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The use of a two-frequency eddy current method for measuring
the electrically conductive wall thickness under significant
variations in the test parameter and the lift-off

The paper addresses the problem of eddy current testing of the wall thickness of light-alloy drill pipes under
significant variations in both the test and the influence parameter of the test object — the lift-off between the
eddy current probe and the test object surface. The performance of the two-frequency eddy current method is
shown through the use of the signal of the surface eddy current probe of the added high-frequency voltage
amplitude as an informative parameter to measure the lift-off and the phase of the added low-frequency volt-
age. Experimentally obtained dependences of the informative parameters on test and influence parameters are
presented. The phase and amplitude-phase multi-parameter methods used to suppress the effect of stray pa-
rameters in eddy current testing are analyzed; the effectiveness of their application under significant varia-
tions in test and other influence parameters of the test object is shown to be limited. The effectiveness of non-
linear functions for the inverse transformation of the informative parameter into the test parameter to suppress
the lift-off effect on test results is estimated. Criteria of choice for informative parameters of the eddy current
probe signal are considered. The measurement error caused by the approximation error of the nonlinear func-
tions of the inverse transformation of the informative parameters into the test parameter within the variation
ranges of the test and influence parameters is estimated.

Keywords: thickness measurement, surface eddy current probe, signal hodographs, stray parameters, suppres-
sion in eddy current testing.

Introduction

One of the important tasks of eddy current testing effectively tackled with surface eddy current probes
(ECP) is to measure the wall thickness of pipes made from electrically conductive non-magnetic materials,
as well as the thickness of the dielectric coatings of these pipes or the lift-off between the ECP and the pipe
surface. A practical example of using the surface ECP is the measurement of the wall thickness of light-alloy
drill pipes (LADP) made from D16T duralumin.

Measurement of the wall thickness of electrically conductive pipes using the surface ECP in real inspec-
tion is complicated due to possible significant variations in the wall thickness t and the lift-off h between the
ECP and the pipe surface, as well as due to the specific electrical conductivity o of the pipe material and sig-
nificant impact of these factors on the informative parameters of the ECP signal. These test problems can be
solved using well-proven multi-frequency eddy current methods.

The study object is a two-frequency eddy current method used to test the wall thickness of an electrical-
ly conductive pipe. The subject of the study is the assessment of its applicability under significant variations
in both the test parameter and other influence parameters.

The study aimed to reveal the dependence of the ECT signal on the influence parameters, to choose the
informative parameters of the ECP signal, and to choose a method and evaluate its effectiveness for suppres-
sion of stray factors, suppression of the lift-off effect in particular. Suppression of the impact of variations in
electrical conductivity will be considered in a separate study.

Experimental

Figure 1 schematically shows the design of the surface transformer ECP used in the study, which is
supplied with the excitation winding w;, measuring winding w,; and compensation winding w,,. An opposite
connection of the measuring and compensating windings in the absence of the test object mutually compen-
sate their initial EMF. An electrically conductive test object located near the ECP causes a signal at the ECP
output due to eddy currents generated in the object. In the general case, the amplitude and phase (complex
components) of the applied EMF are determined by the amplitude and frequency of the excitation current,
ECP design parameters, electromagnetic characteristics of the material and geometric parameters of the test
object, and the relative position of the ECP and the test object.
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Figure 1. Surface ECP over an electrically conductive pipe

The test object was a pipe made from non-magnetic material with a specific electrical conductivity
6 = 16 MSm/m, with a nominal outer diameter D = 147 mm and a wall thickness t in the range
of (5...12) mm. The distance between the ECP measuring winding and the pipe surface varied in the range of
(2...12) mm.
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Figure 2. Hodographs of the added relative voltage of the ECP versus
variations in the pipe wall thickness and the lift-off

It should be noted that under a wide range of variations in the influence parameters, a higher accuracy
of determining the functions of transformation of the influence parameters into the ECP signal informative
parameters is required to achieve a high accuracy in the wall thickness measurement with a relative error of
less than 3%. The applied mathematical models [1-4] do not provide the required accuracy. Therefore, phys-
ical modeling was used to find the transform functions.
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During the experiments, a surface ECP with the following structural parameters was used: 40 mm outer
diameter of the excitation winding; 32 mm inner diameter of the excitation winding; 10 mm height of the
excitation winding; 30 mm diameter of the middle turn of the measuring and compensation windings; 16 mm
distance between the planes of the middle turns of the measuring and compensation windings located sym-
metrically with respect to the excitation winding.

Physical modeling was performed using the SVK-03 eddy current testing system developed at Tomsk
Polytechnic University School of Nondestructive Testing to find functional dependencies of the ECP added
voltage on the main influence parameters of the electrically conductive test object using different ECPs and
excitation current frequencies. The system provides the measurement of the ECP added voltages in the speci-
fied ranges of influence parameter variations with a relative error not exceeding 1%.

Figure 2 shows hodographs of the added relative voltage of the ECP versus variations in the pipe wall
thickness (solid lines) and the lift-off (dashed lines) for 125 Hz excitation frequency.

At the next stage, informative parameters of the ECP signal were chosen, and the degree of their de-
pendence on the measured and other influence parameters was analyzed. The amplitude of the added voltage
[1, 2], the phase of the added voltage [5, 6], both the amplitude and phase of the added voltage [7] and com-
plex components of the added voltage [8, 9] are used as informative parameters to solve various problems of
eddy current testing.

When choosing the informative parameter, the main criteria are high sensitivity to the test parameter as
compared to the sensitivity to other influence parameters and the monotonicity of the transform function. In
most cases of eddy current testing of the electrically conductive wall thickness, the added voltage phase is
used as the ECP signal informative parameter [5, 6]. The compliance of this choice with the above criteria
can be illustrated based on the analysis of the results presented in Figure 2.

Results and Discussion

t, mm
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Figure 3. Dependence of the added voltage phase ¢ on the wall thickness t and
the lift-off h: surface plot (a) and level lines of the function o(t, h) (b)

Figure 3 presents the dependence of the added voltage phase on the wall thickness t and the lift-off h,
which is a function of two parameters o(t, h). The surface plot (a) illustrates the monotonicity of the depend-
ence ¢(t), and the level line plot (b) shows a higher sensitivity of the function ¢(t, h) to the t value variation
as compared to its sensitivity to the h value variation. The ratio of the indicated sensitivities corresponds to
the tangent of the angle a between the level line (Figure 3b) and the coordinate axis t. If ¢ does not depend
onh, a—m/2 and tg o —> .

For comparison, Figure 4 shows the dependence of the added relative voltage amplitude on the wall
thickness t and the lift-off h. Analysis of the dependence reveals a low sensitivity of the function A*(t, h) to
the t value variation as compared to its high sensitivity to the h value variation and monotonicity of the de-
pendence A*(h). This indicates that the A" value is an informative parameter appropriate for measuring the
lift-off (thickness of a non-conductive coating) and inappropriate for measuring the thickness of the electri-
cally conductive wall.
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Figure 4. Dependence of the added relative voltage amplitude A" on the wall thickness t
and the lift-off h: surface plot (a) and level lines of the function A" (t, h) (b)

It should be noted that the dependence of the phase on the lift-off ¢(h) is relevant for high measurement
accuracy when using the added voltage phase ¢(t) to measure the thickness t of the electrically conductive
wall as an informative parameter of the ECP signal. Therefore, the impact of the lift-off h variations on the
testing results should be suppressed to effectively measure the thickness t.

The main suppression methods for solving the considered problem are phase [4, 5] and amplitude-phase
[1, 2, 9] methods. However, as shown in [7, 8, 10], conventional methods used to suppress the impact of
stray parameters do not always provide the desired results. This is because the effective suppression of the
influence parameter when using the above suppression methods is possible only if the hodograph of the add-
ed voltage versus the parameter variation is a straight line [2, 8]. This can be achieved only in small variation
ranges of both measured and influence parameters [9].

The specified limitation can be reduced by nonlinear methods for processing the ECP signal, along with
multifrequency excitation of eddy currents [8, 11]. Let us consider a two-frequency eddy current thickness
gauge for the wall of light-alloy drill pipes as an example of practical implementation of this method for
suppressing influence parameters [12].

To effectively perform testing, the excitation current frequency of the ECP of the eddy current thickness
gauge was chosen so that at a high frequency f; the penetration depth of the magnetic field was approximate-
ly equal to half the wall thickness, and at a low frequency f, it exceeded the wall thickness. In this case, the
added voltage of the ECP at the first frequency depends on the lift-off h and the specific electrical conductiv-
ity of the material o, and the added voltage at the second frequency depends on the lift-off h, the specific
electrical conductivity of the material ¢ and the wall thickness t.

Data on the wall thickness can be obtained by measuring the added low-frequency voltage phase. In this
case, the influence parameters are the lift-off variation and the material-specific electrical conductivity varia-
tion, which to a lesser extent affect the value of the added voltage phase. As already indicated, this study
considers suppression of the lift-off effect only.

The indicated suppression can be performed using the function of inverse transformation of the relative
value of the added high-frequency voltage amplitude A; into the value of the lift-off h, which is determined
by the numerical analysis of the experimental dependence of the amplitude A; on the lift-off h. This depend-
ence with an accuracy sufficient for efficient testing is approximated by the function

h=b|n(i}
Ao

where b is a coefficient that depends on the outer diameter of the pipe, design parameters of the ECP and the
lift-off h variation range; 4y is the amplitude value at the minimum h value (determined during setting of the
thickness gauge before measurements).
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Figure 5. Function of transformation of the relative value of the
added high-frequency voltage amplitude A into the lift-off h

Figure 5 presents the plot of the function h (A,) for the excitation current frequency of 2500 Hz and
previously indicated parameter values of the ECP and the test object.
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Figure 6. Function of inverse transformation of the added low-frequency
voltage phase ¢, into the pipe wall thickness t for different values of the lift-off h

To determine the desired value of the test parameter, the functional dependence of the pipe wall thick-
ness t(h, @,) on the lift-off h and low frequency phase ¢, is used (Figure 6). These functions are approxi-
mated by the third-degree polynomials with a sufficient degree of accuracy.

To determine the t value, the discrete values h; and h;,; corresponding to the thicknesses of the test ob-
jects used to determine the dependence presented in Figure 6, which are closest to the measured h value, are

first determined. Next, the corresponding values t;(h, ¢,) and t,,,(h,,, ¢,) are calculated.
The t value is calculated under the assumption of linearity in a small range of the lift-off h variation in
the dependence t (h) :

t.(h 9,) —ti(h, 9,) (h—h).
hi+1 - hi I

t=t(h,,)+

To assess both the quality of suppression of the lift-off variation effect for the measurement result of the
pipe wall thickness and the component of the measurement error caused by the approximation error of non-
linear functions of the inverse transformation of the informative parameter into the test parameter, the thick-
ness was measured in the indicated variation ranges of the pipe wall thickness and the lift-off.
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Figure 7. Dependence of the measured wall thickness t, on the actual value
of the wall thickness t, and the lift-off h: surface plot (a) and level lines of the function t, (to, h) (b)

Figure 7 presents the measurement results as the dependences of the measured wall thickness t, on the
actual value of the wall thickness t, and the lift-off h in the variants of the surface plot (a) and level lines of
the function t, (to, h) (b). The plot of the level lines most apparently represents the measurement error. It is
evidenced by the mismatch of the level lines (lines of a similar wall thickness) with vertical grid lines.

Figure 8 presents the obtained dependence of the measurement error on the wall thickness t and the lift-
off h. The analysis of the dependence shows that this component of the absolute error in the main ranges of
the test and influence parameter variations does not exceed + 0.1 mm.
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Figure 8. Dependence of the measurement error on the wall thickness t and the lift-off h
Conclusions

Analysis of the results obtained in the study of the two-frequency method for testing the wall thickness
of light-alloy drill pipes proved its feasibility under significant variations in both the test parameters and oth-
er influence parameters. The requirements for choosing the informative parameters of the ECT signal are
presented. The effectiveness of non-linear functions for the inverse transformation of the informative param-
eter into the test parameter was estimated to suppress the impact of the lift-off variations on the wall thick-
ness measurement results. Due to the error in the approximation of the inverse transformation functions in
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the established ranges of variations in the test and influence parameters, the measurement error does not ex-
ceed tenths of a millimeter, which is acceptable for solving a wide range of practical tasks.
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A.E. T'onpamteitn, X.X. AGakyMoB

Baxkbpl1aHATHIH IapaMeTp MeH CaHbLIay MOH/AEPIHIiH esieyJii e3repicrepiven
JIEKTP OTKI3rim KadbIPFaHbIH KAJbIHABIFbIH 0AKbLIAY YIIIH
eKIKMTIKTI KYHBIHABITOK JICiH KOJIIaHY

Bakputay oObexTiciHiH OakbUIaHATBIH JKOHE Ocep €TETIH MapaMeTpi — KYWHBIHABITOK TYPJCHIIPrimn MeH
Oakputay OOBCKTICIHIH O€Ti apachlHOArbl CaHbUIAY aWTapNBIKTaldl ©3TrepreH JKarmaiia IKCHIMOATKUTHIH
OyprouTay KyObIpiapsl KaObIPFachIHBIH KaJIBIHJIBIFBIH KYHBIHABITOKIEH Oakpuiay ecebi KapacThIpbliraH. by
ecenTi menryie KaOblpFa KIBIH/IBIFBIH OJIIEY YIIiH TOMEH XHUTIKTI KepHeyIiH (a3acblHa SHTi31IreH jKoHe
CaHBUIAYbl OJIICY/C >KOFaphl KHUITIKTI KEPHEYre CHTI3UIreH aMIUTUTYAala KOJAaHOA bl KYHBIHABITOK
TYPJIEHTIIIH aKMapaTTHIK CUTHAN MapaMeTpl peTiHAe KOJIaHa OTHIPHIIN, eKDKUUTIKTI KYWBIHIBITOK SHiciH
KOJIIaHy THIMIIJITT KOpCeTireH. AKIapaTThIK apaMeTpiep MOHIEpiHiH OaKbUIAaHATHIHEL KOHE 9Cep €TETiH
nmapameTpiepre KCIEepUMEHTTIK TyYpAe TOyeIuliri kenripinreH. KyHbHABITOKTBIH Oakpuiay Toxipudecinme
KOJIIAHBUTATHIH (pa3aliblK JKOHE aMIUIMTYAAIBIK-(pa3aiblKk KermapameTpiepai Keaepri (aKTOpIapbIHBIH
OCepiHEeH aXbIpaTy dJicTepl TanmaHraH; OakbUiay OOBECKTICIHIH OaKbUIAaHATBHIH XKOHE Oacka Ja ocep eTeTiH
napameTpJIepiHiH eNleyii e3repicTep AMana3oHbl JKaFAalblHAa OJapibl PETTey THIMIUIITIHIH MEKTeYIiTir
KOPCEeTIIreH. AKMapaTThIK MapameTpliep MOHAEPiHiH OaKpUIaHATHIH IapaMeTp MOHIHE Kepi TYpJIeHIIpyIiH
CBI3BIKTBIK eMeC (YHKIMsIIapbIHAAFbl CaHBUIAYIbIH ©3repyiH OaKbpulay HOTIDKECIHE aNIIaKThIK oCcepiH
nmaiiananyablH  TUiMALIri  OaramaHipl. KyWBIHABITOK — TYPNCHIIPTilli  CHUTHANBIHBIH  aKMapaTThIK
napamMeTpiepiH TaHgay KpHTepHiliepi KapacThIpbUFaH. bakplUTaHAaTBIH JKOHE dcep eTyII Hapamerpiep
e3repicTepiHiH OeNTieHreH JAuana3oHbIHIA aKIapaTThIK MapaMeTpiep MOHAEPiH OaKbUIAHATHIH MapameTp
MOHIHE Kepi TYPJCHIIPYIIH CHI3BIKTHl eMeC (YHKIMIAPBIHBIH KYBIKTAY KATENTiHEeH TYBIHAAFaH eIIey
KaTeJliriHiH Kypamaac Oeirin 6aranay »yprisinui.

Kinm ce30ep.: KalbIHIBIFBIH OJIIICY, KONAaHOABl KYHBIHABI TOK TYPJCHAIPriuI, curHaim roporpadrapsl,
KeJlepri nmapameTpiiepi, KyHbIHIBITOKTBI OaKblIay Ke3iHe peTTey.
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A.E. Tonpamreiin, X.X. AGakymoB

Hcnoab3oBanne ABYXYACTOTHOI'0O BUXPETOKOBOI'0O ME€TOAA KOHTPOJIA
TOJIIHNHBI 3J1€KTpOHp0BOI[ﬂHIeﬁ CTC€HKH IIPH 3HAYUTECIbHBIX
H3MEeHEeHMAX 3HAYeHUu KOHTPOJHPYEMOI'0 IMapaMeTpa u 3a3opa

PaccmoTpeHa 3a1aua BUXPETOKOBOTO KOHTPOJISI TOJIIIMHEI CTEHKH JIETKOCIUIABHEIX OypHIIBHBIX TPYO B ycIto-
BUSIX 3HAUNTENBHBIX M3MEHEHHH KaK KOHTPOJIHPYEMOT0, TaK ¥ BIUSIONIET0 IMapamMeTpa 00beKTa KOHTPOIs —
3a30pa MeXIy BHXPETOKOBBIM IIpeoOpa3oBaTelieM M ITOBEPXHOCTHIO 0OBbekTa KOHTpous. I[lokazaHa sddex-
THUBHOCTH IIPHMCHEHHMS JUISl PENIeHNs NaHHOW 3aJady ABYXYacTOTHOTO BHXPETOKOBOTO METOJA C MCIOJB30-
BaHHEM B KauecTBE MH(MOPMATHBHBIX I1apaMETPOB CHIHAJIA HAKJIAJHOTO BHXPETOKOBOTO NpeoOpasoBaTes
AMIUIMTY(bl BHOCHUMOTO HAIPSDKEHHS BBICOKOHM YacTOThI A1 M3MEPEHHs 3a30pa U (a3l BHOCUMOTO Hampsi-
JKEHHS] HU3KOH 4acTOThI JJIsl N3MEPEHUS TOJIMHBI CTeHKU. [IpHBe/ICHBI MOyYEeHHbIE SKCIIEPUMEHTANIBHO 3a-
BHCHMOCTH 3Ha4eHHH MHGOPMATHUBHBIX IIapaMETPOB OT KOHTPOJIUPYEMOTO U BIHUSIOLIEr0 MapaMerpos. IIpo-
AQHAJIM3UPOBAHBI NPUMCHSAEMbIE B IPAKTHKE BUXPETOKOBOIO KOHTPOJIS (pa3oBBIH M aMIUIMTYAHO-(a30BbIH
MHOTOIIapaMETPOBEIE CIOCOOBI OTCTPOWKH OT BIMSHMS MeIIAarmuX (akTopoB; MOKa3aHa OrpaHMIEHHOCTH
3¢ dexTHBHOCTH HX MPUMEHEHHS B CIIyJae 3HAUUTENIBHBIX HANa30HOB H3MEHEHUH KOHTPOIUPYEMOTo H ApY-
THX BIMSIOIUX ITapaMeTpoB 00bekTa KOHTpoisl. OneHeHa 3¢((eKTHBHOCTh HCIOJIB30BAaHMS IS OTCTPONKH
OT BIMSIHUSA Ha Pe3yJIbTaThl KOHTPOJISI H3MEHEHUH 3a30pa HENMHEHHBIX (QYHKIMH 00paTHOTO MpeoOpa3oBaHus
3Ha4YeHMI HHYOPMATHBHBIX [TAPAMETPOB B 3HAYCHHE KOHTPOIHPYEMOTO ITapaMeTpa. PaccMOTpeHbI KpuTepun
BBIOOpa MH(POPMATHBHBIX MApaMETPOB CHI'HAIAa BHXPETOKOBOTO IpeoOpazoparens. OCylIecTBICHA OLEHKA
COCTABIISIONICH MOrPEIIHOCTH U3MEPEHHs, 00YCIOBICHHOW MOTPEIIHOCTHIO alNPOKCHMAIIMH HEJIHHEHHBIX
(hyHKIMI 06paTHOTO PeoOpa30BaHus 3HAYCHUH HHPOPMATHBHBIX ITAPAMETPOB B 3HAYEHUE KOHTPOIUPYEMO-
TO IapamMeTpa B YCTAHOBJIEHHBIX JHAIla30HaX H3MEHEHHI KOHTPOJIMPYEMOT0 U BIMSIONIETO ITapaMeTpOB.

Kniouesvie cnosa: i3MepeHUe TOJIIMHBI, HAKIIATHOW BUXPETOKOBBINA MpeoOpa3oBareb, roaorpadel CUrHaia,
MEIIAIIUE TapaMeTpPhl, OTCTPOMKA IMTPHU BUXPETOKOBOM KOHTPOJIC.
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