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¢ Eddy current testing & Motivations




Non Destructive Testing at CEA List

NDT - CEA List

= ~ 110 staff members including 25 PhD & post-doc
= Strong academic & industrial partnership
» Three-fold R&D activity

MODELING &
SIMULATION

300 companies in 40 countries

= CIVA software designed for NDT practitioners
= Analytical, numerical & hybrid modeling approaches
= Addressing the main NDT modalities

Eddy current




Eddy current testing

1. Injecting a current I into a coil and creating a magnetic field
U=1Z.1 with Z =jLyw

I B,
R
JA B
@Edd o 2. In a conductive material, (eddy) currents are induced and a
g magnetic reaction field is created
Z=R;+jLiw
I
UT > BI

3. In the presence of a flaw, eddy currents and the reaction
field are modified




Eddy current testing

. . }l‘ // $\\ (7 /’ N
= Input. Closed loop of a sinusoidal source current jJ g S _/ N
/ \ ,

I
= Compute. Eddy currents J, = o€ in a conductive medium (¢ > 1) ', roy )

= J, decreases exponentially w.r.t. the skin depth §

= Low frequency to penetrate the conductive medium 55\ - 3 7
v
= A defect disturbs the eddy currents o> 1
= Qutput. Impedance is given by applying a reciprocity (F::)er:iuecr:xty;;fo?iﬁ;} § = 1/ynufo =~ 1.6 mm
identity [Auld, 81] Ao = 3 km, K2 = 2oy = 4 X 107
Ay =7 mm, ki = k§ + 1wpuo =4 x107%+18x 10%°

1?7 = j}[s-(SXn)+8S'(7-[><n) dx.
r



Eddy current testing
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= NDT-oriented module with parametric description

Anti vibration bar

R Tup
== S < Suppory Plate
(TSp)

[Bakhtiari et al. EPRI 2012]
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=

Pressurized water reactor SG tubes . clogging

Expansion transition zone




Ex.1 Steam Generator tube inspection

= Experimental validation, sensitivity studies, optimization (IRSN, EDF...) BoNDT 25 wonorea e
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Ex.1 Steam Generator tube inspection

= Based on a robust BEM formalism for Eddy Current (EC) simulation

1st kind direct BIE + Helmholtz decomposition + Asymptotic expansion @m«»
3/4 reduction of the number of unknowns — numerical noise reduction

Parametric meshing (almost structured) — HO compatible (mesh & basis functions)
Access to LU factorization on a standard PC (ooc block-LU)

Limited but robust vs iterative solvers, full scan simulation in a few minutes to one hour ...

...Good enough for this application !

2nd kind BEM - EC: Mayergoyz 1982, Kalaichelvan 1987, Schmindlin 2001, Smajic 2007, Bao 2020-21...
1st kind BEM - EC: Hipmair 2007, Bonnet & Demaldent CAMWA 2019 & 2023
1st kind BEM: Chhim 2020 (rescaling & preconditioning)




Ex.2 Induction heating for thermography inspection

= |Induction thermography for the detection of small cracks near the surface of metallic parts

[

[~ Computer ) Excitation at short times using electromagnetic induction (eddy currents)
Acqulsiton Computation of the dissipated power volume density P (Joule effect)
IR camera FFT
c Phase
\ A:nplitude) E;T
|
AC Generator Inducti
nduction :D
heating
N\
@ Induced P = j o'|8|2 dv.
Eddy currents

Induction thermography principle Q

[P. Bouteille et al., ECNDT 2014]




Ex.2 Induction heating for thermography inspection

= Simulation to optimize the induction patterns through the design of inductors and trajectories

Experimental platform 4 SPRING (and its digital twin) installed at CEA LISTS SAFRAN

A

Pre-processing the LU factorization allows reasonnable simulation times |

|
ND-

Revised CAD files & meshing libraries ; trivial DDM on large specimen... : : : : :
Simulation of EC induction heating

(Boundary Element Method)




Ex.2 Induction heating for thermography inspection

= Practical limitations: managing an arbitrarily complex CAD with numerous tunnels

Suction

Leading .
edge
Pressure Trailing
sade adge

(;«\-llng af

(credit: Research Gate)

Explicit Helmholtz decomposition ;
Nb of unknowns 7 (conditioning)

~

[ 1.8e+06

_ 20e+5 |

Alternative formalism:

[Chhim, Merlini, Rahmouni, Guzman,
Andriulli, Eddy current modeling in
multiply connected regions via a full-
wave solver based on the quasi-
Helmholtz projectors, IEEE 2020]

20e+4

N
S
?
o
w
Electric Current Density (A/m

FIGURE 16. Jet engine outer shell of length 0.9 m with 9196 elements and
0g=2x 107 sm—1: Electric current density norm given an exciting plane wave of
frequency f = 10~40 1z along —Z and with Eg =1 vm—1,

This contribution: introduction, adaptation then
evaluation on NDT toy cases.
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42 Boundary integral formalisms




Configuration

3D-bounded object excited by time-harmonic EM fields created by a current density

Maxwell transmission problem:
(rotrot — ﬁ:g)Eo = iwpod s in €, Y E1 — fy;tEo =0 on I',

5 , oy 4 + Silver-Muller condition at oo,
(rotrot —xk{)E; =0 in Q, ty YnE1 —vYyvEo=0 on T,
with ’yfu = ~vFu xn, 'y%'u, = 'yfrot u.
9 o

2 2 2 : :
and Kk = w eggllo, K] = KGErfbr with e, :=¢e} + 15,
0

The incident field is given by the Biot & Savart law  E™(x) = iwuo®[J ],
Js (Qs & QU)

eir«:|z|
®J| = /3 Glx—a';k0)J(2')dV ('), G(z;k) = Iz z e R*\ {0}. O Qo (vacuum)
R
(Assumption ]
[divJszo in Q,, J.n=0 on 5, J I

= '
14



Maxwell BIE

Maxwell boundary integral operators from V — V = {ve H; V*(T') : divsv e H™'/*()},

Sy == 5(vk+7:)Ss  Dyi=3(vi +7%) D Ay =5 H7 )AL K= (v %) VA o divs,
with  S,[u] = A, [u] + ke °VA,[diveu] (k;#0), D,|u] = L.rot A,[u],
where A,u /G (x—a'; ke)u(x) dS(x").

Surface unknowns densities Y4 Eo = iwuod, YNE1 = iwpopJ, vYEy=~%FE Z-

[ L.is a characteristic length (e.g. coil diameter) allowing all potentials to have the same unit. }

15



Maxwell BIE

Governing system of boundary integral equations PMCHWT (Poggio-Miller-Chang-Harrington-Wu-Tsai):
(Z0+Z)X =Y,

| HeeSy D, _ T _ At + T
2= M0 e XS TMPL Y = (el L el )

16



Maxwell BIE

? [The single-layer operator suffers from a low-frequency breakdown when k; O.]

Im(.J) Im(J)

8.84%+00 _5.098e+(2

8

-

'nhrmmm
o™

o

-

8

2
1.221e+00

4.851e01

mmn!m
mvnh'm‘nhur”

Reference Spurious current
(Low frequency breakdown)
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Helmholtz-Hodge decomposition

JAM)  divev e HTVA(D) ),

v :vL@vS? vL = {UEV' diVSUZO}, J :c]lL—|'c]lS7 M:ML-I_MS

Helmholtz-Hodge decomposition of the space V :={vec H

LYY D,, D,|

2 _ Ay peSe) b, D,
¢ D,. D, Mrgl(f‘ﬂeLc)2A£ #rgl("?ELc)QAe ’ 0 s |
| Dy D, Mfel("ﬂﬂchAg Hr_el("‘?ﬁLcPSe R

. Of12 “ombinations

Discrete decomposition: Loop-Tree/Star combination of Hdiv functions

Vi, = rots H*(I") in a simply-connected body.

[ Circumvented low frequency breakdown but
unbalanced system (execrable conditioning)

18



Helmholtz-Hodge decomposition

Helmholtz-Hodge decomposition of the space V := {v¢e H[l/z(r) : divev € H™Y/2(I) },

Yy :VL@VS, VL = {uEv: diVS’lLZO}, J :JL+JSJ M:ML+MS

LYY D,, D,|
z YLV CILY, . D, . D,
¢ DE* D£ Mg (H‘ELC)QAf Hoyp (K'ELCPAE ’

. D, Dy o (keLe)® A, gt (keLe)?S,

Discrete decomposition: Loop-Tree/Star combination of Hdiv functions
Vi, = rotsHY*(T") in a simply-connected body.

V., = rotsH'/?(I') ® Vy otherwise where Vs, is a finite-dimensional space
of global loop harmonic functions (2 per tunnel/handle)

ﬂ { Non-trivial on arbitrarily complex geometries }

Support and orientation
of global loop functions



Asymptotic framework

(Assumption ]
We consider the low frequency & high conductivity case: 7 := koLc = o(1), [ o = n_lfzaref-J

Where & = +/2/u.L./d is close to the inverse normalized skin depth § = /2 /w0 o i (Oret := L%\/Eo/ﬂo)

The integral operator matrix and the RHS depend on 7 through the wavenumbers «;:

KoLc = 17, K1Lc = \/Mr(i€2+51€1n2) =q -+ 0(772): q ::E\/ iUr-

(does not vanish as 7 tends to 0)

Constant w.r.t. z

G(z; ko) =|Go(2)|+ O(n?), G(z; k1) =G°(2) +O(n°),  LVG(z:k1) = H(2) + O(n°),

¢idl=l/Le pidl=l/Le
HE(2) =
(2) = e

with  G(z) =

ig|z|— L. )z.
static kernel 47| z| ’ (1q| | C)

« eddy current » kernel

20



Useful properties of potentials and integral operators

(Lemma 1

Let A(m), K and D,y be the integral operators with G replaced by G,.

(a) Aqyor =0 for any ¢, € Vr.
D(1 ¢ =0 and K(l)qb—()for any ¢ € V.

(b)
(C) <¢L, A(1)¢> = 0 for any QDL EVL and quV
(d) <q§L, gbL> — 0 for any ¢, and ¢y, € V., if ' is simply-connected.

(Lemma 2

Let J be such that divJ, and Js-n = 0 on 0f2,. Let P (,,) be the volume

potential obtained by replacing G(.; ko) with G,,. Then:
(a) (I’(l)[JS] = 0.

(b) <$L, 7}‘13(0) [J ] >>< = 0 for any ¢y, € VY, if ' is simply-connected.

- J

@ (u,v), :—/P(nxv)-udS

21



Eddy Current BIE

=

)

1 1 11 1 1 72 1 1
- . B 1 1 1 1 B 1 72 1 1 B 1
Leading orders of the PMCHWT system: Z,=01; 1 1 1| Z=0 212 | Y =0 2
1 1 1 1 1 1 7 1 1
: Rescaled (Maxwell) PMCHWT problem: Z"X"7 =YY", "1 .
P A
where Z"=(Z2,+Z2,)%,, Y'=Y, X=3X"X" 3"= | . [ Stabilized conditioning
N : .
Eddy current PMCHWT problem: ZF°X"° = Y*¢, | Coincides with [Hiptmair, 07]
where Z7 = Z®FC L 0(772) _ (ch un ch) i 0(772)9 YY" = YE© L 0(772)_ (Th_ [Bonnet & Demaldent, 19]
. \ X" = X + O(n?).
- D.. D] (Ao 0 Dy Dy
gvo _ | HraAc 0 D, Dol zse_ [Ao Ko DB P
' |D.-D 0 p'¢?A, Al T D 0 00
D. 0 pu'¢®A, pH(PAL+K) Doy O 0 Ky

22



Eddy Current BIE

Block wise solution: Stage 1. (JEC, M:“, Mgc)
Stage 2: (J5°)

Post-processing: E =1 (EEC + 0(772))’ with E*°, H"C ~ (JEC, M, MSC) in 1,
H= H" +0(n), H®® ~ (J7°, MZ°) in Q,
AZ =n(AZ" +0(n?)), AZ"C ~ (JP°, MEC).

[ Stage 2 is useless for practical NDT = substantial reduction in the linear system to be solved.

23



Matrix system (Recap)

L (Homogenized L.) PMCHWT: Z2X=Y J

Z:=(X, 2X) .

Y = <X,Y>X,<u,,'u>>< ::/F(nxv)-udS.

N

KRescaIed, loop-star PMCHWT: Z"X"T=Y" )
7" — L' Z R, [g] 0 [ 58] 0
Y? = LY, L7 = , ,  R"= 1 Al
X = R"X", _ 0 [8} _ 0 [S] j

24



Matrix system (Recap)

[ Standard PMCHWT: ZX =Y J Z=(X,2X) , Y=(X,Y) (u ) ;:/ (n x v)-u dS.
r

KRescaIed, loop-star PMCHWT: 2" X" =Y" N

2 - R 14 0] e 1] o]

~ = IS (iwpog)™ 0 =, |1 0 n°S

Y' =17y, L7 = . (e [ 0 LJ , R'= [0 iwuoLc] .9
\ X = R"X", ] S| ] sl )
/Eddy current BIE (leading order + system reduction): Z"° X"° = Y"¢ N

EC __ EC 77 EC
Z"- =1L Z(O)R , 10
YEC — LEC Y?o): LEC — 0 0
0 0O

1 _ EC EC
X{p) = ROX™,

-

A

@ ? [ Non-trivial Helmholtz decomposition on arbitrarily complex multi-connected geometries. ]

25



Quasi-Helmholtz (QH) BIE

[ Standard PMCHWT: 2}2:? } Z::<§, ZX) . Y = <Y,Y>X,<'u,,'u>x ::/ (n xv)-udS.
r
/QH projectors - PMCHWT: 7 QH YQH _ yQH \
LoH — M, 0 ROH _ Ms; 0
2% = L ZR, “ |0 MG 0 M,
QH _ TQHVY
YA —L Y; MgzazHS —|_ ﬁ’i(I_Hs)ji:1’374?
X — RQH XQH,
\ MZ = (9 Ps + ,82 (]I — ]P)S) /

Iy = ST(SS™)~ 'S : projection matrix on the non div-free « star » subspace,

G = <qbbc, gb)x . projection matrix on the dual space [Buffa-Christiansen, 07],

P, = LT(LL™)"'L : projection matrix on the non div-free « dual star » subspace,

(here £ contains only local loop combinations) Credits: [Cools, Andriulli,
De Zutter, Michielssen, 2011]

f‘

@ ? [ No explicit calculation of global loop harmonic functions ! }

26



Quasi-Helmholtz (QH) BIE

[ Standard PMCHWT: ZX =Y J Z=(X,2X) , Y=(X,Y) (u ) ::/(nxv)-udS.
r

/QH projectors - PMCHWT: 7 QH YQH _ yQH

o 8] w8

ZoM — LM Z RO 0 M,G!

Y = LY .
X R X)QH Mz — O HS + ﬁl (I - HS)7 1= 173747

\_ My =agPs + B2 (I —Ps).

Manual implementation of cancelled integral terms

4 )
Lemma 3
(b) gsg_l [I)< :IO. . K the div-div operator,
(c) Ps ) I—1IIs) = 0. D () the static double layer.

. J




Quasi-Helmholtz (QH) BIE

[ Standard PMCHWT: ZX =Y J Z=(X,2X) , Y=(X,Y) (u ) ;:/ (n x v)-u dS.
r
/QH projectors - PMCHWT: Z°M XM =Y )
_ pos — M 0 gon = (M5 0
7o = LM Z ROM, 0 MG 0 My
QH _ TQHY
YA_L Y, M; = o; Ilq —|—ﬁi(I—HS)7i:1,3,4?
X = RO XM,
\_ My =agPs + B2 (I —Ps). W
Proposed scaling correspond to the low frequency but not so high conductive case: L. =1, 0 = O(1) (k1> = O(n))
M, = w€0)1/2 Iy + (wuo)_l/2 (I-1I5)
)_1/2 (I o HS) )

[Chhim, Merlini, Rahmouni, Guzman, Andriulli, IEEE 2020]
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Quasi-Helmholtz (QH) BIE

L Standard PMCHWT: ZX =Y J 2= (X, 2X), Y= (X.¥), (uv), = [(nxv) uds
r
/QH projectors - PMCHWT: 7 QH YQH _ yQH
LoH — M, 0 ROH _ Ms; 0
ZQH _ LQHZRQH, o 0 MQG_l 0 M,
QH _ TQHVY
YA—L Y, M; =a; 1l + B, (I-1lg),i=1,3,4,
X = RQH XQH,
\ Mo = as Py + S5 (I —Py).

We suggest a rescaling based on the previous asymptotic analysis with KoL =17, 0 = O(n).

M= (M5 + (I-TL)) (wpo) ™
M3C =n* g + (I-1l) ,
My*© = (Hs + (I- S))(lwﬂOL) ,
My = (Ps + (I—Ps)) L.




%1 Preliminary results




Preliminary resulits (in progress)

R =10 mm,
r = 3 mm,
o =1MS/m
n, = 2048

limit of the leading order reduction

IAZ (GMRES) — AZ (LU)| > tol

T(M)| | | s
O i —*—EC (lu)
e, AZ(100kHz) |=—onw
2. B (lu)
. *’35‘.\& ------ - EC (it) 1
e ‘O QH (it)
D 0 QH-HC (it)
15 f ‘2\@\
S
2r ~, \&\&N
©
38 L . .
2 3 4 6 7 8 9 10
10
GMRES (1e-04) EC QH QH-HC
freq é Cond iter cond iter cond iter
1000 kHz 0.5 mm 1.4e4 159 1.4e9 68 5.4e4 92
100 kHz 1.6 mm 3.1e4 276 4.6e8 83 6.8e4 151
10 kHz 5mm 3.8e4 209 2.6e8 109 6.8e4 169
1 kHz 16 mm 1.2e5 207 2.7e8 117 6.8e4 148
'Y N =1 X —-1/2
cond(A) = [A|-[A7Y|, A=DAD,  Dy=0;A4;"
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Preliminary results (in progress)

Z(M)| s
> o2l AZ (100kHz) |-s—onw ||
S e x- EC (it)
[ S G- QH (it)
. ' oal - O QHHC (i) | |
’ ' P 06}
‘ ‘ 08}
W
A2 : ‘ ‘ : ; !
0 0.5 1 1.5 2 2.5 3 3.5
L =40x%20x 10 mm3,
o =1MS/m GMRES (1e-04) EC QH QH-HC
e = 2848 fre 0 Cond iter cond iter cond iter
#V, =34 K
1000 kHz 0.5 mm 3.3e4 158 2.3e9 119 1.7e4 149
limit of the leading order reduction 100kHz | 1.6mm| 5.3e4 245 6.4e8 184 2.7e4 287
|AZ (GMRES) — AZ (LU)| > tol 10 kHz smm| 1.0e6 625 1.9e8 496 2 8ed 572
1 kHz 16 mm 2.2e5 451 1.9e8 763 2.8e4 783
e T =1 Y —1/2
= cond(A) = |A|-[AY|, A=DAD, Di=0b,A;"
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Preliminary resulits - TEAM 15 benchmark

N | Assembly (s) | Solution (s)
Mesh 1 7645 5l 6 —
\J Mesh 2 || 15343 177 37 i mesh )
A Mesh 3 || 39107 1264 586 - mesh 3
/ r reference
c —
conducting ;_ —~
plate 0 0.03
. The coil
Inner radius ' **’ 934+ 0.05mm o ===
Outer r?gius'a‘ ) 184+ 0.05mm - mesh |
Length'"’ 5 9.0 = 0.20mm - z mesh 2
Iﬂril;:?:frr' gromt) ;'9083 +0.05mm B mesh 3
The test specimen B reference
Conductivity (G) 3.06+0.02x 107 S/m L
Thickness = defecl‘llj = 0.02mm ‘_
fom o oy e T
Width' ! i 0.28 = 0.0lmm . | ) I . | I ) .
Frequency P00 Hz 0 0.005 0.01 0015 00 0.03
e o e 39620, X (coil position)
[Sabbagh & Burke, 1992]
GMRES (1e-04) EC QH QH+HC
freq é cond iter cond iter cond iter
7kHz | 1.09 mm 3.4e6 1999 5.7e10 1307 5.9e7 4558

IAZ (GMRES) — AZ (LU)| > tol cond(A) = H;&H : H:&_lH : A = DAD, D;; = 6, A;m.
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Conclusion

BEM solutions dedicated to eddy current inspection & heating
= EC: Eddy Current testing regime (low freq & high conductivity)
= QH: Quasi-Helmholtz projectors (low freq & medium conductivity)

Comparison on toy cases (naive implementation at this stage)
= EC: fairly well conditioned

= QH: arbitrarily complex multi-connected geometry —

= QH-HC: High conductivity improvement

What's next ?
= Improved implementation (QH projectors on-the-fly)
= Evaluation on realistic use cases (degraded meshes)
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