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Nuclear power plants supply about 80% of the total production of electricity in 
France. Non-Destructive Evaluation (NDE) is ofprime importance in verifying the 
soundness of components such as the steam generator (SG), casted elbows, core, etc. In 
order to facilitate diagnostic, now mainly performed through signal processing and human 
interpretations, we attempt to image damaged intemal structures of these components 
through data inversion. This NDE inverse approach, similar to medical imaging, was 
successfully applied to radiographic NDE of casted elbows. From a few number of 
projections (less than 10) and after rough localization of defects, our software SIROCC03D 
is able to reconstruct 3D images offlaws using ART and markovian inverse algorithms [1]. 

The importance of the safe operation of SG is such that we have defined a project, 
named INES (lmaging for a Nondestructive Evaluation System), which aims to design and 
develop a similar system devoted to 3D Eddy Current (EC) imaging of SG tubes. These can 
be divided into four homogeneous areas : U-bend, support plate, straight part and roll 
expansion zone. Presently, our project is at a feasability stage and this paper considers frrst 
results obtained on simulated data related to the straight part of the tube. The characteristics 
ofthe probe, which have yet tobe designed, arenot taken into account here. 
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THEFORWARDPROBLEM 

The first step consists in solving the forward problern i.e. evaluation of the 
anomalous field generated by a flaw with known electromagnetic characteristics. A 
mathematical model has to be established, thus enabling us to predict the signals which we 
will obtain through experiments. Validation oftbis model is simply done by comparing 
experimental and simulation data with some reasonable margin for errors. This process 
needs definition of suitable test-cases and thereby costly realization of specific mock-ups. 

EC-NDE Con:fi2uration 
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The typical EC-NDE situation is described in 
Figure 1. The object to be inspected -a metal block­
occupies domain 0 2, which is inaccessible to 
measurement and is flawed by a defect occupying 
area n. An EC probe moved through air (01) 

collects the interaction between radiation, produced 
by an exciting source, and the object. In the inverse 
problem, this measured signal, characteristic ofthe 
soundness of the object, is processed in order to 
determine the parameters of the damaged zone. 
Defects are seen as a spatial modification of the 
electromagnetic parameters ( conductivity and 
permeability) with respect to their standard values 
(for asound metal). A crack is then supposed to be, 
from an electromagnetic point ofview, a variation 
of conductivity whereas stress can be roughly 
modelledas a variation ofpermeability. 
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Figure 1 : EC-NDE configuration. 

Fomrulation of the Problem 

After applying Maxwell's equations, we obtain a Helmholtz equation: 

where the possible expressions for the current density, J , with respect to the electrical 
formulation we choose and the type of defect we would like to treat, are given in the 
following table: 

Table 1 : Expression of the Current Density 

J=Jl +J2+J3 

Jl J2 J3 

ncr (k~("f)- kß)E(i') 0 0 

n~ (k~("f)- kß)E(i') 0 v 1-1 er ) " --_-· v " 
I! ( r ) 

E(f) 

n a~ (k~~ (?)- kß)Eer) 0 
- I E(?) V 1-1 er ) " ---- V " 

I! ( r ) 

272 

(1) 



Solving with a V olume Integral Method 

This integral formulation, well suited for inversion purposes, implies difficult 
computations of the Green's dyadic function which appears in the equations linking the 
electric fields to the flaw parameters. The coupling or state equation reads: 

E21') ~ E!{'c m + f G 22 (i, i')J(i')d? where J(i) ~ [ k 2 (i)- k~ f2m (2a) 

Q 

J is the current density induced in the flaw zone, k the wave number, G the dyadic Green' s 
function and E the electric field (by convention, index "1" relates to domain DI> index "2" 
to domain 2 and the subscript "inc", valid for both media, relates to the situation in the 
absence of any flaw). The observation equation is similarly given by: 

EI m ~ E:nc m + f G 12 (i, i') J(i')d? (2b) 

Q 

During inspection of SG tubes, the response usually measured is the impedance 
change ofthe probe as it is moved along the axis ofthe tube. Iflo is the current carried by 
the probe, the expression ofthe impedance variation is given by Auld's formula: 

i\Z(f) ~ ( ~;)f Eioc (f' )J(f'}dP' (3) 

n 

Computation ofthe Green's Dyadic Function 

The detailed derivation ofthe Green's dyadic function is found in [2] but a general 
expression is given below. The 9 components of this dyad constitute the electric field 
response due to a point-source of electric current in a cylindrically stratified media. Each of 
the 3 independent polarizations of the source yields the 3 components of the electric field 
accordingly. A Dirac delta term appears in the expression to take into account the 
singularity ofthe Green's function: 
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Discrete Mod.el 

After discretization using a Method ofMoments [3], the basic equations become a 
coupled system of linear matrix equations, where the unknowns that interest us (in the 
forward problem) are the vectors y and b , respectively the electric field distribution in the 
flaw and the response of the probe: 

X=diag(x=cr -cr0 ), Y=diag(y =e2 ) 

b=et -e0nc =G1Xe2 =G1X(I-G 2X)-1e0nc 

(5a) 

(Sb) 

(Sc) 

A conjugate gradient scheme is then employed to solve for the electric field 
distribution. Only a few number of iterations is sufficient for a satisfactory convergence in 
our case. 

The probe consists in 2 
axisymmetric coils placed close to 
each other and carrying 
counterflowing currents (differential­
type probe). The incident electric 
field in the metal can be shown to 
have only one component, namely 
E4l. This particularity of the field 
Ieads to some simplification ofthe 
problern already considered by 
Sabbagh [4]. It consists in neglecting 
any possible depolarization of the 
field in the flaw. This assumption 
helps to relieve the burden of 
computation with a full dyadic so 
that, in our case, only the G4l4l term 
ofthe dyad is needed when solving 
for the electric field in the flaw. 
Same numerical results as the exact 
solution to the problern have been 
obtained thereby confirming the 
validity oftbis approximation. 
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Figure 2 : Comparison of simulated and 
experimental data. 

1.6 

Figure 2 shows the comparison of simulated and experimental data obtained at I 00 kHz in 
the case ofa through-wall crack (depth= 1.27 mm (100 %) , diameter= 1.6 mm). 
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THE INVERSE PROBLEM 

A usual SG tube flaw configuration, for example a 3D intemal notch, is shown in 
Figure 3c. Frorn a set of rneasurernents y (Fig. 3a), the inverse procedure airns to reconstruct 
irnages ofthe defect x, via an inversion rnodel (Fig. 3b). Cornparison ofreconstructed 
irnages of defects with their realistic rnock-up Counterparts is again essential for the 
validation ofthe inversion procedure. 

The eddy current inverse problern has three rnain features which should be taken into 
account for the developrnent of a suitable inversion algorithm: nonlinearity, ill-posedness 
and attenuation. Actually, it is extrernely difficult to take into account all ofthese features to 
define a robust inversion algorithm. Our study will be focused only on inversion rnethods 
based on a nonlinear framework. Two different rnethods are presented: one based on the 
rnodified gradient approach [5] and the other known as the global generalized inverse 
rnethod. 

The Modified Gradient Method with Binary Constraint 

This rnethod is based on the conjugate gradient scherne with sirnultaneous search of 
the electric field and the contrast function, x. A binary specialization of this rnethod has 
been studied by [6] in various dornains ofapplications and is applied here. 

• Step 1: define an a priori on the solution 

We assume that the defect tobe retrieved is a crack so that the contrast function is a 
binary function. However, our inversion scherne relies on the search ofthe contrast function 
along its gradient. So that, in order to restore differentability, we define a new function 
which takes the following form: 

X(r) = _(:..0) (6a) 

1 + e 8 

i.e. a function which depel).ds continuously upon an auxiliary variable-r. The parameter 8 
plays the same role as the cooling parameter in the sirnulated annealing algorithm. 

• Step 2: define the functional to optirnize 

The nonlinearity ofthe problern is taken into account by sirnultaneously rninirnizing 
a cost functional F defined via weighted residuals ofthe state and observation equations: 

SIGNAL TO PROCESS INVERSION MODEL DEFECT TO RETRIEVE 
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Figure 3: The data (3a) and the rnodel (3b) are used in order to retrieve the defect (3c). 
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where and 

and the index of summation q corresponds to the number of frequencies used 
(multifrequency reconstruction). 

• Step 3: optimize the functional 

We optimize simultaneously in E and X (through 1:) using a conjugate gradient 
technique: 

(6b) 

(6c) 

(6d) 

The reconstruction shown below isthat of a crack of length=0.8 mm, width= 0.5° 
and depth=0.3 mm. As can be seen, this method yields a good image ofthe defect. 
However, because ofthe nonlinearity involved, the CPU time for the reconstruction is 
considerable (about 5 minutes on a Cray C94). It is interesting to notice that, due to 
attenuation in the metal, the deep parts of the defect are shadowed. 

The Global Generalized Inverse Method 

In contrast to the previous method, we attempt to solve for the unknowns by 
considering linear equations. The inversion procedure is as follows: 

• Step 1: solve in current density 

Writing the state equation in terms of current density leads to only one unknown 
which is solved using a conjugate gradient technique. An essential point to bear in mind is 
that the current density includes radiating and non-radiating sources [7]. The latter has to be 
evaluated through some convenient way but has not been considered here since it can be 
neglected in certain cases. 

ORIGINAL RECONSTRUCTION 

Figure 4 : Reconstruction of a crack with the modified gradient method. 
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E 1 er)= E rc er) + f G 12 er, r ') J (f ')d r' 

n (7a) 

] = (G 12t (el- efnc) 

• Step 2: evaluate the intemal field 

From the estimate ofthe current density above, we evaluate the electric field 
distribution from the coupling equation: 

E 2 er) = E 2c er) + J G 22 er' r I) J (f I )d r' 

Q 

• Step 3 : solve for the contrast function 

(7b) 

Finally, since the electrical field is now estimated, the observation equation contains 
only x as unknown. A conjugate gradient scheme is again applied to solve for the contrast 
function defined as previously with a binary constraint: 

E1(f)= Etc(r) + JG 12 (r, r 1) X(r 1)E2(r 1)dr' 

Q 

:X= [G12 diag(e2)f(e1 -efnc) 

(7c) 

The figure below shows the reconstruction ofthe same flaw considered before. The 
result is as good as the modified gradient method but the algorithm is much faster (about a 
few seconds). The effect ofneglecting non-radiating sources is currently being studied in 
different flaw configurations. 

ORIGINAL RECONSTRUCTION 

Figure 5: Recontruction of a crack with the global generalized inverse method. 
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CONCLUSION 

In order to facilitate diagnostic, a project named INES has been defined with the aim 
to design a 3D imaging system for SG tubes. To evaluate the feasability of our project and 
to pointout the main problemstobe overcome, we focused on a simplified, but fully 3D, 
situation: straight part of a tube and academic probe. 

The forward problern has been solved with a volume integral method and validated by 
comparison with experimental data. Amongst the several inversion techniques studied, two 
ofthem have been presented here, namely the modified gradient algorithm and the global 
generalized inverse method. Regarding the results obtained, eddy current imaging seems 
indeed possible, although the present inversion techniques do not simultaneously take into 
account nonlinearity, attenuation and ill-posedness. 

However, an overall solution to these three issues has to be found for the 
development of a robust and efficient algorithm for real EC data inversion. In addition, to 
complete our imaging system, a suitable probe needs to be designed and the study extended 
totheroll expansion, plate zones and U-bend. 
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