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Stochastic Non Destructive Testing simulation: sensitivitgnalysis
applied to material properties in clogging of nucleapower plant steam
generators
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A Non destructive Testing (NDT) procedure is curretly used to estimate the clogging of tube supportlates in French nuclear
power plant steam generators. A stochastic approachas been applied to Finite Element electromagnetiield simulation to evaluate
the impact of material properties uncertainties onthe monitoring signal. The Polynomial Chaos Expansin method makes it possible to
easily derive the Sobol decomposition which measw&ow much the variability of each input parameteraffects the model output

Index Terms—Stochastic Model, Sensitivity Analysis, Non Desttive Testing, Eddy Current, Finite Element Method.

simulation to evaluate the impact of material prtips
uncertainties on the monitoring signal.
Differences between experimental measurements, a&sksum

reliable, and simulation results may have thrégins: [I. PROBABILISTIC MODEL

|I. INTRODUCTION

* The mathematical model is not consistent with the |et D be a spatial domain on which the permeability and
investigated physics (wrong hypothesis) conductivity are assumed to be random fields anubiel
« The numerical model fails (convergence and stgbilitrespectivelyp(x,0) and o(x,0), wherex denotes the spatial
problems of the numerical schemes, discretisatioor.e yariable andd the outcome belonging to the event space
ineffective resolution algorithms) Therefore, the magnetic field, the magnetic flux densiti,
* Input data have not been properly chosen (intréisic the current source densily and the electric fiel& verify the
variable or badly known) Maxwell equations in the frequency domain, whict dze
Nowadays, the predictive reliability of numericabdels is written in quasi static approximation:
limited by the relevancy of their input data. Uriorately,
geometry)f material prgperties andp sources woulmeyrat {CUHH (x.0) :U_(X O)E (x.8)+3(x) (1)
present uncertainties. Under those conditionsotitput data curlE (x,8) = -jaB (x,6)
(magnetic field distributions, global quantitieskeli torque, where w is the angular velocity. We assume that some
flux, current...) become also uncertain. To improvedel houndary conditions ol and E are prescribed in order to

prediction, such input data have to be considecetbnger as jmpose the uniqueness of the solution. Introducthg
deterministic parameters but as random variabledegzribe magnetic vector potentiaA(x,0) and the electric scalar

S;rér(]esrlt;ixg/n?;ﬂ!\tzfi f{QSt?g;a(:ggpogaéﬂfsra?::kggIi?g ﬁﬁggi% potentialq)(x.,e), the stochastic magneto-harmonic problem (1)
: - " ; X can be rewritten :
quantify the variability of quantities of interestepending on
the input parameters variability. curl (ﬂ'l(x G)curlA 9)) @
The probabilistic methods based on polynomial shao : -
expansion come out as efficient methods enablindetive +a(x,0)(Ja)A(x,0)+grad¢(x,0))—Jo(x)
the probability density function (PDF) of randomtymut [1,2] Applying the classical deterministic finite elemenethod
which can stand for a response surface or a metamod on the spatial dimension of the problem, the equaads to
In addition, this method can easily provide a dersi  solve, for eacl®O the linear system:
analysis which measures how much the variabilityeath
input parameter affect the model output. That makes A(H) X(H) = B(H) nete ®)
possible to focus, during the input data collectigp, on the
properties which have to be accurately known witgard to W_e d(_enote _byN the total number _Of unknowns on the
the requested output. spatlal d|men3|on.' Therefore, the matrix@A{s aNxN matrix
A Non destructive Testing (NDT) procedure is cuthen Wlth random coefficients. The Im_ear system 3 barsc_)lved,
used to estimate the clogging of tube support liateFrench for instance, by a Monte Carlo Simulation Methaestimate

nuclear power plant steam generators. A stochagiicoach SOMe moments of the random solutioh,6) and ¢(x.8).
has been applied to Finite Element electromagnti Other techniques than sampling methods can alsesbéd to



solve numerically the problem (3), like those basedthe approximated solution of the problem and can bettevri
polynomial chaos expansion. under the form:

1) Polynomial chaos expansion Y(6)= Y(f(é’)) = Z YW, (5(9)) (11)
allZ(M,p)
Both numerical methods tiprojection and Galerkin) lead

to a solution under the same form (11) but not ssadély to
the same results.

Let consider the solutiok(6) of a stochastic model, having
as input parameters the vectéfd=(&(9),...<4u(0) of M
independent stochastic variabl§&) with probability density
functionfy. It can be shown that X(6) has a finite variance
then X(6 can be written as a linear combination of m
multivariate polynomials#, (& 6):

SENSITIVITY ANALYSIS
Sensitivity analysis can be deduced from the Sairol

- Z X ¥ (gr(g)) , (4)  ANOVA decomposition [8] of the stochastic outpfat
a

a™ Y(E(8)) =Y, (&(8))+ & (6
wherea is a M-tuple (a,..,ayv) containing the order of the ( ( )) 0( ( )) 35;,' Y( '( )) (12)
orthogonallgnlvarlate polynomlalwa('i)(gﬁ@) with respect to + z Y, (5 (g)gj (9))+___+ Y v (5(9))
the probability measurg;. The multivariate polynomial$¥, 1<i<jem
are orthogonal with respect to the joined probgbitieasure: | here Yo(f(é’)) _ E[ Y(f(g)ﬂ

fe= I_L fe (5)  The decomposition (12) is unique if the terms of th

Isi< decomposition are orthogonal “term by term”:

that Is to say. © HY,(O)Y,(6)]=0 if Q%% (13)
E[w v :j w_(£(8))w,(&(6)) f.dE=3
[ a ﬂJ RY ”( ( )) ﬂ( ( )) ¢ % with Q andX sets belonging tfL,...,M}.
with E[.] the expectation operator amis is equal tdl if a=4 Due to the independence of the input random vagabl

andO if else. In practice, (4) is truncated up to tdypomial  £(4),.... (6, one can show that the varian¢eof Y can be
of ordersp. If we denoteZ(M,p) the space of th®l-tuplesa  written as:

which satisfy : )
3 as<p ) VEEIYEF =Y v Y Yty @9

. 1<isM Isi<) M
I<isM
the total number of polynomials in the PC basisgsal to: whereV,;_;, 1<i,jsM, are called partial or conditional variances
(M +p)! ) and defined asé(omitted hereafter)
C Mip! = I j d{ L& (15)

Finally, to determine the PCE expansion of the tsmhu
X(8, we have to compute the coefficiemts To achieve that,
two major types of approach are available: nonubite
methods like E-projection [2] and intrusive ones like SSFEM,
which has been applied in the present work.

The termVL,_J expresses the joint contr|but|on of the random
variablesé, ... § to the total variability of the model. Due to
the orthogonality of the decomposition (12), thet@ariance
V is the sum of the partial variancesYq€). The Sobol indices

are defined by:
2) Spectral Stochastic Finite Element Method (SSFEM) vV

=l 16
With the SSFEM, the problem (3) is solved by apmdyi S (16)
weighted residual technique and the Galerkin methidoe If Y@ is expressed as (11), the decomposition (14)

weak form of (3) is given by: becomes:
E[A(6) X(6).Y(6)]= € H6). {6)] © Y(O)=%()+ D, > wa(&)+
wherev(8 are functlons with finite variance. We apply the 1<i<M atZ(1,p) an
Galerkin method by considering that the solutk(#) under Z Z Yo 5a (i) Sa( J))
the form (4), and by taking as test functiarfd) the 1<i<j<M alZ(2,p)

polynomials chao¥,(6. The stochastic magneto harmonic
problem leads therefore to solve the following ¢éineystem:
ASX = B® (10) g =% IR (18)
The size of the square maté#R is equal taAPNXPN, with N - i
the total number of spatial unknowns aRdhe number of
unknowns in the random dimension. It can be sholi9] )
that the matrixA® has a Kronecker structure which we can be N < (19)
used to solve efficiently the problem. Finally,lalgal quantity Zak Zak -
of interest Y( can then be easily derived from the

The Sobol indice§,. j are then given by:

aliz’ (M, p)
with Z{M,p), the space of thel-tuple which verify:



IV. INDUSTRIAL BACKGROUND TSP, of the bobbin coils flux differenes® of an axial probe,

The deposit of corrosion products in the foils loé tube Supplied at 100 kHz (20).
support plates (TSP) in steam generators (SG) afeau
power plants (Fig. 1) raises a safety concern dfetta its Magnetite

operating conditions [3]. (clogging product) e — Steam genlemtur tube

i ~—Tube Support Plate
Moving probe (TSP)

Tubes support plate }—Lﬂ

‘ Quadrifoil opening 2

Fig. 1. Tube support plate (TSP) in nuclear powantsteam generator

To some extent, this phenomenon, called clogging. @&,
may significantly affect the water, temperaturetriisition A,
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and steam circulation inside the SG. The resulpngssure Adout
drop can then cause flow-induced vibration insttid
leading to tube cracking risk€logging also compromises the
thermal exchange efficiency between the primary and
secondary circuits. Fig. 3. Sax ratio principle
o Ratiog,, = AP, — APy, (20)
A¢0Ut
This method has been perfected on an experimerdek-m
[T ] up for can_or.lical clogging configurations. A_s We(_em to
tackle realistic deposit topologies by numericahugiations,
the first step was to validate the modelling apphoavith
- s those experimental measurements [4]. The Finitem&ig
Oxide deposit
electromagnetic field computation software Code n@&BD
already in use at EDF in the qualification procémsNDT

_ e eddy currents procedure [5] was chosen for the Isition
Fig. 2. Oxide buildup from almost completely opampger left) to almost . L .
completely blocked (lower right). program. The present work deals with the sengjtiaitalysis
of the SAX ratio with regard to the material prapes of the
deposit. The first step to achieve that was to ycaut
stochastic simulations to compute the PDF of theX $atio
i : ! ) due to the uncertainties of the conductivity andvgability of
* carry out a proper chemical cleaning (curativecati both the magnetite and the TSP. According to “eixpaying”
* check the remedy efficiency and experimental measurements, these properties been

Therefore, in addition to the available techniqeleo chosen as random variables with uniform laws (se®eTl).
examination, load-loss based methods), EDF haslaese a

For safety and optimum operating conditions, théd®x
deposit build up has to be precisely evaluated/émeially :

« trigger a power reduction (preventive action)

TABLE I: VARIABILITY OF THE RANDOM PARAMETERS CONSIDERED IN RE

dedicated Eddy current NDT technique to evaluateatmount PROBABILISTIC MODEL
of clogging [2]. The R&D program intends to improeer Relative Permeability|  Conductivity (S.m)
knowledge of the sensitivity of this method witlyaed to: Magnetite Ul3:27] U[45;75]

Tube Support Plate U[60;100] U[ 171a810]

» The amount of deposit for actual topologies of giag
« Its ability to discriminate different shapes of dsjp The material properties of the TSP and the proleratimg
(layer on the tube outer walls, flakes in the foilsfrequency lead to a very thin skin depth in the T8t regard

clogging at the TSP lower edge) to the geometrical dimensions of the device. Tqerly take
» The material properties of the deposit into account the skin effect, TSP has been meshigd w
Surface Impedance Boundary Condition (SIBC) [6]bding
V. SIMULATION RESULTS contact with conductive media like the magnetite.

The eddy current inspection technique, called thex S  The Whitney elements of the spatial mesh (Fig.edylto
ratio, is based on detecting deposits in foils ksato a NDT 1.789.946 spatial unknowns whereas the Legendsepuoiial
technique [3] usually used to assess the tubel@umgrity. chaos of order 4 has been chosen for the randorandiion.

The principle consists (Fig. 3) in correlating timount of Partial variances ol®(6) and SAX ratio have been computed
deposit at the inlet foil to the variation, at eaatige of the as a PCE form for each position of the probe irttibe.



detecting the clogging.

TABLE II: SOBOL INDICES(IN %) OF THESAX RATIO.

Sobol indices d" A" & s
Real(Sax ratio) 0.01 67.1 0.08 32.8
Imag(Sax ratio) 0.003 99.7 0.002 0.025

5 mm deposit build-up

Fig. 4 — Finite element model of the NDT problem

Figure 5 (respectively 6) shows the partial vareanof the
real (respectively imaginary) part of thd@(g for each
position of the probe with regard to each randomatée. It
can be noticed that partial variances faf and & are . " > Iy e
negligible (almost equal to zero) with regargufbandf. Ratio SAX

Fig. 7 — Probability Density Function of the imagin part of the SAX ratio
0.14
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' e | VI. CONCLUSION

I ‘ The Polynomial Chaos Expansion has been successfull
44 applied to Finite Element electromagnetic field siation to
008 1 B 1 evaluate the impact of material properties unacaties on the
monitoring signal of steam generators clogging urclear
power plant. Such approach makes it possible tivelean
efficient sensitivity analysis, with regards to kamndom
input data, for each global quantities of intefesteach probe
eeteeeed ; position. Generally speaking, such methods enabl¢he one
_ o 10 20 040 0 hand, to focus on the properties which have to doairately
Fig. 5 - Partial Varmnci?g;%%gg'iggmg ;’l‘j'tt)z regard to the position  \wn with regard to the requested output and, hencther

hand, to select the output which is the less degmindn the
other parameters.
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