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Study of a fast theoretical model for pulsed eddy current testing
on ferromagnetic casings
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Abstract:In the pulsed eddy current testing of ferromagnetic casings, the engineering application of theoretical models often faces a
critical dilemma. The classical continuous models suffer from low computational efficiency, while simplified models exhibit significant
errors in quantitative measurements. This limitation hinders the widespread adoption of theoretical models in field applications. To
address this issue, this article proposes a fast theoretical model based on the truncated region eigenfunction expansion method. First, the
magnetic vector potential in the region of the ferromagnetic casing with a length of 3 m is discretely expanded to obtain a discrete
summation expression, significantly accelerating the computation. Subsequently, a discrete complex-frequency domain expression for the
transient induced voltage is established based on Faraday’s law. The numerical inverse Laplace transform fixed Talbot algorithm (FTA)
is then employed to compute the time-domain transient response, further enhancing computational speed. Finally, experimental results
show that the proposed fast theoretical model achieves an average relative error of only 1. 63% compared with finite element simulations,
and exhibits strong agreement with experimental measurements. Furthermore, the average computation time for a single point of the
transient response in single-layer, double-layer, and triple-layer casings are 98, 107, and 368 ms, respectively. Compared with
classical continuous models based on the FTA, the residue theorem (RT) and Fourier series (FS), the proposed fast model achieved a

17-fold improvement in computational speed while maintaining high accuracy. This advancement can promote the engineering application
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of pulsed eddy current theoretical models.

Keywords : pulsed eddy current testing; ferromagnetic casing; transient response; fast theoretical model
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(a) 3-D diagram of PECT on multilayer
ferromagnetic casings
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(b) Top view of PECT on multilayer
ferromagnetic casings
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Fig. 1 Diagram of PECT on multilayer ferromagnetic casings

IREIR IR SCRAESS 1 2B YN S X IR 8™ A L
Gy BEMREAS 55 2 J2 2554 BE DA 3t 5™ A SR L T8 O
(I HE, fie il e A1 2 A8 A B DN RS L T O . P
TARFZEETE A BB R, I e AR I N 4
W £ Bl PR I 2 R L s 1) 22 A, 80 o 23 B R i 2k e T
R I A S L TR BT X 2 SRR R VS 0 A BE JR
HATEVE T, A2 G ZJREH PECT B BLIE
B WIRTRS T 2 )2 58 0 LR S B S BE TR S5 2 4
HEATRE BT

2 BRI i i R B IR 12 S A B

£ F Dodd 1 Deeds %5 i A4 #5537 A B9 ok 3% 3k

AP DGR N A A X U R T I ARG 0 A TR () 42 A

AN (1) Fis
N,

A z) =~

m

= [sina(z = 1,) = sina(z = 1,) ] N
0 aag(U,V, + U,Vy)
[Up(n) L (a,p) + Uy(n)K (a,p)] X
[Vil(py,pi) + VyK(py,p,) lda (1)
Horp N, SR B T B e, MBS SR T
g 1T 24 P N Sl v W 2 R Y S B AR =50, R L, G
B2 BT 2 Sl U N s B sp, Rl p,
BRI P E R s, = o + 00, L
W, Bl o, SR n A T R S5 R ST, (x) i
K, (x) 535 B E 0 — B —26 | — B — 28 DL ZEJR pRi 8K
I(p,,p,) M1 K(p,,p,) 5300 pl,(ap) FlpK (ap) TEX
E[p,,p,] FERRGN, HEAM, X5 T 1 s i 2 el DI,
AV, =0/ V, =1, Mk (1) dE—24k o .
NTI,LOr sina(z —1,) —sina(z - 1,) N

3

A(p,z,s) =

0 o

U,
[UII(CXP) +K1(ap):|l(p2,pl)da (2)

Hep, U, MU, 50lie &S EEOE S B AH
FHCY, Ao B R A R, B, X 2) PINE
U,/ Uy, HERFEA, KR S8 M% s TX,
WO ZERS ] ¢ > 0 AYZRPE T KR (2) et — 2B fi
h

]Tl,u, = sina(z —1,) —sina(z —1,)

3
0 o

U”I I d 3
71(ap) (pzvpl) o ( )

WM & IR B 2 WU S LS 0 2 = 0
Mz =h, FELMILERIAES 8w 0 A TE97 K H
VLR T A2 Ak, SR EIRERAL A WAL, =0
FA|,_, =0, TZEAGIN H , JER N I 378 47 HIC e JHL s 3 7 4
TE P SR B, 7 A R R RS AP T B
WY B RO, B0 b SR, BRI R 7EAS I
U RERAE A JUFR 0 X6 T4 B il A0 2k sl i I
TEHEBEENS XXM RESWHR ., HED FRk
FEAAE, PDRE (O, h) XSk B 2k A A 3 2ot e BEL I 2 0 e
FERPHCR AL B

Alpz,5) = X, bsin(B,2) (4)

Hrh B, =nw/h WRA|_, =0HA| _, =0 MR
., H

b, Z%J'ZA(p,z,s)sin(ﬂnz)dz (5)

A% TREE™ MY o =B, B b, # 0, HT
a=B,,b, =2mn/h x A(p,z,s) |5 o WX (3) A

(S, PR ERINAI(4) W (3) HESRIA A2
Rk, s (e) P,



26 f# £ ¥

47

2N Juy & Leos(B,L) ~ cos(B,L,) ]
A(p 9295) - h "2:1 ’32 X
U12
711(ﬁnp)1(pz,pl)sin(Bm (6)

P 22 ] A SR, R s ) S e K R R A7 A
AT R RR = (7) Pow,

U,(s) = s§A(p,z.5)dl = 2mpsA (p 2,5 (7)

BT AR RS B AR F T 1 R NS (8)
Fis

Us) = 2m]vf3€:45£1“ pA(p,z,s) dpdz (8)

Horb, N BN B B WECR I 51, R 23 Rl
LRI = B SO B N2 L 50, Fp, 2300 R HR IR
AR IV S e

W (6) RAZ(8) , AT 15 HE AR R P N, H
ARSI A

= U, cos(B,l,) —cos(B,l,)

U(s) = F; E 5
COS(B”Z3)ﬂ3C°S<B“”)I<pz,p1>sin<ﬂnz>da (9)

Forb o 06 T 4 e T K% 5 1) 28, ek =
A (10) BioR

4'rr,u,0UTNp
Tk

BT (9) PUH U, U, HE SRR, PR
JEN LR U(s) MRS RE R u(e) AXHXT U,/ U, #E17
PR AR, & U,/ U, W) Laplace #2584 E, (1)
O ] A o Sl ey R e ik A= (1)

= cos(B,l,) —cos(B,1l,
=15 gy ) ~ B

B,

w“mmﬁf%w”%@pmnmwKMa (1)

SR, BT U, AU, B3Rk XA L 52 %, il
FHEE R o 17306 2 Ty ok X LA AR AR LT I (14 B 3¢
Sri W [ = S e S P G [ A (VA I UIREAE 1 S o = 3 =]
B FRik A AR e T A B AR RS B L kA R
FH AR 22 B (a8 o 17300 AR 4y rh R LA A 18 1E 38 AR 1
iy (29200 (fixed-Talbot algorithm, FTA ) it & E.(t),
FTA 7E3 188 2458 Jidel 36 36 AUk LA Pl B, HL e
THREAKX P —A B i 280 2, N 2 A B hy
P AR E M, FTA M EATHREA X (12) Fros,

oo,
f<t’M)_M7F(Y)e +

L(B.p) x

(10)

L(B,p) x

TS RL Y E(p(8) (1 43 (6,)) (12)

Ho, M hAMSH, HHAEBRIEELE, V=
2M/(5t),0, = kw/M,p(0) = Y8(cotd +j),Y(6) =6 +
(Ocotd — 1) ,F(s) N f(r) MEHIEIKX,F(Y) TR
P eRE F (s) WA MR s B Y, mATHBE
JZEE N PECT 9 B 3808 0 i 3 A == (13)
FR o

nll - cos( nl2
ol %foﬁ L (B.p) x

w()= TS E,(1,1)

005(3”13)B3005(3"”)1<p2,p1>sin<ﬂnz>da (13)

F s R T B S, PECT R0 5 AT
B A AT IR S RS 1 A R e A
7 SR PECT M8 {557 — U B3 B 07 i A5 L
S BT IR A5 W 57 352, W B PECT 14 4
SO O T 85 B PECT BB A0 81 24
1 2 M B 7 BT S B 07 300 5 B
B RS A M =T, A (1) Bk
SRR . T 2 BB o i i 2 01
SRR AT A ARG A

3 X5 HH

SRR B PECT B BRI R R 47 5630, i A
FROCOH LA AT MATLAB $E47 T 0125 905 H 8 UE, 4%
JE RS T AR SE BT f, X AR Y f R B AR
FEREAT T U — 2 A SR IE
3.1 FEXWSSH

P FLSE 5 v, TSGR T 0 B COMSOL
Multiphysics A ZE N L2 28RBS PECT s
WA A5 5, SR 6 MATLAB ¥ #EH2 H () PECT e #35
MR BEASN 5 5 W BRS(E . OF B 3L 56 b BT
A4 B, i Ab 3 28 A0S 04 Intel (R) Core (TM) i5-9400F
CPU, i 2. 90 GHz,

P E PR 2B R 25 U2 B A e KRB IT RN Ry
3 mm, F/NRIC KN 0. 042 mm; f5 FLR A B ] 20K Ry
0.1 ms, ARZE4E/NWIAE 50 RS 3040 50 B 8] 20 K LA
SR AT LR B RN Rl £k B R W £ B T 2 4k n
# 1R,

®1 ZESHEE

Table 1 Parameters setting of coils

2 B 2w I/mm 0y/mm L/mm T2
MR 11.85 18.25 120. 00 689
ez LR E 21.50 26.20 120. 00 96 400




5 6 ] i

[ A RV A Dk i A DA PR SR AL B S 27

Forp P R PRI MLk B ) 24253 531 0. 8 mm Al
0.06 mm, EESHMFK 2 FiR, i AP EEKES N

3 m,
*k2 EESHIEE
Table 2 Parameters setting of casings
=% IL/mm Op/mm  d/mm  o/(MS-m™") M,
£ 1 31.0 36.5 5.5 5.0 70.0
T2 543 63.5 9.2 5.5 80.0
=83 735 84. 1 10.6 6.0 90.0

K12 1 MO, 5 AFRRNERANER; o
Fl, 73 FR B 0 B FOR A 5%, IEAh L Fild
I3 e 2R B A B RN A A RE TR [ R s Tk b ik
AR 1A

A1) P BESI RAE 5 w(e) BRIS 175E
b v B/ S BT 121 i e | T 7 S e B 1 BT
N RF—@ER,u(e) PEUE B TS B R RS B 4T
BIPR TRET K, R ARAHE R AL NV, oAb 153
TR N FrxE R BRI B | 80 A BT B
B 225 2 Fis

2r 2

1+E52)
+EFHER3)

—_
=

+£%2) _
B AE3) !

1) — M HAEEEE .d=3 mm)
------ A EEY.d=7 mm)
- ~“HEACEEE®, d=11mm) 0
o HREEEER. d=3mm) 4
" ERMH(ZREEE.d=7 mm)
v BREEEE®.d=11mm) _

In[u()]

i 10 20 3‘0 40 50 6‘0 70 f;() 90 100
fif ) /ms
B2 ORIE R FNIEE T 0 Bk A A 5 B A

Fig.2 Theoretical transient responses under different

summation terms

& 2 Hp BRI A T A SRR XY SRR I 0
o st P B A S A BR T B s . HL SRR
T N>25 B, B0 B0 (9 A8 A e LR, Bcfe I 2t
B SRR N BUR 25,

Sy A3 4 Y PECT He s 4 UK B |t b A1)
PP I B A [ S48 454 ARl B IR EMEZ R E
B T B S5HAT T BHR IR, k45 R an
Kl 3 Fis,

— HEHECEEET d,=3 mm)

""" i AEEEEY d,=7 mm)

- ~fiECEEE®. d=11 mm)
° ERHEAEEEY, d=3 mm)

) " HEREACEEEY.J=Tmn)

T HERECEEE®.d=11mm)

=2
E‘
£-3
i, -4
g
e,
irvew,
-y >
: 9 |
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 20 40 60 80 100 120 140 160 180 200
I [ /ms I [ /ms I [A)/ms
(a) B, NEMZREEY b)) ZEREETRAARBEENEL () ZEEE TRAEAREENET?
(a) Single-casing, double-casing, (b) Casing 1 with different thicknesses (c) Casing 2 with different thicknesses
and triple casing under triple-casing under triple-casing
0 — 0 0
— (S BB A3 mm) — i FUH(0 ~[4.0.4.5,5.0]MS/m) | — B FU (e —[70.80.90
s wﬁﬁ@%%ﬁtdzﬂ mm) -1 -~ B (0 =[6.0.6.5.7.0]MS/m) "1 - —w&@% ={15’0,1’60,]1)70])
-2 - -ﬁ_ﬁﬁ(g?‘:ﬁ%, d=1Tmm) o HR{H(0=[4.0,4.5,5.0]MS/m) ) o FHBAH (1 =[70,80,90])
3 o HpHEEEY, =3 mm) = B0 =[6.0,6.5,7.0]MS/m) v B (x —[150,160,170])
_ = HRAEREEE =T mm) -3 -3
v HRECEEE - 1Imm) ”
=5 = =
z g g
= 7 £ 6 £ 6
-8 -7 -7
-9 -8 -8
-10 -9 -9
- 10 10

30 60 90 120 150 180 210 240 270 300

I} [8)/ms
() ZEEE FREARBEEMNEES
(d) Casing 3 with different
thicknesses under triple-casing

30 60 90 120 150 180 210 240 270 300

I} [8]/ms

) ARABIFEFTHN=EEY

(e) Triple-casing under a different conductivity

K3 PECT &AL 6 UESE R

Fig.3  Simulation verification results of the proposed PECT discrete model
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Table 3 Comparison of accuracy and computational
cost for different PECT theoretical models

8l 1./ A% M./ %
AR SRR 0.10 1.63 10. 53
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Table 4 Computational errors under different numbers

of summation terms

N A% M,/ % t,/ms
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30 1.36 8. 45 134. 58
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Table 5 Computational error of the theoretical model

under different casing lengths
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4 1.32 7.78 105. 96
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Table 6 Computational error of the theoretical model

under different numbers of casing layers
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LN X =2
AR 0.10 0.11 0.37
FTA 1.83 5.61 11.84
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