wykrycia wad wewnętrznych oraz oceny ich wielkości. 
Podobnie jak w badaniach wizualnych, istnieje możliwość 
monitorowania rozwoju wady i porównywania z wcześniej 
przeprowadzanymi badaniami.

Wykrywanie wad w szynach jest jednym z pierwszych za-
stosowań badań ultradźwiękowych. układy defektoskopowe *autor korespondencyjny. e-mail: lukasz.rawicki@is.gliwice.pl

© 2018 Published by „Badania nieniszczące i diagnostyka” siMP Publishing agenda
doi: 10.26357/Bnid.2018.009
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stosowane na stanowiskach kontrolnych w hutach i w rucho-
mych urządzeniach do badań torowych są bardzo zaawanso-
wane, rozwiązania konstrukcyjne mają jednak istotne ogra-
niczenia. Badanie szyn zamocowanych na torze powoduje 
wprowadzanie fal ultradźwiękowych z powierzchni główki 
przez warstwę cieczy sprzęgającej z powierzchnią badania. 
niemożliwy jest dostęp do powierzchni stopki i nie można 
wykryć rozwijających się pęknięć eksploatacyjnych w stopce. 
Poprzeczne pęknięcia na szynach zaczynają się najczęściej 
na zewnętrznych krawędziach stopki. nie wykryte wcześniej 
prowadzą do zniszczenia. zestawy głowic ze sprzężeniem 
cieczowym nie dają właściwych efektów przy wykrywaniu 
pionowych pęknięć w główce, które powstają najczęściej 
w części środkowej główki. niekorzystna orientacja i rozwój 
pęknięć w kierunku podłużnym i poprzecznym są bardzo 
niebezpieczne. celem badania spawanych złączy szyno-
wych jest wykrycie wad występujących w całym przekroju 
złącza. Badaniom podlegają spoiny i zgrzeiny wykonywane 
w trakcie napraw nawierzchni oraz inne w zależności od 
potrzeb [2]. 

Rys. 2. Przykład wykorzystania ultradźwiękowej techniki echa 
[3].

an example of the using of ultrasonic echo technique [3].Fig. 2. 

Rys. 3. Wzorce odniesienia z reflektorami wzorcowymi o średnicy 
2mm oraz 5mm przy badaniu próbek ze zgrzeinami [3].

reference patterns with the reflectors standards with a di-Fig. 3. 
ameter of 2mm and 5mm at examination of the welded samples 
[3].

W metodzie echa stosuje się pojedynczą głowicę, która 
początkowo stanowi nadajnik impulsów, a następnie zostaje 

„przełączona” i odgrywa rolę odbiornika. sygnał wysyłany

Rys. 4. Przykłady lokalizacji wskazań na przykładzie próbek z re-
flektorami wzorcowymi [3].

examples of location of indications on the example of sam-Fig. 4. 
ples with standards reflectors [3].

przez głowicę do materiału odbija się od nieciągłości lub od 
przeciwległej powierzchni i wraca do głowicy. Mierząc czas 
upływający od momentu wysłania impulsu do momentu 
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jego powrotu i odebrania przez głowicę można określić, 
znając prędkość fali ultradźwiękowej w materiale, odle-
głość głowicy od przeszkody. na podstawie wysokości echa 
niezgodności na ekranie defektoskopu, można określić jej 
przybliżony wymiar. na rys. 2 pokazano przykład badania 
przy pomocy ulradźwiękowej techniki echa.

na rysunku 3 pokazano przykład wykonanych wzorców 
do ustawianie czułości badania przy badaniu ultradźwięko-
wym szyn. Wzorce są wykonane ze sztucznymi reflektorami 
w postaci otworków o średnicy 2 i 5mm w każdej części 
badanej szyny tj. główce, szyjce i stopce. 

W technice tandem używa się układu dwóch głowic 
kątowych, nadawczej i odbiorczej, ustawionych w stałej 
odległości od siebie podczas przeszukiwania złącza. dla 
zbadania całej objętości złącza układ głowic przesuwa się 
kilkakrotnie wzdłuż spoiny zmieniając odległość między 
głowicami tak, aby za każdym razem przeszukać inny obszar 
spoiny [3]. sposób usytuowania głowic w technice tandem 
i lokalizacji wskazań na przykładzie próbek odniesienia 
pokazano na rysunku 4.

zastosowanie techniki echa przy badaniu połączeń spa-
wanych lub zgrzewanych na szynach kolejowych nie daje 
pozytywnych rezultatów, pokazuje to rys.5. Fala ultradź-
więkowa natrafia na wadę zlokalizowaną w materiale, ale 
na ekranie defektoskopu ultradźwiękowego widać echo dna 
oraz bardzo słaby sygnał od wady materiału. odebranie echa 
nieciągłości przez głowicę odbiorczą może być zobrazowane 
przez fale impulsową lub ciągłą.

Rys. 5. zobrazowanie nieciągłości w technice echa [3].
imaging of discontinuities in echo technique [3].Fig. 5. 

na rysunku 6 pokazano zastosowanie techniki tandem. 
głowice ultradźwiękowe ustawione są w określonej odległo-
ści względem siebie. Wiązka ultradźwiękowa wyemitowana 
przez głowicę nadawczą natrafia na nieciągłość zoriento-
waną w materiale i po odbiciu od niej zostaje odebrana przez 
głowicę nadawczą. impuls echa nieciągłości w postaci wiel-
kości amplitudy sygnału zostaje odebrany i zaobserwowany 
na zakresie podziałki podstawy czasu ekranu defektoskopu 
ultradźwiękowego.

na rysunku 7 widać przyrząd do badania szyn w technice 
tandem. na specjalnych prowadnicach osadzone są głowice 

2t45o. Podziałka milimetrowa ułatwia ustawienie głowic 
w odpowiednich położeniach względem siebie. Przewody 
zasilające wyprowadzone od góry ułatwiają przesuwanie gło-
wic względem siebie i umożliwiają ich stabilne zamocowanie. 
Wytyczne id-17:2005 „Wytyczne ultradźwiękowych badań 
złączy szynowych, zgrzewanych i spawanych” opracowane 
przez PkP Polskie Linie kolejowe s.a. dopuszczają zasto-
sowanie głowic 3t45o [4]. zobrazowanie pochodzących 
impulsów od wad w objętości elementu badanego przekazy-
wane jest w zobrazowaniu typu a pokazującym zobrazowa-
nie amplitudy sygnału ultradźwiękowego w funkcji czasu.

Rys. 6. zastosowanie ultradźwiękowej techniki tandem [3].
application of the ultrasonic tandem technique [3].Fig. 6. 

Przełomem w zastosowaniu badań ultradźwiękowych 
jest technika Phased array, która stanowi rozwinięcie 
konwencjonalnych badań ultradźwiękowych techniką 
echa. W technice Phased array znalazły zastosowanie 
głowice mozaikowe, zawierające pewną liczbę niewielkich, 
niezależnie sterowanych przetworników (zazwyczaj 16-64). 
zastosowanie głowicy mozaikowej umożliwia wprowadzenie 
serii wiązek ultradźwiękowych, przetworzenie otrzymanych 
sygnałów i ich analizę w postaci graficznej z amplitudą kodo-
waną paletą barw. Powstały w ten sposób s-skan obrazujący 
położenie wskazań na tle konturu rowka spoiny znacznie 
ułatwia późniejszą ocenę i charakteryzowanie wykrytych 
wskazań [5].

W technice Phased array możliwe jest sterowanie 
kątem wprowadzenia wiązki ultradźwiękowej, co daje 
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możliwość uzyskania dowolnych kątów padania lub załama-
nia wiązki poprzez pobudzanie wskazanych przetworników 
głowicy w zaprogramowanych sekwencjach. Jedna głowica 
daje możliwość przeprowadzenia skanów przy różnych 
kątach. zaletą tej techniki jest również skrócenie czasu 
badań, co wiąże się m.in. z brakiem konieczności wymiany 
głowic, a co za tym idzie ponownych kalibracji sprzętu. 
na rysunku 8 pokazano przykład bloku kalibracyjnego oraz 
głowicy w badaniach Pa. zobrazowanie niezgodności oraz 
system do badania półautomatycznego Pa przedstawione są 
na rysunku 9. W technice Pa do obiektu badanego w celu 
przeszukania objętości badanego materiału wprowadza się 
wiązkę ultradźwiękową przy wykorzystaniu fal poprzecznych. 
stosowane częstotliwości, zakresy stosowanych przetworni-
ków, jak również stosowane charakterystyki wiązek ultradź-
więkowych nie różnią się od stosowanych w tradycyjnych 
badaniach ultradźwiękowych. zasada badania jest bardzo 
zbliżona do klasycznej metody ultradźwiękowej. akceptacja 
wskazania polega na pomiarze maksymalnej amplitudy echa 
w odniesieniu do ustalonego echa reflektora wzorcowego.

Rys. 7. Przyrząd do badania w technice tandem [3]. 
The examination device in tandem technique [3]. Fig. 7. 

zakres badania jaki może być zastosowany w technice Pa 
zależy od czynników związanych z warunkami konstruk-
cyjnymi głowicy takich jak. budowa głowicy, częstotliwość, 
apertura. ustawienie aparatury w badaniach techniki Pa 
jest zadaniem dużo trudniejszym niż w konwencjonal-
nych badaniach ultradźwiękowych. na etapie wejściowym 
wprowadzeniu podlegają parametry wizualizacji przekroju 

elementu badanego, takie jak grubość badanego materiału, 
pozycjonowanie używanych głowic względem siebie; opóź-
nienia dla używanych skanów liniowych lub sektorowych; 
kalibracja używanego sprzętu w postaci m.in czułości 
badania i rozdzielczości enkodera. nowoczesne systemy 
posiadają kreatory badania pozwalające na łatwe wprowa-
dzenie wszystkich parametrów i wykonanie wymaganych 
kalibracji.

Rys. 8. głowica i blok kalibracyjny do badań Pa oraz zobrazowa-
nia 2d otworów [5].

The head and calibration block for Pa examination and 2d Fig. 8. 
imaging of holes [5].

Rys. 9. system do półautomatycznych badań Pa-głowica z zainsta-
lowanym enkoderem oraz zobrazowanie niezgodności w badanym 
złączu [5].

system for semi-automatic studies Pa-head with an installed Fig. 9. 
encoder and imaging of discrepancies in the tested joint [5].

na rysunku 10a pokazano defektoskop wraz ze skanerem 
do przeprowadzania badań Pa. na ilustracjach b i c widoczne 
są przykłady zobrazowań skanu liniowego i sektorowego.

W technice Phased array wykorzystywane są znormalizo-
wane wzorce zgodnie z normą iso 19675. Przykład znorma-
lizowanego wzorca dla techniki Pa pokazano na rysunku 12.

technika Pa wykorzystuje do przeszukania objętości mate-
riału dwa rodzaje elektronicznych skanów. Wykorzystywane 
skany to e-skan liniowy i s-skan sektorowy pokazane 
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na rysunkach 13, 14, 15 i 16.
W skanie typu e punkt wyjścia wiązki ultradźwiękowej 

przesuwa się wzdłuż głowicy, co pozwala na przeszukiwanie 
różnych obszarów złącza spawanego szyny. staje się to moż-
liwe dzięki jednoczesnemu pobudzaniu zespołów głowicy 
liniowej w kolejnych cyklach częstotliwości przetwarzania. 
W badaniach konwencjonalnych przemieszczanie wiązki 
odbywa się fizycznie za pomocą ruchu głowicy. W technice 
Pa przemieszczanie wiązki odbywa się za pomocą sygnałów 
elektronicznych.

Rys. 10. a) defektoskop i skaner do badań Pa, b) głowica skośna 
Pa do badań i wyniki badania z wykorzystaniem skanu sektoro-
wego, c) głowica prosta Pa i wyniki badania z wykorzystaniem 
skanu liniowego [5].

a) Flaw detector and scanner for Pa examination, b) ob-Fig. 10. 
lique head for Pa examination and test results using a sector scan, 
c) head straight for Pa examination and test results using a linear 
scan [5].

na rysunku 11 zaznaczono rodzaje zobrazowań 2d możli-
wych do uzyskania w oparciu o wcześniej wykonane badania 
enkodowane z pełnym zapisem wyników [5].

Wykonanie badania wiąże się z szeregiem wprowadzonych 
parametrów wstępnych takich jak m.in. odległość głowicy 
od środka spoiny, kąt fali wprowadzonej do materiału ba-
danego. W przypadku badania typowych złączy spawanych 
kolejne wiązki fali ultradźwiękowej generowanej w e-skanie 
pokrywają całą objętość spoiny i przylegającej do niej strefy 
wpływu ciepła. skanowanie liniowe typu e, którego przy-
kład w technice Pa pokazano na rys. 13, sprawdza się do 
wykrywania nieciągłości, jakimi są przyklejenia brzegowe 
,pod warunkiem odpowiedniego dopasowania kąta emito-
wanej wiązki. Minusem skanu typu e jest stosowanie wielo-
przetwornikowych głowic dla techniki Pa dla odpowiednio 

długich zakresów wiązki ultradźwiękowej. kontroli wymaga 
również utrzymanie na odpowiednim poziomie sprzężenie 
akustyczne odpowiedzialne za kontakt głowicy z obiektem 
badanym [6].

Rys. 11. Przykłady zobrazowań uzyskiwanych w badaniach półau-
tomatycznych [5]. 

examples of images obtained in semi-automatic studies Fig. 11. 
[5].

Rys. 12. Wzorzec dla techniki Phased array zgodnie z normą iso 
19675 [5].

Pattern for the Phased array technique in accordance with Fig. 12. 
iso 19675 [5].

Rys. 13. zasada skanu liniowego w technice Pa badań ultradźwię-
kowych [7].

The principle of linear scan in the Pa technique of ultra-Fig. 13. 
sonic examinations [7].

skanem stosowanym również w technice Pa jest skan 
typu s, którego zasadę zobrazowania w technice Pa jako 
skan sektorowy pokazano na rys.14. Wiązki ultradźwiękowe 
emitowane z głowicy ultradźwiękowej różnią się między 
sobą kątem pod jakim wchodzą do elementu badanego. 
W zakresie kątowym należy uwzględnić odległość głowicy 
od osi spoiny elementu badanego tak, aby wiązka elektro-
nicznego s-skanu mogła pokryć objętość badanej spoiny 
i stref wpływu ciepła. do zalet badania s-skanem w technice 
Pa należy mniejszy rozmiar stosowanych głowic, zazwyczaj 
głowic 16 elementowych [6]. 

zakres kątowy w technice Pa w badaniach wiązką fal po-
przecznych powinien być zawężony do kątów w granicach 
przedziału 40-75°. nie należy stosować kątów poniżej 33°, 
ponieważ w badanym materiale mogą powstać zarówno fale 
podłużne, jak i poprzeczne. Badania techniką Pa mogą być 
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wykonywane zarówno techniką manualną, czyli ręczną, jak 
również automatyczną. często wykorzystywaną techniką 
jest technika półautomatyczna, gdzie przesuw skanera razem 
z głowicami następuje ręcznie, a rejestracja danych w sposób 
automatyczny przy pomocy stosowanego enkodera. 

Rys. 14. zasada działania skanu sektorowego w technie Pa badań 
ultradźwiękowych [7].

Principle of operation of the sector scan in the Pa tech-Fig. 14. 
nique of ultrasonic examinations [7].

Rys. 15. rodzaje skanów w Pa-liniowy i sektorowy [5].
types of scans in Pa-linear and sectoral [5].Fig. 15. 

Rys. 16. Przykład badania głowicą Pa z zastosowaniem podwój-
nego skanu liniowego kąt wprowadzenia wiązki 45° i 60° [5].

example of testing with a Pa head using a double linear Fig. 16. 
scan, angle of beam introduction 45° and 60° [5].

do zalet techniki Phased array można zaliczyć [5]:
duża szybkość badania, znacznie wyższa niż w kon-•	
wencjonalnych badaniach ultradźwiękowych;
ocena wyników badania może być prowadzona off-•	
line na komputerze Pc;
intuicyjna, graficzna wizualizacja wskazań;•	

duże możliwości w zakresie charakteryzowania wska-•	
zań (określanie rodzaju niezgodności);
możliwość wyznaczenia wymiarów geometrycznych •	
niezgodności;
możliwość archiwizowania wyników badania w po-•	
staci cyfrowej;
możliwość powtórnej oceny wyników badania przez •	
inną osobę (podobnie jak w przypadku radiografii);
szeroki zakres możliwych zastosowań techniki Pa;•	
możliwość elektronicznego kształtowania wiązki ul-•	
tradźwiękowej (kąta wprowadzenia, apertury, z której 
generowana jest wiązka i ogniskowania wiązki);
możliwość symulowania jedną głowicą Phased array •	
głowic konwencjonalnych o różnych kątach wprowa-
dzenia wiązki i różnych parametrach ogniskowania;
możliwość badania techniką tandem przy zastosowa-•	
niu pojedynczej głowicy Pa;
możliwość prezentacji graficznej wyników w czasie •	
rzeczywistym (s-skan, e-skan);
istotne zwiększenie szybkości badania, w stosunku do •	
konwencjonalnych badań ultradźwiękowych;
możliwość automatyzacji badań;•	
możliwość stosowania zarówno oceny amplitudowej, •	
jak i wymiarowej wykrytych wskazań;
możliwość pełnego zapisu wyników w przestrzeni 3d •	
(skan enkodowany);
ułatwiona interpretacja wyników badania, w szczegól-•	
ności dla obiektów (złączy) o złożonej geometrii. 

z powodu dużych możliwości i istotnych zalet techniki Pa 
w stosunku do innych technik i metod badań nieniszczących 
należy oczekiwać szybkiego wdrażania ich w praktyce prze-
mysłowej. Można oczekiwać, że badanie tą techniką znajdzie 
również zastosowanie w zakresie badań szyn kolejowych lub 
ich złączy.
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Industrial X-ray testing without  
intermediate data carriers of information
Przemysłowe badanie rentgenowskie  
bez pośrednich nośników informacji
aBstr act

The new direction of radiography is Flash-radiography (Fr ) which doesn’t 
have intermediate data carriers (films and storage plates). Fr produces 
a quick image. it provides low testing cost, and capability of multi-angle 
real time internal defects monitoring of the objects.
in film radiography, if relative photometric density is more than 4, then 
the snapshots become virtually unreadable and they can be difficult to be 
digitized. current film-free technologies do not have this disadvantage and, 
besides, give results in a digital form without special digitizing systems.
digital data contain radiation images of internal defects, expand the flaw-
detection possibilities and reduce testing cost. Flash-radiography is based 
on portable X-ray television, which allows the observation of X-ray testing 
results on a monitor screen. The internal defects examination from differ-
ent angles may be carried out.
Flash-radiography with digital solid-state transducers is the most perspec-
tive one with sensitivity up to 0.1% of examined metal’s thickness at resolu-
tion exceeding 10 pairs of lines per mm. application of small-size movable 
solid-state transducers opens new technological capabilities. They can be 
located and moved in the zones where positioning of film holders and 
storage plates is impossible. The new X-ray mini technology expands the 
application of ndt. The examples of practical application of solid-state 
miniature transducers are presented.

Keywords: Film radiography, Flash-radiography, digital image, scintillator, 
solid-state transducer, X-ray mini technology

streszczenie

nowym kierunkiem radiografii jest radiografia błyskowa (ang. flash radio-
grapy, Fr), która nie ma pośrednich nośników danych (błon i płyt pamię-
ciowych). Fr tworzy szybki obraz. zapewnia niskie koszty testowania oraz 
możliwość monitorowania obiektów pod kątem błędów wewnętrznych 
w czasie rzeczywistym. W radiografii błonowej, jeśli względna gęstość fo-
tometryczna jest większa niż 4, migawki stają się praktycznie nieczytelne 
i mogą być trudne do digitalizacji. obecne technologie wolne od błon ra-
diograficznych nie mają tej wady, a poza tym dają wyniki w formie cyfro-
wej bez specjalnych systemów do digitalizacji.
dane cyfrowe zawierają obrazy promieniowania z defektów wewnętrznych, 
rozszerzają możliwości wykrywania wad i zmniejszają koszty testowania. 
Promieniowanie błyskowe jest oparte na przenośnym aparacie rentge-
nowskim, który umożliwia obserwację wyników badań rentgenowskich 
na ekranie monitora. Można przeprowadzić badanie wad wewnętrznych 
pod różnymi kątami.
Promieniowanie błyskowe z cyfrowymi przetwornikami półprzewodniko-
wymi jest najbardziej perspektywiczne z czułością na poziomie do 0,1% 
badanej grubości metalu przy rozdzielczości przekraczającej 10 par linii 
na mm. zastosowanie przenośnych przetworników półprzewodnikowych 
o niewielkich rozmiarach otwiera nowe możliwości technologiczne. Moż-
na je lokalizować i przemieszczać w strefach, w których nie jest możliwe 
pozycjonowanie uchwytów błon i płyt do przechowywania. nowa mini 
technologia rentgenowska rozszerza zastosowanie ndt. Przedstawiono 
przykłady praktycznego zastosowania miniaturowych przetworników 
półprzewodnikowych.

Słowa kluczowe: Radiografia błonowa, radiografia błyskowa, obraz cyfro-
wy, scyntylator, przetwornik półprzewodnikowy, technologia przenośnych 
urządzeń X-ray 

Introduction1. 
radiation methods are preferred to be used in quality of 

welded and brazed joints testing as well as in mastering the 
number of process solutions due to illustrative results. This 
method is also used to validate other ndt methods. 

significant qualitative changes took place in recent years 
expanding the possibilities of the non-destructive radiation 
testing, first of all due to appearance of new multi-element 
semiconductor radiation image detectors as well as intensive 
implementation of means for producing, processing and 
analysis of digital images, which are illustrative, easy for 
archiving and electronic transmission. such detectors use 
electronic means and transform ionizing irradiation, passed 
through examined object containing information about its 
internal defects, into an electric signals package. after that 
the signals are digitized, processed and used to make a dig-
ital image of the object being examined. 

digital image (di) can be observed directly during in-
spection, i.e. in real time. such a method of radiation test-
ing without intermediate carriers of information is called 
Flash-radiography. virtually, it is portable X-ray television 
with electronic record of information, which can be deliv-
ered to a customer, uploaded on the internet, archived and 
stored on memory cards without additional digitalizing and 
decoding. 

a distinctive feature of the flash-radiography is the absence 
of intermediate carriers of information, radiographic films, 
semiconductor (sc) store plates with photo-stimulated 
memory.

adjustment of mode in widespread technologies with 
intermediate carriers of information requires multiple 
exposures, highlighting, processing and expensive devices 
for digitizing and reading information. Therefore, absence 
of intermediate carriers of information (films, semiconduc-
tor plates) provide increased efficiency and significant cost 
reduction of quality testing. *correspondence author. e-mail: ndt@paton.kiev.ua
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Methods of radiation digital images producing2. 
examination of the object’s internal defects with the help 

of portable X-ray television equipment having digital image 
processing provides principle changes in technology of non-
destructive radiation testing. commonness of optical and 
radiation digital images (di) application has increased in 
recent time. Hardware and software used for processing and 
digitization of X-ray films and providing digital images are 
more widely distributed. The digital images can also be 
produced by means of storage plates instead of X-ray films. 
Methods and algorithms of di processing are the same for 
all three variants of radiation testing (Figures 1-3). This is an 
important direction in current radiation flaw detection. now 
digital images are typically produced by means of X-ray pat-
terns digitization. rarely, it is produced by processing latent 
image being read from re-usable storage plates. The same 
result can be received from flash-radiography digital detec-
tors without additional expenses related with intermediate 
information carriers. 

The digital image produced by any of three indicated 
methods, shall have similar interpretation. The processing 
results of radiography di shall not be inferior to sensitiv-
ity and resolving power of the results of radiographic film 
received via film viewer. an image quality is evaluated using 
the reference specimen images. on di they shall be similar 
to the reference specimen images of X-ray films examined 
using film viewer. 

There are three technologies (see Figures 1,2,3) for receiv-
ing di-results of radiation testing in electronic form, but 
the principles of processing and further decoding of these 
images are the same.

Figure 1 shows a classical process of di production by 
means of X-ray film patterns digitization. This traditional 
technology is well known in all branches of industry. it re-
quires preparation of film cartridges and screens. chemical 
treatment, film drying, reading information on film viewer 
and digitizing the results with the help of corresponding 

computer complex follow up inspection. This technology is 
mainly used for compact archiving of ndt results in digital 
form and receiving additional information which cannot be 
obtained without digitization.

Figure 2 gives a scheme of more perfect technology for 
digital image production based on storage plates, that is 
called cr. in comparison to previous scheme of di pro-
duction, this technology provides the possibility of multiple 
use of intermediate carrier of information (storage plate). 
This makes the process quicker, but does not reduce its price, 
since it requires qualified personnel, a lot of time for aux-
iliary operations and expensive readout equipment. often 
the storage plates have their inherent defects. eliminating 
the details of this method disadvantages, it is necessary to 
note an appearance of “sandwich” technology which allows 
exposing on film and storage plate simultaneously.

World film manufacturers such as agfa, Fuji, kodak etc, 
kept the way of film replacement with semiconductor mul-
tiple storage plates. various equipment was developed for 
this technology realizing. The e. o. Paton electric Welding 
institute spent a lot of time on implementation of selenium 
plates and other intermediate carriers of information. all 
these technologies with re-usable carriers of information did 
not gain ground because of two reasons, i.e. due to expensive 
equipment and necessity of highly skilled personnel. 

Figure 3 shows a scheme of X-ray technology (flash-radi-
ography) based on fluoroscopic and solid detectors. This is 
the quickest and cheapest method to produce digital image 
in e-form, which does not require processing and reading 
equipment and corresponding additional time.

Both types of radiation testing without X-ray films 
(Figures 2, 3) can provide better results, than the digitized 
images produced with the help of X-ray film. it is known that 
the higher optical density and the more exposure provide 
more information exposed film contains. Therefore, a good 
scanner is necessary to digitize high density films to collect 
all the data available on the film. Many reading devices and 

Fig. 1. traditional scheme of radiographic testing with film and X-ray patterns digitization: (1) cartridge with X-ray film; (2) processing 
of X-ray film; (3) image scanning; (4) digital image

schemat tradycyjnych badań radiograficznych z digitalizacją błon i wzorów rentgenowskich: (1) kartridż z błoną rentgenowską; Rys. 1. 
(2) przetwarzanie błony rentgenowskiej; (3) skanowanie obrazu; (4) obraz cyfrowy

Fig. 2. scheme of inspection using storage plate: (1) cartridge with store plate; (2) readout of information from plates; (3) digital 
image.

schemat kontroli z użyciem nośnika informacji: (1) wkład z płytą; (2) odczyt informacji z tablic; (3) obraz cyfrowy.Rys. 2. 
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cheap scanners cannot provide high quality digitization of 
X-ray images, if their relative optical density is above three. 
all the attempts to receive satisfactory di from the denser 
films have not been successful. Thus, satisfactory di in the 
film variant (see Figure 1) is possible, if optical film density 
is in 1.5-2.5 range. at such values the digitizer noises do not 
introduce irreversible distortions in di. experience in digi-
tization of film images with 3-3.2 order density has already 
shown unsatisfactory results. Fine information is difficult 
for displaying. For example, images of small pores less than 
0.2 mm diameter and cracks with small opening are lost. 
Therefore, film digitization has significant limitations. Part 
of the defects, detected with the help of film viewer, is not 
found on di. This is a significant disadvantage of traditional 
film radiography, which is virtually impossible to eliminate 
in real production. 

Fig. 3. Quick X-ray inspection scheme without intermediate car-
riers of information: (1) solid flash-transducer; (2) digital image

schemat szybkiego prześwietlenia rentgenowskiego bez Rys. 3. 
pośrednich nośników informacji: (1) przetwornik błyskowy; (2) 
obraz cyfrowy.

technologies without film in Figure 2 and 3 do not have 
this disadvantage; they differ by large dynamic range that 
expands the possibilities of non-destructive testing. analysis 
of di by technological schemes of Figures 2 and 3 verified 
that a detectability of small pores, cracks and various inclu-
sions in the welded joints exceeds information about them 
on the film. technology from Figure 3 based on solid or 
optoelectronic transducers are particularly perspective. it 
provides possibility, after di computer processing to obtain 
up to 0.1% sensitivity and examine moving object. The 
defect detectability is increased due to the fact that moving 
small images are better distinguished by human eye, than 
that in static form. it is possible to change the inspection 
direction if intermediate carriers of information are absent 
during inspection in Figure 3. 

di received by using three technologies, shown in Figures 
1,2,3 is easily archived and webcasted. time consumption 
and cost of information being received using presented tech-
nological schemes approximately refer correspondingly as 
10:5:1 and 5:20:1. Film radiography in Figure 1 offers large 
number of procedures, which sometimes is repeated several 
times to get the satisfactory results. There are no such pro-
cedures during Fr. Film radiography is approximately 10 
times longer than Fr (Figure 3) to receive the same result. 
When using the storage plates less auxiliary procedures are 
needed to obtain the same information of object. Therefore 
the time spent is correlated approximately as 10:5:1.

as for the cost, the ratio of 5:20:1 means that during X-ray 
technologies in Fig. 1,2 the equipment for information read-
ing, highly qualified specialists as well as repeated exposures 

should be used to receive the same results as at Fr.
The technologies represented on the Fig. 1 and 3 do not 

need expensive maintenance. certainly the numbers 5:20:1 
depend on many factors, including the level of life in given 
country. 

For Fr the time and the cost were taken to be 1. two 
other techniques (Figures 1, 2) take more time 10:5:1 and 
cost 5:20:1. The exposure at the dentist or fluoroscopy in the 
hospital is performed for a few seconds, and the picture costs 
few cents. While the similar results based on the technolo-
gies shown in the Fig. 1 and Fig. 2 are significantly longer 
and much more expensive. 

in a short time, detection of the internal defect corrosion 
damages with the help of portable flash-radiography equip-
ment would become mandatory for all oil-and-gas auxiliary 
pipelines, which virtually have no control at present time, 
since X-ray film testing is expensive and ultrasonic testing 
is less efficient. 

Figure 4 presents structural schemes of radiation testing 
image production in digital form on three described tech-
nologies (see Figures 1-3). Procedures of these technologies 
differ in a stage of digital image production, and di process-
ing is the same for all three schemes. Therefore, expenses for 
realizing these procedures and equipment for di receiving 
are also different. 

Fig. 4. structural scheme of process procedures for getting the 
results of radiation testing in electronic form with film (see Figure 
1), computer (see Figure 2) and flash-radiography (see Figure 3)

schemat strukturalny procedur procesowych służących Rys. 4. 
uzyskaniu wyników badań radiacyjnych w formie elektronicznej 
za pomocą błony (patrz rysunek 1), komputera (patrz rysunek 2) 
i radiografii błyskowej (patrz rysunek 3).

a general disadvantage of the first two technologies with 
intermediate carriers of information (see Figures 1 and 2) 
is necessity of re-inspections, sometimes multiple inspec-
tions for determination of optimum values of anode voltage, 
exposure time, focal distance as well as auxiliary procedures 
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with intermediate carriers of information. usually, an opera-
tor, when working with new unknown objects, needs to find 
the correct inspection mode and procedure for intermediate 
carrier of information. typically, it is performed by means of 
selection, multiple exposures, i.e. repeating all preparatory 
operations before inspection. 

The most important advantage of the technology, pre-
sented in Figure 3, is possibility to observe image changes on 
the screen during inspection. This is the way to determine 
the optimum modes. Besides, there is a possibility of multi-
angle examination of image of internal defect.

technologies based on small, few square centimeters, solid 
digital electron transducers are in specific interest. They do 
not have limitations related with cartridges, screens, and 
storage plates. Mobile transducers can move freely over the 
object surface. such possibilities are included in diagnostics 
widely used on practice [8] large custom objects which can 
have unlimited size. testing such objects with the help of 
intermediate carriers of information (films, storage plates) 
is virtually unreal [8]. Miniature solid transducers can be 
used on structures of different shape. images from separate 
small transducers are joined in general image of object hav-
ing complex form.

Fig. 5. design variants of flat flaw detectors of Hamamatsu 
Photonics company (a) design in which image from screen to sen-
sor is transferred by fiber-optic plate; (b) design with direct posi-
tioning of scintillation screen over sensor (ccd-matrix)

Warianty konstrukcyjne płaskich defektoskopów firmy Rys. 5. 
Hamamatsu Photonics a) konstrukcja, w której obraz z ekranu 
na czujnik jest przenoszony przez płytę światłowodową; (b) projekt 
z bezpośrednim pozycjonowaniem ekranu scyntylacyjnego nad 
czujnikiem (matryca ccd).

Flash-radiography allows varying all main parameters 
(focus distance, exposure, anode voltage and current) and 
observing the changes in the image on display screen in 
real time mode. This significantly reduces the time and 
consumables. Besides, artifacts from films, screens, storage 

plates, cartridges in the technologies with intermediate car-
riers of information are difficult to remove. in the case with 
real time image, i.e. on technology shown in Figure 3, with 
possibility to change testing mode parameters, the artifacts 
are easy to detect and further remove. There are algorithms 
for electronic images operation. They provide accumulation 
and extraction of separate fragments in di.

The usa, Japan, germany, russia and other countries 
carry out intensive works on improvement of solid electron 
transducers, mobile X-ray television flaw detectors, which 
replace ultrasonic equipment thanks to better detection 
capabilities. in time, this tendency will also come in other 
countries. Therefore, it is necessary to study process capabili-
ties of flash-radiography. a lot of companies manufacture 
different scintillation panels. significant part of such devices 
is described in work [3]. The e. o. Paton electric Welding 
institute cooperates with Hamamatsu Photonics company 
(Japan). Figure 5 shows two principles of design of solid de-
tectors of this company, and table 1 provides characteristics 
of some of them.

characteristics of scintillator panels csl (tl) of Hamamatsu Tab. 1. 
company

charakterystyka paneli scyntylacyjnych csl (tl) firmy Tab. 1. 
Hamamatsu

Panel Panel 
type

size, 
mm

effective 
area, 
mm

substrate 
thickness, 

μm

scintillator 
thickness, 

mm

Light 
relative 
output, 

%

contrast 
transfer 
function, 
lp/mm

Fos

J6673
50x10 47x7 3

150 70
10

J6673-01 150 40
J6677

50x50 47x47 3
150 70

10
J6677-01 150 40

acs
J8734

50x50 48x48 0,5
150 125

10
J8734-01 150 150

J8977 468x468 440x440 2 600 250 3

aLs
J8978 50x50 48x48 1 150 70 10
J9857 468x468 440x440 1 600 150 3

The following designations are taken in the table 1: Fos - Fiber 
optic Plate with scintillator; acs - amorphous-carbon Plate 
with scintillator; aLs - aluminum Plate with scintillator. Light 
output and contrast transfer function (ctF) were measured 
with the help of ccd-matrix at 60kv voltage on X-ray tube. 
aluminum filter of 1 mm thickness was used. 

Fig. 6. Pipeline corrosion damage examination with a usage of 
drP2020ndt

Badanie uszkodzeń korozyjnych rurociągów za pomocą Rys. 6. 
drP2020ndt
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a lot of companies in the usa, Japan and europe produce 
solid digital transducers virtually to prevent any problems of 
radiation testing. Figure 6 shows the pipeline corrosion dam-
age examination process with the help of solid transducer of 
drP2020ndt type [9], providing wireless transmission of 
digital image on the screen. 

“X-ray mini” technology capabilities3. 
inspection X-ray system can be developed based on mini 

r-transducers (Figure 5). at that, the X-ray transducer [12] 
is moved over the object surface as it takes place in ultra-
sonic testing. 

Fig. 7. test bench for bolts of nuclear reactors: (a) total view; (b) 
plunger; (c) body; (d) bolt being tested; (,2,3) cracks in the plunger 
and body appearing in testing of high-strength bolts; (4) one; (5) 
two; (6) three-section solid-state radiation transducers; (7) radia-
tion source (isotope, r – tube).

stanowisko badawcze do śrub reaktorów jądrowych: (a) Rys. 7. 
widok ogólny; (b) tłok; (c) korpus; (d) testowana śruba; (2,3) pęk-
nięcia w tłoku i korpusie pojawiające się podczas testowania śrub 
o wysokiej wytrzymałości; (4) jeden; (5) dwa; (6) trzyczęściowe 
przetworniki promieniowania półprzewodnikowego; (7) źródło 
promieniowania (izotop, r - rura).

The solid-body transducers allow eliminating exposure of 
large areas and checking only small zones, where interval de-
fects are expected. such a mobile flash-radiography was used 
(Figure 7) for examination of testing bench with critical bolts 
used for joining power reactors, where internal defects can’t be 
found by other methods. Mini r-transducers are recommended 
for the objects similar to shown in Figure 7. such a variant of 
flash-radiography is called “X-ray mini” technology. We realize 
it using any solid-stare transducers including shown in Figure 
5. Mobility of the r-transducer as well as r-emitter (isotope, 
ceramic tube) is used in X-ray mini technology realizing. Mini-
detectors which are ten times smaller than large-panel ones 
(Figure 6) can easily be used in tangential inspection [13,14] 
of pipes and stop valves in heat and nuclear engineering. X-ray 
mini technology should find wide application in monitoring 
the technical condition of aircraft, lifting and other dangerous 
equipment. Mobility of the r-transducer as well as emitting 
source is expanding the capabilities of ndt. 

Fig. 8. digital image of honeycomb structure airplane wing frag-
ment with defective rectangle zone selected for further testing by 
digital solid-state transducer s10811-11of Hamamatsu company 
(Japan).

obraz cyfrowy fragmentu skrzydła samolotu o strukturze Rys. 8. 
plastra miodu z wadliwą prostokątną strefą wybraną do dalszych 
testów cyfrowym przetwornikiem półprzewodnikowym s10811-11 
firmy Hamamatsu company (Japonia).

Fig. 9. digital image of honeycomb structure airplane wing frag-
ment get with digital solid-state transducer s10811-11: а – positive; 
b – negative

obraz cyfrowy fragmentu skrzydła samolotu o strukturze Rys. 9. 
plastra miodu otrzymany cyfrowym przetwornikiem półprzewod-
nikowym s10811-11: а - pozytyw; b - negatyw

Thus, a success of X-ray mini technology is in its software. 
each object has robotics-realized individual programs. it is 
performed on the customer’s request depending on tech-
nological processes using X-ray mini technology. The e. o. 
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Paton electric Welding institute manufactures scanners for 
X-ray mini and releases corresponding software. X-ray mini 
testing can have complete or partial automation. 

There is an opportunity to create highly effective X-ray 
technologies combining common X-ray testing and X-ray 
mini technology. as an example, Figure 8 shows honey-
comb structure airplane wing fragment testing. at first the 
airplane wing was tested by common X-ray (160x120mm 
working area), then it was selected defective rectangle zone 
having imperfections, then it has been tested by digital 
solid-state transducer s10811-11 of Hamamatsu company 
(Japan) having 34x24 mm working area. Figure 9 shows 7 
times increased digital image of defective zone get with such 
compact solid-state transducer s10811-11.

Conclusions4. 
Flash-radiography with digital solid transducers is the 1) 
most perspective technology. it can provide sensitivity 
up to 0,1% thickness of inspected metal at resolution, 
exceeding 10 lp/mm. Besides, this technology is com-
patible film radiography, i.e. can be carried on the same 
X-ray equipment. all branches of industry need a quick 
and cheap Fr.
application of small-size movable solid transducers 2) 
opens new technological capabilities. solid transducers 
can be set and moved in the zones where positioning of 
cartridges with films and storage plate is virtually im-
possible. digital solid transducer reveals new process 
capabilities for non-destructive testing, being not avail-
able for other physical methods. X-ray mini technology 
is an expanding application of ndt in industry. 
The r-transducer and r-emitter in X-ray mini technol-3) 
ogy should move on agreed trajectories with recording 
at each exposure: time, coordinates, energy, and dis-
tance to object, orientation in relation to each other. 
current equipment allows producing the r-detectors 4) 
and r-emitters of very small size, therefore, X-ray 
mini technology expands the capabilities of ndt for 

inspection of the objects of any complex geometry, and 
require automation of radiation testing process.
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Konferencja "Szkolenia i certyfikacja 
personelu NDT w TÜV Rheinland Polska"

W dniach 5-7 czerwca 2018 roku w hotelu Holiday inn 
w Łodzi odbyła się konferencja na temat działalności szko-
leniowej i certyfikacyjnej personelu ndt w tÜv rheinland 
Polska.

W konferencji wzięło udział ponad 70 uczestników repre-
zentujących szerokie spektrum branży przemysłowej oraz 
usługowej.

otwarcia konferencji dokonał Janusz grabka – Prezes 
zarządu tÜv rheinland Polska. W swym wystąpieniu 
nawiązał do historii firmy oraz momentu podjęcia decy-
zji o wprowadzeniu szkoleń i certyfikacji personelu ndt 
w tÜv rheinland Polska.

Prezentacji działu szkoleń i certyfikacji osób dokonała 
anna konewecka – dyrektor działu szkoleń i certyfikacji 
osób.

obowiązujący system certyfikacji osób przedstawił roman 
gruca – kierownik sekcji certyfikacji ndt.

20-letnią historię jednostki szkoleniowej, zmiany, które 
zachodziły na przełomie lat oraz dalsze kierunki rozwoju 
przedstawił Marcin rasek – kierownik sekcji szkoleń 
Personelu ndt.

konferencja była również okazją do zaprezentowania 
aktualnych trendów w obszarze badań nieniszczących. 
Wśród tematów. jakie pojawiły się na konferencji można 
wymienić:

Badanie szczelności Lt jako alternatywna metoda •	
badania urządzeń ciśnieniowych. 
ochrona przed korozją wg en 1090 w teorii •	
i praktyce. 
zastosowanie mikrotomografii komputerowej do kon-•	
troli jakości wyrobu w procesie produkcyjnym.
opracowanie planu badania w oparciu o wymagania •	
normatywne dla techniki toFd oraz Phased array. 

oprócz ciekawej merytoryki przedstawionej na konfe-
rencji uczestnicy mogli wymienić się również własnym 
doświadczeniem i pozyskać nowe kontakty. co sprawiło, 
że wydarzenie sprawdziło się jako platforma do nawiązy-
wania relacji biznesowych i poszerzania wiedzy.
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News in maintenance of technical state  
of the main pipelines
Wiadomości z zakresu utrzymania stanu 
technicznego rurociągów głównych
aBstr act

Long-term accident-free operation of the main pipelines depends on mo-
nitoring of their technical state, level of their maintenance, realization of 
physical methods of their diagnostics. currently used types of main pipe-
line marking system, which should be replaced with individual bar and Qr 
codes, are considered. This allows combining the information capabilities 
of various diagnostic systems, repairs and examinations, maintain an in-
dividual history of each pipe and monitor pipe operation with allowable 
defects for underground pipelines.

Keywords: Pipeline degradation, pipeline diagnostics, pipeline marking 
system, code plate, bar code panel, low-frequency ultrasonic, magnetic 
diagnostic, polarization potential, marker pipe

streszczenie

długoterminowa bezawaryjna praca głównych rurociągów zależy od mo-
nitorowania ich stanu technicznego, poziomu ich utrzymania i prowadze-
nia fizycznych metod diagnostyki. rozpatrzono obecnie stosowane rodza-
je oznaczeń głównych rurociągów, które należy zastąpić indywidualnymi 
kodami paskowymi i kodami Qr. umożliwia to łączenie informacji o róż-
nych systemach diagnostycznych, naprawach i badaniach oraz utrzymy-
wanie indywidualnej historii każdej rury i monitorowanie pracy rurociągu 
z dopuszczalnymi defektami dla podziemnych rurociągów.

Słowa kluczowe: Degradacja rurociągów, diagnostyka rurociągów, systemy 
oznaczeń rurociągów 

Introduction 1. 
Pipelines consist of various pipe. This difference starts 

from on-reception inspection of metal sheet, which is used 
for pipe formation, present production defects and perform-
ance of welds in the pipeline. all this allowable defects are 
present in each pipe in various amounts. 

The factors, limiting a period of operation of underground 
pipelines, are propagating multiple initial defects as well as 
processes of stress-corrosion, material degradation, fatigue 
and electrochemical processes. Therefore, regular diagnos-
tics, productive organization of pipe monitoring are the 
main activities on maintenance of working capacity of 
specific pipes of underground main pipelines. 

number of defects, detected only at in-line diagnostics of 
linear parts of the pipelines can make hundreds per 1 km. 
Their simultaneous removal is very labor-consuming tasks 
and unpractical. However, the zones with defects should be 
monitored. current methods of calculation of limiting state 
of pipe structures with thinning, cracks, measured geometry 
anomalies allow high reliability prediction of their residual 
strength, determination of defects of critical size (requiring 
immediate removal) or medium (do not requiring imme-
diate removal). accuracy of such calculations depends on 
peculiarities of specific part, age and resistance to different 
types of fracture. Therefore, it is necessary to give prelimi-
nary evaluation to all found defects and determine sequence 
of their removal. a level of danger in the world’s practice is 
marked by color. Pipes with defects can have three colors, 
namely red, orange and grey. This method can be used for 
ranking defective zones and attracting attention of services 
and specialists engaged in pipeline operation. These colors 

should be indicated on markers of defective zones, pipeline 
fixture elements, structures subjected to repair and markers 
provided by process documentation. 

in the case of postpone of repair of found defects’ the color 
indications will help to find these zones for their monitoring 
with some frequency. Besides, in addition to defectiveness 
problem, all pipes (stalks, sections) should have own codes 
(numbers), being brought to the surface and read with 
in-line and manual flaw detectors. such rules should be 
embedded in technical documents. These innovations are 
necessary for safety of the main pipelines being built and 
reconstructed. 

it is well known fact that external pipelines have longer 
life than underground pipelines. Famous alyaskinskii oil 
pipeline, which pumps aggressive oil, has been under opera-
tion for more than 60 years and will be used for many years 
more. service life of underground oil-and-gas main pipe-
lines can be approximated to time of existence of ground 
pipelines under conditions of equal maintenance of each 
pipe in the pipeline. For this, they should have own numbers 
and maximum information about them should be brought 
to line surface. Pipe state can be easily examined without 
significant damages and mechanical loads.

various types of diagnostics are used for underground 
main oil-and-gas pipelines. Their number continuously 
increases. The most common among them are: 

in-line [1,7] magnetic (acoustic); •	
low-frequency [2] ultrasonic (guided wave); •	
electrometric [3, 4] of insulation; •	
coercive-metric; •	
magnetometer [5] based on magnetic memory; •	
acoustic emission; •	
thermographic [2, 7], visual-optical etc. •	*correspondence author. e-mail: ndt@paton.kiev.ua

© 2018 Published by „Badania nieniszczące i diagnostyka” siMP Publishing agenda
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each of these 8 types of tests provides its specific informa-
tion on underground pipelines, which is only considered by 
repairmen after it has been confirmed through excavation 
and manual flaw detection means. For this test boring and 
opening of one or several pipes are carried out. currently, 
application of the defectorgams from each of the mentioned 
types of diagnostics do not allow indicating a pipe having 
dangerous defects, since these underground pipes are anon-
ymous, i.e. do not have their own numbers (codes). This 
uncertainty provokes a lot of problems including reduction 
of pipeline safety. 

all mentioned above physical methods of technical 
diagnostics have their own origin points and coordinate 
measurement instruments, rules and means of connection 
of their results mainly to line surface, but not pipe body. gPs 
space navigation systems are often used fir this. Therefore, 
it is difficult to compare the results of different types of di-
agnostics, which should complement each other. The first 
(overrun, unnecessary rejection) and the second (shortage, 
flaw detection skipping) types of errors are very significant 
for each type of test in comparison of the results of each 
diagnostics type. The repair services have the most problems 
with the anonymous pipes. We are going to describe some 
types of diagnostics, the results of which can be clarified 
and combined by pipe numeration that allows following life 
time of each pipe.

Figure 1 shows a scheme for monitoring an insulation 
condition by measurement of pipeline polarization potential 
[3, 4]. it is used to study the influence of aggressive ground 
environment, which leads to insulation and pipeline metal 
failure. anti-corrosion protection is used for metal protec-
tion and it is periodically checked. insulating coating and 
cathodic polarization protect the underground pipelines 
from corrosion. The main criterion of isolation condition 
[3, 4] is the difference of potentials between metal and me-
dium, called a polarization potential. The potential should 
be controlled and maintained within a certain range in 
electrically conductive medium, avoiding the errors of the 
first and second type. special, accurate electron devices are 
used for that. 

Fig. 1. evaluation of quality of pipeline insulation based on results 
of measurement of polarization potential up: a – scheme; b – meas-
urement results, umg – potential between pipe and electrode, ugg 

– the same at x distance from axis, h – pipeline burial depth 
ocena jakości izolacji rurociągów na podstawie wyników Rys. 1. 

pomiaru potencjału polaryzacji up: a - schemat; b - wyniki pomia-
rów, umg - potencjał między rurą a elektrodą, ugg - potencjał jw. 
w x odległości od osi, h - głębokość umiejscowienia rurociągu

such an inspection of underground pipelines by electro-
metric methods (electrodes) from land surface can be contact 
(Figure 1) and non-contact. The latter significantly increases 

the efficiency, but do not provide reliable information. There 
are many original solutions in this type of diagnostics. Figure 
1 shows a simplified scheme for measurement of the po-
larization potential [3, 4]. it presents a measurement point, 
an electrode buried in the ground at every 5 to 15 meters 
along pipeline axis and additional electrode, moved paral-
lel to axis at (2-6) h distance. such a configuration of the 
measurement point for tens and hundreds of meters along 
the route allows obtaining distribution of “pipe-to-ground” 
transient resistance, insulation resistance, “ground-ground” 
potential distribution and up - polarization potential along 
the pipe, assess of the pipeline insulation condition and 
necessity in its opening and repair.

Figures 2, 3 and 4 show the examples of realization of 
magnetometric [5] and low-frequency [2, 13] ultrasound 
diagnostics. each of these types of tests, as well as in-line 
diagnostics [1, 7, 11], is realized with the help of special flaw 
detectors. Their authors try to connect the obtained results 
to the pipeline body through their own auxiliary means, 
their origin points, and so on. The magnetometric method 
(Figure 2) determines the stress concentration zones. These 
areas with full insulation can contain metal thinning and 
other defects [5]. in this case magnetogram as well as the 
results of measurement of the polarization potential are not 
refereed to specific pipes.

Fig. 2. Magnetometric diagnostics determining stress concentra-
tion zones (scz): a, b – measurement process; c – surface distribu-
tion H (a/m) of magnetic field intensity and its gradient dH/dx 
along main pipe axis 

diagnostyka magnetometryczna wyznaczająca strefy Rys. 2. 
koncentracji naprężeń (scz): a, b - proces pomiarowy; c - rozkład 
powierzchni H (a / m) natężenia pola magnetycznego i jego gra-
dient dH/dx wzdłuż osi głównej rury

Figure 3 shows an example of diagnostics of main pipeline 
using low-frequency (LF) [2, 13] ultrasonic testing (ut). in 
this case, measurements and origin of coordinates takes 
place from location of a circular antenna on pipe body. This 
is already somehow more specific point of origin of exam-
ined object body. The method of low-frequency ultrasonic 
testing (LF ut) on new pipelines can provide information 
on quality of large number of circular assembly joints in 
the main pipeline of several kilometers. it is necessary to 
do before pipeline is buried. Wear of pipeline structure can 
be evaluated on length of penetration of LF-oscillations in 
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metal. Long-range LF ut is successfully used for diagnostics 
of various pipelines, including the alaska oil pipeline. 

Work [13] describes an interesting experience of applica-
tion of LF ut, where this method was used for diagnostics 
of 74 km of technological pipelines. LF ut helped to find 
1345 defects with more than 20% pipe wall thinning. size 
of thinning was specified by ultrasonic thickness gauges. at 
that, 263 unallowable defects with wall thickness less than 
the reject level and 230 defects with wall thickness close 
to the reject value (plus 0.5 mm) were identified. The first 
(263) were subjected to immediate repair, the second group 
(230) was referred to the nearest scheduled repair. The rest 
of damaged places 1345 - 263 - 230 = 852 (more than 20% 
of thickness) should be monitored i.e. should be periodically 
found in the lines and tested. obviously, that numeration of 
the pipes can help to find each of 852 + 230 = 1082 places in 
the pipelines. it is already done for external lines. Let’s show 
how to do this for underground pipelines. numeration of the 
pipes is particularly important for underground pipelines, 
which are out of direct contact of the line inspectors.

Fig. 3. Low-frequency ultrasonic diagnostics
diagnostyka ultradźwiękowa o niskiej częstotliwościRys. 3. 

Fig. 4. diagram of distribution of unallowable detects, pc/pipe-
line (9 pcs. – 2010, 263 pcs. - 2011)

schemat rozmieszczenia niedopuszczalnych defektów, pc Rys. 4. 
/ pipeline (9 szt. - 2010, 263 szt. - 2011)

Figure 4 shows [13] a diagram (2011) of pipe-by-pipe 
distribution of unallowable defects. in this case some pipes 
have up to 21 unallowable defects. 7 unallowable defects 

were found in three pipes, and one in 25 pipes. it is charac-
teristic that last year (2010) this company did not use LF ut 
method and found only 9 pipes with unallowable defects in 
74.2 km of pipelines, whereas according to data of 2011 these 
pipelines had a lot of defects. reporting for both external 
and underground pipelines should be made strictly pipe-
by-pipe (Figure 4). Pipe-by-pipe record of state is the main 
peculiarity of ground pipelines in contrast to underground 
pipelines. Therefore, they have longer life than underground 
ones. introduction of numeration, record of real state of each 
pipe will extend service life of the underground pipelines. at 
that, each type of diagnostics and repairs receives the possi-
bility to provide the results connected with external (surface) 
attributes of the line as well as a specific pipe. Then separate 
types of diagnostics will complement each other, and repair-
men will not pay for existing uncertainty. For example, the 
diagnostics indicates dangerous defects, but manual ndt 
does not find them because wrong part of the pipeline was 
opened. Thus, it is nothing to repair. This problem is absent 
in ground pipelines. The reason of this problem is that the 
pipes are anonymous. 

all enumerated types of diagnostics provide their own 
important data on the peculiarities of line local places. not 
all places identified by that or another type diagnostics are 
intolerable for further operation. at the same time this zone 
for another type of diagnosis can be critical, unacceptable for 
further operation without repair. Therefore, it is important 
to compare the results of different diagnostics. all numerous 
types of line state observation can be compared with each 
other if they have unified system of coordinates, namely pipe-
line with numerated pipes (assembly welds), each of which 
has its own history of aging, repairs and defect development. 
This information should be known to line inspectors, who 
should easily find location of special pipes. 

in-line inspection is the most expensive among all listed 
types of diagnostics. in-line flaw detectors are continuously 
improved, the volumes of information provided by them are 
rising. inhomogeneities, thinning and other deviations from 
the standard after defectograms decoding should be found 
and discussed for a specific pipe following the recommenda-
tions of the diagnosticians. in present time a necessary pipe 
is selected by indirect signs, for example, by the distance 
from a certain reference mark, which is visualized on the 
defectogram and can be easily found on line surface. The 
distance from the reference mark to the pipe, location of test 
boring place can make hundreds of meters. Therefore, error 
possibility in determination of excavation point is very high. 
old pipelines, except for «nothing to repair" problem, have 
more dangerous problem, namely “excessiveness”. it happens 
when manual flaw detection finds more flaws than in-line 
flaw detector. at the same time, something was repaired, but 
not the most dangerous place, which had not been excavated. 
Therefore, it is necessary to open large sections of line due 
to pipes anonymity and uncertainty.

taking into account these and other reasons, a pipe coding 
(numeration) system, being well readable on defectogram 
and by manual devices, should be used for pipeline recon-
struction. today, various indirect systems [9, 10, 11] are 



40
Badania nieniszczące i diagnostyka 2 (2018)
n o n d e s t r u c t i v e  t e s t i n g  a n d  d i a g n o s t i c s

used for main line marking. They are based on application 
of marker plates, reference marks, specially marked tubes 
(Figure 6) etc. located on pipe body. Markers on pipe body 
do not completely cover all uncertainties and discussions 
mentioned above.

Fig. 5. Location of marker plates in pipeline: 1 – pipe wall; 2 – 
circumferential assembly weld; 3 – yoke; 4 – marker plate; 5 

– concrete 
Lokalizacja tabliczek znamionowych rurociągu: 1 - ściana Rys. 5. 

rury; 2 - obwodowa spoina montażowa; 3 - jarzmo; 4 - tabliczka 
znacznikowa; 5 - beton

Fig. 6. Marker pipe: 1 – ballast coating; 2 – pipe body; 3 – marker 
kd 13229.00.000

rura znacznika: 1 - powłoka balastowa; 2 - korpus rury; Rys. 6. 
3 - marker kd 13229.00.000

Work [11] describes marking employing cover marker 
plates (Figure 5), being located along pipeline on butt joints 
of separate pipes and corresponding reference marks on 
line surface. The latest achievement in this series of marks 
is the marking [11] based on marker tubes, which can be 
distinguished on defectogram (Fig. 6). They are manufac-
tured under plant conditions and located in line during 
every 1 - 2 km. it is necessary to read off the long distances 
moving along the line surface from the reference mark to 
the marker pipe in order to find a defective pipe. transfer 
of information about defect location from the defectogram, 
which does not take into account peculiarities of line surface 
relief, is complicated. This is one of the reasons of errors 
at transfer of the information about defect surface location 
for determination of excavation place. all detected defects 
should be found, most of them can be easily identified on 
line surface at available pipe numeration. .

 The code bands (Figure 7), located in a zone of circular 
assembly weld, can be used as bar code elements in the sim-
plest case, for example, for small diameter pipes. For larger 
diameter pipes, the bar code can be in a form of panel with 
code elements (Figure 8) or plate with code holes (Figures 
9-13). Thus, there are three constructive possibilities of pipe 
code formation. a code (number) can be formed for each 
assembly weld from a specific combination of code elements. 
These can be bands, panel code elements or holes in a plate. 
each of these systems has its own characteristics for manu-
facture, reading and receiving volumes of information.

The advantage of bar codes based on marker bands lies 
in suitability for any diameter, their complete identification 
by in-line flaw detector, since the code bands is a noticeable 

thickening of metal along the whole pipe generatrix. such 
a code is impossible to miss.

Markers bands (Figure 7), located in a zone of assembly 
weld before insulation, are made of elements of tube metal 
and tightly abut on pipe surface. They can be multi-element 
or strip.

Fig. 7. Formation of bar code due to removal of one (a)or two (b) 
bands (thin line) from assembly welds (thick line)

tworzenie kodu kreskowego w wyniku usunięcia jednego Rys. 7. 
(a) lub dwóch (b) pasm (cienka linia) ze spoin montażowych 
(gruba linia)

a form, structure of band elements, its distance to assembly 
weld, and distance between separate elements of the bands 
(Figure 8) can also be used as informative characteristic of 
the barcode. These characteristics can be used for identifica-
tion of hundreds of joints.

if such a bar code is made only at every five joint, i.e. every 
4 pipes, then only 20 joints should be marked for a section 
of 100 pipes.

Figure 7a shows positioning of an isolated strip band 
near assembly weld (a.w.) at different distances. in this case 
8 assembly welds, outlined in Figure with bold lines, were 
marked in such a way. a thin line is a strip or composite code 
band, located to the right of a.w. a set of bar codes can be 
formed by positioning of similar bands also to the left of a.w., 
i.e. in the direction or against the direction of transported 
product movement.

Figure 7b represents marking of a.w. similar to marking 
of Figure 7a, but with the help of two bands. The number 
of markers is significantly increased in this case due to the 
distance between bands and a.w. 33 of them are shown in 
Figure 7b, and total number of bar codes in Figure 7 makes 
41. one-strip and two-strip bands from Figure 7 lie on the 
right of a.w. They can also be located in the same way to the 
left of a.w. Then the total number of bar codes increases to 82. 
This at 12 m pipe length allows marking each pipe of 984 m 
line. Multilink complex bands provide much more possibili-
ties for bar code formation in comparison with strip bands. 
only two characteristics are examined in Figure 7, namely 
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amount (2) and distance. additionally, if structural design of 
barcodes (Figure 8) are taken into account, then the number 
of codes will grow by an order of magnitude.

Formation of barcodes should be described in technical 
documentation, where codes and pipe numbers (a.w.) cor-
responding to each other should be indicated in form of 
tables similar to table. no. 1, made for a Qr code with two 
holes of 15 possible.

Bar code panels are recommended (Figure 8) for large 
diameter pipes. in them short straight code elements are 
similar to the bands.

Let’s calculate how many variants of the bar code can be 
obtained with 5 and 10 variants of the elements' structures, 
which can be located close to a.w. or at some distance (2 
indications). Marker elements (bands) can be located before 
a.w. or after a.w. (2 indications).

Thus, 5 variants of element structures (bands) will have 
9 distinctive variable indications, and that for 10 variants 
of such indications will make 14. Let’s calculate number of 
combinations (number of codes) for these cases: a9

3 = 9 · 8 
· 7 = 504, a14

3 = 14 · 13 · 12 = 2184 . in this case all pipe at 
approximately 5 and 22 km of the line will be able to have 
own unique codes.

Well-known formula am
n = m(m-1)(m-2)...[m-(n-1)], 

where number of locations equals product of n consequent 
whole numbers, from which m is the largest. 

Fig. 8. Bar code panel consisting of 5 different code elements, 
combination of which determines pipe number: 1 – code elements; 
2 – cheek, 3- strengthening pins

Panel kodów kreskowych składający się z 5 różnych Rys. 8. 
elementów kodu, z których kombinacja określa numer rury: 1 - 
elementy kodu; 2 – panel czołowy, 3 szpilki wzmacniające

For large diameter pipes, the bar codes can be made in 
the form of code panels consisting of short code elements 
of different geometries. Figure 8 shows an example of such 
a code panel consisting of five code elements.

The panel in Figure 8 represents a set of code elements 
assembled on pins with plugs determining the distance be-
tween bar code elements. variation of the set, structure of 
elements and distance between them forms the codes similar 
to bar codes from bands shown in Figure 7. a numeration 
system can start with use of one element, then two or three 

of the same type, further - different bar code elements. The 
code panel is located in a near-weld zone of assembly weld 
before its insulation.

The bar code panel in Figure 8 consists of a set of code 
elements and auxiliary parts, namely two jaws, plugs and 
three strengthening pins. The latter, in order not to be visible 
on the defectogram, should be made of non-ferromagnetic 
metal, have thickness, diameters and other sizes smaller than 
the size of the bar code elements. under these conditions the 
defectogram will show only the bar code elements without 
auxiliary parts.

Fig. 9. Position of code panel (5) in zone of intersection of longi-
tudinal (6) and assembly (7) welds

Położenie panelu kodującego (5) w strefie przecięcia spoin Rys. 9. 
wzdłużnych (6) i montażowych (7)

each group of information and code elements should 
follow the applicability hierarchy taking into account their 
readability on the defectogram. if readability of bar codes 
depends on direction of magnetization, it has no influence 
on detection of Qr codes. Let’s consider the possibilities of 
Qr codes. 

Figure 9 shows location of Qr code plate 1 in the intersec-
tion of circular assembly 3 and longitudinal welds 4. There 
can be a lot of options for Qr codes, their design and mean-
ingful filling. Let’s describe four fundamentally different 
systems for development of Qr code designations. They all 
suggest presence of ferromagnetic plate with holes located 
on the pipe body.

Fig. 10. Marker plate with 14 randomly located holes, amount of 
which correspond assembly weld number (no. 14)

tabliczka z czternastoma losowo rozmieszczonymi otwo-Rys. 10. 
rami, których ilość odpowiada liczbie spawania (nr 14)

Formation of bar code panels in Figure 8 and their assem-
bly on site requires some intellectual efforts. it is much easier 
to produce and read Qr code panels (plates) with holes 
(Figures 10 - 13). The simplest Qr code (Figure 10) is when 
amount of holes in the plate equals the number without any 
combinations. Holes’ amount corresponds to actual number. 
This is the simplest possibility of numeration (Figure 10). 
a more complex variant is to write a code number using the 
holes as shown in Figure 11. if the holes in Figure 10 plate 
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can be made in random order, then Figure 11 marker plate 
shows the code number that belongs to pipe number 9175. 
a lot of holes is necessary in the first (Figure 10) and in the 
second (Figure 11) variants. 

Fig. 11. Marker plate containing 55 points with fixed amount form 
31 holes for pipe no. 9175

Płytka znacznikowa zawierająca ustaloną liczbę możliwych Rys. 11. 
55 punktów z 31 otworami dla rury nr 9175

in this paper we want to show that even 2 - 3 holes made 
in the plates allow creating a huge amount of the codes 
(Figures 12 - 13). Multiplicity of Qr codes is reached due 
to combination of several openings relative to determined 
points of their possible location.

Figure 12 shows a small plate including 15 determined 
points, which can have open holes. opening of one hole 
in the determined point of such a plate allows getting 15 
designations and opening of two similar holes provides 105 
designations, as shown in table 1. if, holes in this code plate 
have their own distinctive features, for example, one of the 
two holes has a different diameter, then amount of such 
codes is doubled and equals 210. 

n = am
n = m(m-1)...= a15

2 = 210 formula is used in order 
to calculate total amount of variants from 15 with two. in 
this case each plate has two different holes.

if both holes have the same diameter, i.e. do not have 
own peculiarities, then amount of codes reduces two times 
and equals n = an

m/n - 105 . They are given in table 1. For 
example, holes number four and twelve should be opened 
on the code panel for designation of a.w. with number 47, 
according to table 1. 

Figure 13 shows the code plate which is two times larger 
than that in Figure 12. it has two times more (30) deter-
mined points for the holes than in the plate of Figure 12. 
Moreover, the holes can be of different and equal diameters. 
if only one hole of similar diameter is opened in such a plate, 
then n1

1 = 30 a.w. can be designated, and if two holes (Figure 
13b) of the same diameter are opened, then the number of 
codes will equal n = a30

2 = 435 . if two holes of different 
diameters are opened, then n30

2 = a30
2 = 870 . if three holes 

(Fig. 13c) of different diameters are opened in the same way, 
then amount of codes will equal n30

3 = 24360. it is already 
too much. Thus, it is possible to mark all the pipes in the line 
of 24.360 x 12 = 292.320 m ≈ 300 km length. redundancy of 
possibilities is desirable to decrease, for example, by making 
only one diameter holes in order to facilitate understanding 
of Qr codes application. Then n1 =30; n2 =435; n3 = 8120 
(~ 97 km).

correspondence of Qr code to pipe number in form of Tab. 1. 
two similar holes on plate with 15 possible points for holes 

zależność kodu Qr od numeru rury w postaci dwóch po-Tab. 1. 
dobnych otworów na płycie z 15 możliwymi punktami na otwory

No
a.w.


n1-n2

No
a.w.


n1-n2

No
a.w.


n1-n2

No
a.w.


n1-n2

No
a.w.


n1-n2

No
a.w.


n1-n2

No
a.w.


n1-n2

1. 1-2 17. 2-5 33. 3-9 49. 4-14 65. 6-11 81. 8-12 97. 11-13
2. 1-3 18. 2-6 34. 3-10 50. 4-15 66. 6-12 82. 8-13 98. 11-14
3. 1-4 19. 2-7 35. 3-11 51. 5-6 67. 6-13 83. 8-14 99. 11-15
4. 1-5 20. 2-8 36. 3-12 52. 5-7 68. 6-14 84. 8-15 100.12-13
5. 1-6 21. 2-9 37. 3-13 53. 5-8 69. 6-15 85. 9-10 101.12-14
6. 1-7 22. 2-10 38. 3-14 54. 5-9 70. 7-8 86. 9-11 102.12-15
7. 1-8 23. 2-11 39. 3-15 55. 5-10 71. 7-9 87. 9-12 103.13-14
8. 1-9 24. 2-12 40. 4-5 56. 5-11 72. 7-10 88. 9-13 104.13-15
9. 1-10 25. 2-13 41. 4-6 57. 5-12 73. 7-11 89. 9-14 105.14-15

10. 1-11 26. 2-14 42. 4-7 58. 5-13 74. 7-12 90. 9-15
11. 1-12 27. 2-15 43. 4-8 59. 5-14 75. 7-13 91. 10-11
12. 1-13 28. 3-4 44. 4-9 60. 5-15 76. 7-14 92. 10-12
13. 1-14 29. 3-5 45. 4-10 61. 6-7 77. 7-15 93. 10-13
14. 1-15 30. 3-6 46. 4-11 62. 6-8 78. 8-9 94. 10-14
15. 2-3 31. 3-7 47. 4-12 63. 6-9 79. 8-10 95. 10-15
16. 2-4 32. 3-8 48. 4-13 64. 6-10 80. 8-11 96. 11-12

Fig. 12. code plate with 15 possible holes for 105 and 210 Qr 
codes

tabliczka z 15 możliwymi otworami na 105 i 210 kodów Rys. 12. 
Qr

simple auxiliary capabilities can add necessary informa-
tion. For example, it can be done by making notches on up-
per edge of code plate (Figure 13a) or varying determined 
location of the code, which is also easily determined distinc-
tive feature.

Thus, the simplest from these three considered systems are 
Qr codes based on holes in code plate, namely:

holes in random order (Figure 10b), amount of which 1) 
determines the number;
digital image (fig. 11) in form of arabic (1, 2, 3. ...) or 2) 
roman (i, ii, iii, ...) numbers;
combinations of 2 or 3 holes (Fig. 13b, 13c);3) 
using one code hole, location of which determines the 4) 
number (Figure 13a).

as can be seen from these figures, the system of Qr codes 
with more than 3 holes is already redundant for pipe issues. 
expansion of possibilities complicates understanding of 
Qr codes. it is better to focus on periodic repetition of the 
simple codes with one or two bar elements or one or two 
holes after natural artifact of the line.

since, there are no standards requiring pipe-by-pipe 
coding, a planner can develop own numeration systems. 
He can choose one of four listed Qr code systems taking 
into account the peculiarities of expected construction or 
reconstruction.
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Fig. 13. code plate: a) – with one (10) open hole from 30 possible 
and 7 possible notches on periphery; b – with two and c) – with 
three open holes

tabliczka znamionowa: a) - z jednym (10) otworem otwar-Rys. 13. 
tym z możliwych trzydziestu i jednym wycięciem na obwodzie 
z siedmiu możliwych; b - z dwoma i c) - z trzema otworami

The simplest (Figure 13a) method providing sufficient 
information assumes opening every time of one different 
diameter hole and application of number of notches on 
plate periphery. Figure 13a shows two possible diameters 
and seven notches in code plate upper periphery. The side 
notches, amount of which corresponds to number of pipe-
line section, are the auxiliary informative peculiarities and 
can be used for additional coding of large number of pipes.

The pipe-by-pipe marking is important for underground 
as well as underwater pipelines, particularly in zones of not 
stable soil, including tectonic fractions, mountainous terrain, 
where stressed state of pipeline should be monitored. The 
environment determines a numbering method (codes) for 
periodic inspection and observation of separate pipes.

accuracy requirements to underground pipeline mark-
ing systems will increase with rise of operation culture. The 
pipe-by-pipe marking will facilitate solution of disputable 
situations that arise periodically in underground pipelines 
during long period of their operation. currently, different 
types of diagnostics are used for this (Figures 1-3). Thus, it 
is possible to provide monitoring of every pipe that was or 
should be repaired. all defects, which were found by in-line 
flaw detector, can be marked on route surface without line 
opening. The defectograms shows the codes and pipe defects, 

which should be brought to line surface. Thus, the principle 
of repair sequence according to defect hazard level (red, 
orange, gray) can be realized. The color on a route surface 
determines activities in relation to this pipe with defect.

The pipe coding system, outlined in the technical docu-
mentation, will reduce operating costs, time of maintenance 
and monitoring of individual pipes, and their repair, will 
promote reduction volumes of excavation work.

sufficient simplified informative coding can be received 
using only two or three holes, two or three bar code ele-
ments. Pipes deviating from the norm should be periodically 
monitored by various means of non-destructive testing by 
means of point test boring without damaging adjacent zones 
of the pipeline. The exact location of the defect on specific 
pipe can be easily found on its defectogram and brought to 
the surface together with its number. The number is easily 
read by inspectors. Bar or Qr code is read by devices and 
specialists, acknowledged with the technical documenta-
tion and conversion tables. inspectors, diagnosticians and 
other personnel monitoring the route surface should clearly 
understand pipe numbers and level (color) of defect hazard. 
Thus, one of the main information differences in operation 
of underground and ground lines will be removed. The level 
of their damaging will be reduced because of decrease of 
excavation volumes.

according to data of [14], the largest portion of accidents 
(69%) in underground pipelines is related with external 
mechanical effect. 26.1% of accidents in the usa are caused 
by machines and mechanisms. Mechanical loads are cre-
ated by unauthorized inserts. complex automatic systems 
of quick preventive actions are developed to reduce this 
effect. any type of quick reaction can be performed only at 
precise indication of a place of unusual sounds (noise from 
the mechanisms used for notches).

everything that is located along the route should be used 
to bring pipe-by-pipe marking to the surface. These are 
pickets, measuring points, kilometer and intermediate posts, 
milestones, external communications crossing the route, in-
cluding power lines, etc. Pipe markings (red, orange, gray) 
for defects of various hazards are of particular importance. 
underground as well as ground pipes should be "identifi-
able" without excavations, they should have easy access. any 
excavation, any trail boring is a trauma for pipeline, which 
should be minimized. The principle of "do no harm" will be 
realized only if the whole lifetime history of each pipe, its 
diagnostics, repairs, previous trail boring etc are taken into 
account during excavation. 

 in-line diagnostics [15] sometimes detects up to 150 - 200 
defects per 1 km in certain oil product pipelines, corrosion 
depth of which reaches 60% of wall thickness of the pipe, 
regardless electrochemical protection. it is impossible to 
repair everything and at once. it is necessary to examine 
amount of defects in one pipe and determine complemen-
tary reasons for stress concentration in addition to thinning. 
There are a lot of such reasons. Therefore, it is impossible 
to find two identical pipes in one pipeline after long-term 
operation, repairs, various loads and effect of environment. 
all of them are different and require different preventive 
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works. Possibility of operation without repair or sequence 
of repair can’t be determined without individual records for 
each pipe.

conventional signs (Figure 14) from small pieces of strip (~ 
10´20´5) or pipe metal, described in technical documenta-
tion, can indicate pipe peculiarities, which were determined 
in process of construction (reconstruction) of pipeline to 
the diagnosticians. These conventional signs, located in pipe 
body, can refer to mechanical damages of different origin, 
indicate the places of allowable defects, being left without 
repairs, zones being repaired by welding-up or other tech-
nology. The conventional signs of administrative nature 
can indicate work performer, repair reasons, date and other 
information. They can have decisive effect of determination 
on level of pipe risk and stating repair order. 

Fig. 14. signs of technological peculiarities of reconstruction: re-
mained defects, places of welding-up, repair, mechanical 
damages 

oznaki cech technologicznych rekonstrukcji: pozostałe Rys. 14. 
wady, miejsca spawania, naprawy, uszkodzenia mechaniczne

construction organizations, which could master pipe cod-
ing and number them along the route, will be more popular 
than other. The authority of the inspectors indicating the 
number (code) of the problem tube in their reports will 
increase. operators will learn how to mark the problem 
pipe categories and determine repair sequence without 
excavation using the defectorgrams of in-line flaw detector. 
reduction of excavation volumes and mechanical effects will 
increase reliability and service life of underground pipelines. 
it is necessary to monitor every pipe taking into account its 
origin, life history, repairs and diagnostics in course of many 
decades. only such an approach will ensure “longevity” of 
the whole pipeline.

Conclusions:2. 
natural allowable in manufacture and acquired in proc-1) 
ess of operation defects make all underground pipes 
different with various level of risk. risk increases with 
age (degradation). Therefore, technical state, considera-
tion of the results of repairs and diagnostics, strength 
calculations, planning of working capacity maintenance 
should be taken into account for each pipe, not by kil-
ometers, i.e. specifically and individually. Thus, all pipes 
(sections) should have own numbers (codes), which 
can be read by in-line and manual flaw detectors. 
Three-level used in the world practice color ranking 2) 
of defective zones danger, which comes from grey to 
orange and red without repair and special measures, 
should be used for indication of different defects, 
number of which can be more than hundred per 1 km, 
and determination of sequence of repairs. 

numbers (codes) of pipe, location of ranked defective 3) 
zones, their color location (risk) should be brought to 
the line surface, that facilitate their monitoring with-
out test trials and excavations, i.e. as in the case with 
ground pipelines. 
combination of two-three bar code elements or combi-4) 
nation of two-three holes on code plate located in pipe 
body under insulation in specific place, for example, 
near-weld zone at intersection of assembly circumfer-
ential and longitudinal welds, are enough for coding 
(numeration) of pipes (sections), which can be read 
in-line as well as manual flaw detection. 
ranking of defective zones requires the next sequence. 5) 
Marking of defects is made without risk evaluation 
shortly after decoding of diagnostic defectograms. This 
provides a general pattern of defective zone location on 
the line surface. Further, risk level (color) and sequence 
of repair are determined after investigation of informa-
tion on each defective pipe, performance of strength 
and expert calculations taking into account weight co-
efficients considering defect size and other peculiarities. 
ranking of the defective zones without repair should be 
specified with time since risk level rises with age.
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Nondestructive investigation of wall 
thinning in ferromagnetic material by 
Magnetic adaptive testing:  
influence of yoke size
Nieniszczące badanie przewężenia materiałów 
ferromagnetycznych za pomocą adaptacyjnych 
testów magnetycznych: wpływ rozmiaru jarzma
aBstr act

Magnetic adaptive testing is a powerful way of nondestructive evaluation. 
Minor magnetic hysteresis loops are systematically measured and evalu-
ated. in the present work this technique was applied for detection of local 
thinning of ferromagnetic plates. The same plate with a given artificial slot 
was tested by different size magnetizing yokes. a definite maximum of 
magnetic descriptors was found, as a function of yoke size, which made 
possible the optimization of the yoke size for a given size of defect. The 
character of the maximum also revealed that the measurement is not sen-
sitive for the geometrical parameters: the same yoke is suitable for detec-
tion of defects in a wide range. it was proved by simulation that the change 
of the magnetic flux density in the yoke − due to local thinning − was 
responsible for the observed effect. good correlation was found between 
simulation and experimental data. The result of this work will help to find 
the optimal parameters of the experimental arrangement.

Keywords: electromagnetic nondestructive testing, wall thinning, magnetic 
hysteresis measurements, magnetic adaptive testing, magnetic field simu-
lation

streszczenie

Magnetyczne testy adaptacyjne są skutecznym sposobem oceny nienisz-
czącej. W ich trakcie mniejszościowe pętle histerezy magnetycznej są 
systematycznie mierzone i oceniane. W niniejszej pracy zastosowano tę 
technikę do wykrywania miejscowego przewężenia płytek ferromagne-
tycznych. ta sama płyta ze sztucznymi defektami została zbadana przy 
wykorzystaniu jarzma magnetyzującego o różnych rozmiarach. okre-
ślono maksymalną liczbę deskryptorów magnetycznych, zależnych od 
wielkości jarzma, co umożliwiło optymalizację rozmiaru jarzma dla danej 
wielkości defektu. uzyskana charakterystyka ujawniła również brak wraż-
liwości wyników pomiaru na parametry geometryczne: to samo jarzmo 
nadaje się do wykrywania defektów w szerokim zakresie. udowodniono, 
że za obserwowany efekt odpowiedzialna była zmiana gęstości strumienia 
magnetycznego w jarzmie - będąca wynikiem lokalnego przerzedzania. 
stwierdzono dobrą korelację między symulacją a danymi eksperymental-
nymi. uzyskane wyniki umożliwią wyznaczenie optymalnych parametrów 
układu pomiarowego.

Słowa kluczowe: elektromagnetyczne badania nieniszczące, przewężenie 
materiału, pomiary histerezy magnetycznej, magnetyczne testy adaptacyjne, 
symulacja pola magnetycznego 

Introduction1. 
For pipes used in industry, wall thinning is one of the most 

serious defects [1, 2]. Local wall thinning on the inner sur-
face of a pipe may occur due to the stream of coolant flowing 
inside the pipe, causing a serious problem of maintenance 
of the piping systems. The inspection should be done from 
the outer side of the pipe. recently many nondestructive 
testing techniques have been used for the measurement 
of pipe wall thinning. currently the magnetic flux leak-
age (MFL) method is the most commonly used pipeline 
inspection technique [3,4]. another technique, the recently 
developed nondestructive magnetic method (Magnetic 
adaptive testing, Mat [5]) was also successfully applied 
for the inspection of wall thinning in layered ferromagnetic 
materials. Mat is based on systematic measurement of 
minor magnetic hysteresis loops and introduces a large 
number of magnetic descriptors to diverse variations in non-
magnetic properties of ferromagnetic materials, from which 

those, optimally adapted to the just investigated property 
and material, can be picked up. it was shown in [6] that 
Magnetic adaptive testing was an effective and promis-
ing tool for nondestructive detection of local thinning of 
a plate from the other side of the specimen. The method 
gave good results also in a layered ferromagnetic material. it 
was proved by these model experiments, that a 9 mm wide 
and 2 mm deep slot, made in a 3 mm thick ferromagnetic 
material could be well detected with good signal/noise ratio 
through one (or even two) air-gap(s) and through 3-6 mm 
additional ferromagnetic material. The slot is seen not only 
in case when the measuring yoke is positioned exactly above 
it, but from about ±10 mm distance, too, with an acceptable 
signal/noise ratio.

to improve the applicability of Mat, the measurement 
conditions should be optimized. on one side it is important 
to study, how the modification of the measured hysteresis 
loops, caused by the presence of an artificial slot in the 
investigated ferromagnetic plate are influenced by the ge-
ometry of the applied magnetizing yoke. For this purpose *correspondence author. e-mail: vertesy.gabor@energia.mta.hu
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numerical simulation was performed. in our recent work 
[7] we calculated how the geometrical parameters of the 
measured arrangement affect the change of the magnetic 
flux inside the magnetizing yoke, which is the main source 
of the detected change in the measured signal. The yoke 
size and influence of air gap (which is extremely important 
in open magnetic circuits) were also taken into account 
in a three plate system of ferromagnetic plates. The result 
of simulation will help to find the optimal parameters of 
the experimental arrangement. on the other side it is also 
important to determine, how the real measured magnetic 
parameters depend on the size of the applied magnetizing 
yoke. The purpose of the present work is to study – both by 
simulation and by experiments – the influence of the size 
of magnetizing yoke on the magnetic parameters, in case of 
detection of an artificial slot in a ferromagnetic plate. The 
results of simulation and measurement are compared with 
each other as well. 

Experimental arrangement2. 
a 500 mm x 300 mm x 6 mm size carbon steel plate was 

chosen for the measurement, which contained a 10 mm x 
1 mm size slot in the middle of the plate along the whole 
plate. The magnetizing yoke was moved over the top surface 
of the sample, while slot was located in the bottom side, as 
shown in Fig. 1.

Fig. 1. configuration used both for measurement and simulation. 
The geometry down represents a quarter-view of the arrangement, 
showing only part of the whole plate, and with the yoke in central 
position right above the slot.

konfiguracja używana zarówno do pomiarów, jak i symu-Rys. 1. 
lacji. geometria po prawej stronie przedstawia ćwiartkę układu, 
pokazując tylko część całej płyty, a także jarzmo w pozycji central-
nej tuż nad szczeliną.

Magnetizing yokes used for measurements and the dis-Tab. 1. 
tance between their legs.

odległości pomiędzy kolumnami jarzm magnesujących Tab. 1. 
wykorzystanych podczas pomiarów.

yoke no. 1 2 3 4 5 6
distance between yoke legs (mm) 8 11 14 19 25 30

different size of yokes were used. The yokes were c-shaped 
laminated Fe-si transformer cores. The distance between the 
legs of the yokes are given in table 1. 

Numerical simulation3. 
The ac/dc Module of the comsol Multiphysics® finite 

element software was used for the simulations [8]. The phys-
ics setting is “magnetic fields” (mf), the governing equation 
of which is

(1)

Here  is the magnetic vector potential, from which the 
magnetic flux density can be obtained as  is 
the current density, and μ stands for the local permeability 
of the media. note that in this study one is allowed to use 
linear material model of both the yoke and the plate, for 
which we assumed μ = 5000μ0. The excitation is prescribed 
as a surface current density  on the lateral surfaces of the 

“bridge” of the yoke, which adds up to a total current of 1 a. 
The flux through the yoke is computed by an integral of the 
flux density over the cross-sectional surface, s, of the yoke:

(2)

The variation of magnetic flux, Φ1 and Φ2 was calculated 
according to the above described way. Let Φ1 denote the 
flux in the yoke according to (2) when there is no slot in 
the material (μr = 5000) and, in turn, Φ2 be the flux in the 
presence of the slot (μr = 1). We define the relative change 
of the magnetic flux as |Φ1 − Φ2|/Φ1. By the simulations we 
investigated how this flux change depends on the distance 
between the legs of the magnetizing yoke. 

Fig. 2. relative flux change |Φ1 − Φ2|/Φ1 in the yoke, as a function 
of the yoke leg distance. 

Względna zmiana strumienia |ΦRys. 2. 1 − Φ2|/Φ1 w jarzmie, 
w zależności od odległości kolumny jarzma.

in Fig.2. the calculated flux change is plotted as a function 
of the distance between the legs of the magnetizing yoke. The 
Figure shows how the relative change of the flux, |Φ1 − Φ2|/Φ1 
depends on the distance between the yoke legs. it can be seen 
that by optimal choice of the yoke, the obtained flux change 
can be maximized. as expected, the flux change depends 
on the dimensions of the magnetizing yoke (e.g. distance 
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between yoke legs). The presence of the slot results close 
to 13% modification in the relative magnetic flux change if 
the size of yoke is optimized to the size of slot. However, no 
drastic change is observed around the top area if the yoke 
size is modified by ±5 mm range.

Magnetic adaptive testing4. 
Mat investigates a complex set of minor hysteresis loops 

(from a minimum amplitude of the magnetizing field, with 
increasing amplitude by regular steps) for each position of 
the magnetizing yoke. a specially designed Permeameter 
[9] with a magnetizing yoke was applied for measurement 
of families of minor loops of the magnetic circuit differential 
permeability. The samples were magnetized by the attached 
yoke, having a magnetizing and a pick-up coil, wound on 
the legs of the yoke. The magnetizing coil gets a triangular 
waveform current with step-wise increasing amplitudes 
and with a fixed slope magnitude in all the triangles. Block-
scheme of the Permeameter and triangular variation of the 
magnetizing current with time are illustrated in Fig. 3. 

Fig. 3. Block-scheme of the Permeameter (up) and triangular 
variation of the magnetizing current with time (down).

schemat blokowy miernika przenikalności magnetycznej Rys. 3. 
(góra) i przebieg trójkątny prądu magnesującego w czasie (dół).

This produces a triangular time-variation of the effective 
field in the magnetizing circuit and a signal is induced in 
the pick-up coil. as long as the field sweeps linearly with 
time, the voltage signal in the pick-up coil is proportional 
to the effective permeability of the magnetic circuit. The 

permeameter works under full control of a Pc computer, 
which registers data files for each measured family of the 
minor “permeability loops”. 

The experimental raw data are processed by an evaluation 
program, which divides the originally continuous signal of 
each measured sample into a family of individual permeabil-
ity half-loops. The program filters experimental noise and 
interpolates the experimental data into a regular square grid 
of elements, μ ≡ μ(ha,hb), of a μ-matrix with a pre-selected 
field-step. degradation functions, created straight from 
the induced signal (which is proportional to the average 
permeability measured in the magnetic circuit “measuring 
head – measured plate”), are labeled as the μ-degradation 
functions. coordinates ha, hb of the elements represent the 
actual magnetic field value, ha, on the actual minor loop 
with amplitude hb. each μ-element represents one “Mat-
descriptor” of the investigated sample. The matrices are 
processed by another evaluation program, which divides 
values of their elements by corresponding element values of 
a chosen reference matrix (i.e. matrix standardization), and 
arranges each set of the mutually corresponding elements 
μ of all the evaluated μ-matrices into a μ(x)-degradation 
function. in general x can be any independently measured 
parameter. in our case this is the position of the center of the 
magnetizing yoke with respect to the axis of the slot when 
it moves step-by-step on the surface of the sample along 
a straight line perpendicular to the length of the slot. The 
slot is located on the bottom side and the axis of the yoke is 
oriented perpendicular to the axis of the slot. The details of 
experimental apparatus and evaluation (i.e. how the optimal 
Mat descriptors are chosen) are presented in [10]. in some 
cases, the degradation functions based on the derivative of 
permeability with respect to the field, ha, μ´ = dμ/dha are 
more sensitive. They are referred to as the μ´-degradation 
functions. 

once the degradation functions are computed, the next 
task is to find the optimum degradation function(s) for 
the most sensitive and enough robust description of the 
investigated material degradation. The matrix-evaluation 
program calculates also sensitivity of each permeability 
μ(x)-degradation function and draws their “sensitivity map” 
in the plane of the field coordinates (ha,hb). a 3d-plot of 
sensitivity of the degradation functions can substantially 
help to choose the optimum one(s). This map shows relative 
sensitivity of each μ(x)-degradation function with respect to 
the independently measured x-parameter of the investigated 
material. sensitivity of each degradation function is com-
puted as the slope of its linear regression and it is expressed 
by a color and/or shade in the sensitivity map figure. This 
map is very useful if we want to characterize the reliability 
and reproducibility of the Mat descriptors. The sensitiv-
ity map gives useful information about the relative change 
of the investigated magnetic descriptor with respect to the 
independent variable (the top of the “hills” are those area(s) 
from where the most sensitive Mat-degradation functions 
can be taken). on the other side it also indicates, how reli-
ably the parameter can be determined if the measurement 
is repeated (large plateaus are favourable from this point of 



48
Badania nieniszczące i diagnostyka 2 (2018)
n o n d e s t r u c t i v e  t e s t i n g  a n d  d i a g n o s t i c s

view, where parameters depend only very slightly from the 
actual choice of the exact field coordinates values ha and hb). 
in this measurement it is difficult to determine exact values 
of the magnetic field, h, inside the sample, due to the open 
magnetic circuit. Because of this the magnetizing current, i, 
(given in a) is used to characterize the samples’ magnetiza-
tion when Mat descriptors are evaluated.

Experimental results5. 
The results of the measurements performed on the inves-

tigated plate containing the artificial slot are given in Fig. 4. 
Here the results of line scans are presented: different yokes 
(as shown in table 1) were scanned over the surface in 5 
mm steps along a line perpendicular to the direction of the 
slot. in all cases Mat degradation functions are normal-
ized by the corresponding degradation function measured 
at the largest distance (−40 mm) from the centre of the slot, 
so the points in Fig. 4 represent the relative change of the 
magnetic parameter with respect to the „no slot” case. in the 
present case the derivative dμ/di = μ´ was found as the most 
sensitive descriptor and therefore in the whole work the μ´-
degradation functions are used. it is seen that in the most 
favourable case 100% modification of magnetic parameters 
was experienced caused by the presence of the slot. 

Fig. 4. The most sensitive µ’ degradation functions, measured by 
different yokes, moving the yoke along the surface of the sample 
over the defect (defect’s center is at x=0).

najbardziej czułe funkcje degradacji µ’, mierzone przez Rys. 4. 
różne jarzma, podczas przesuwania jarzma wzdłuż powierzchni 
próbki ponad defektem (środek defektu ma wartość x = 0).

The map of relative sensitivity of the μ’(x)-degradation 
functions in the case of yoke 4 is shown in Fig. 5. it is also in-
dicated in this figure by crossing lines, from which point the 

“optimum Mat degradation function” of Fig. 4 is taken. 
The maximal values of normalized Mat descriptors 

(which can be measured at x=0 position, see Fig. 4) are 
shown in Fig. 6 as a function of the size of magnetizing 
yoke. This curve is suitable on one side to determine the 
influence of the yoke size on the values of detectable Mat 
descriptors for the given arrangement, and on other side 
to make a comparison between simulated and calculated 
parameters.

Fig. 5. sensitivity map of the μ’ degradation functions (measured 
by yoke 4). The degradation functions with the magnetizing current 
coordinates around ia=−0.1 a, and with minor loop amplitudes 
larger than ib =1 a have the top sensitivity, and is used in Fig. 4.

Mapa czułości funkcji degradacji μ' (mierzona jarzmem 4). Rys. 5. 
Funkcja degradacji z parametrami prądu magnesującego ok. ia = 

-0,1 a oraz z amplitudami mniejszościowych pętli większymi niż ib 
= 1 a ma najwyższą czułość i jest wykorzystywana na rysunku 4.

Fig. 6. The maximal values of normalized optimum Mat descrip-
tors as a function of the distance between yoke legs.

Maksymalne wartości znormalizowanych optymalnych Rys. 6. 
deskryptorów Mat jako funkcji odległości między kolumnami 
jarzma.

Discussion6. 
it was determined empirically that the value of Mat 

descriptors depend on the size of the magnetizing yoke, 
if measurements are performed on a ferromagnetic plate 
having an artificial slot on the bottom side. a definite, well 
measurable local maximum was found at 20 mm distance 
between the legs of the yoke. This shows that the geometry 
of the measurement arrangement (size of magnetizing yoke) 
can be optimized for a given size of defect. in this particular 
case a 10 mm wide slot can be detected the most effectively 
by a yoke having about 20 mm distance between the legs. 
This result concerns for the investigated case, where one 
model of the plate was applied with one definite size of 
defect. However, it is very probable that the observed cor-
relation, that different size defects need different size yokes 
can be more general. it is assumed that this tendency is valid 
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for other cases, too, but for a definite and reliable answer to 
this question more efforts should be done. 

The relatively flat curve around the optimal size of the 
yoke (see Fig. 6) is promising from that point of view, that 
the sensitivity of the detection of the slot is not influenced 
much (at least in a certain range) on actual choice of the 
magnetizing yoke’s size.

results of simulations gave similar correlation between 
the modification of magnetic flux in the yoke (due to defect) 
and size of yoke. it is worth of mentioning that the optimal 
size of yoke is more or less the same in empirical case and 
in simulation. This fact gives on one side a rather promis-
ing theoretical background for this type of nondestructive 
evaluation, and on the other side it means the empirical 
validation of the simulation. 
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specjalistami w zakresie przetwarzania wysokowytrzymałych 
drobnoziarnistych stali konstrukcyjnych. W naszych zakładach 
realizujemy usługi między innymi w zakresie realizacji wszystkich 
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