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ABSTRACT

Flow-induced vibrations constitute an important factor in nuclear components degradation, particularly
concerning the flow-excited tubular bundles of steam generators and fuel assemblages. In order to provide
reliable predictive vibration computations, adequate flow excitation models are instrumental. In this paper
we report preliminary experiments which emphasize the difficulties of source identification, as well as a
method developed to tackle such challenge, for problematic, yet actual, vibration data. The experimental
setup consists on a 5x5 bundle, assembled using four grids at uneven span lengths, subjected to axial flow.
The experimental data consists on transverse vibration velocity responses measured at several locations
along the rod, using a two-channel laser vibrometer. The vibration amplitudes were quite low, leading to
noisy experimental data. Further difficulties included nonlinear effects at the supporting grids, as well as
coupling between the orthogonal motion directions. As a result, the experimental data collected posed
considerable difficulties for the source identification tasks. Here, an identification methodology is devised
by constraining the investigated turbulence excitation to be of exponential spectral shape, enabling an
optimal fit of the reduced spectrum parameters, amplitude and slope, to the experimental data. In addition,
from the space distribution of the excitation, an estimate of the flow velocity profile is achieved. In a
companion paper (Part 2 - Biscay et al., 2017) we present further measurements and computations which
validate the source identification results obtained under such difficult conditions.

INTRODUCTION

Flow-induced vibrations (FIV) are of particular concern in reactor technology. Beyond the need to prevent
fluidelastic instability phenomena, which can lead to failures, it is also important to account for the long-
time effects of the flow turbulence excitations, see Chen (1987). For multi-supported tubular components,
the need remains for a correct identification of the flow excitation spectral content and spatial distribution,
which are crucial for the predictive analysis of nuclear components such as steam generator tubes and fuel
rods, as extensively discussed in papers by Axisa et al. (1988), Antunes et al. (2011 and 2012) and Piteau
et al. (2012 and 2016). Actually, even if CFD unsteady flow computations already produce interesting
results, see Moussou et al. (2011), they are extremely demanding. Therefore, the excitation features are
typically obtained from experiments, where the random forces are either directly measured through load
transducers or indirectly inferred from the system vibratory responses.
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The topic addressed in this paper is the identification of the spectral and spatial features of random flow
turbulence excitations from vibratory responses. Previous efforts in this area, which are relevant to this
work, include the pioneer work by Bolotin (1984) and the closely related theoretical and experimental study
by Granger and Perotin (1999) and Perotin and Granger (1999), as well as later work by Park et al. (2009)
and Hwang et al. (2009 and 2011). All these authors addressed the problem of source identification using
modelling strategies anchored on a modal formulation of the structure dynamics. Based on a similar general
approach but using new identification techniques, the present authors recently proposed a comprehensive
framework for extracting the flow turbulence excitation features from vibratory responses, see Antunes et
al. (2013a, 2013b and 2014). Their identification approach was tested on numerically simulated vibration
data, for multi-supported bundles subjected to complex pattern flows such as those generated by turbulence
grid spacers. Notice that system near-linearity and good signal-to-noise ration of the vibration data are
assumptions required in all the above-mentioned investigations.

In Part 1 of the present work we present results from preliminary experiments under flow-excitation,
performed at CEA-Cadarache, which somewhat defy such requirements, emphasizing the difficulties of
source identification. The experimental setup consists on a 5x5 bundle with 1.3 m length and 10 mm rod
diameter, assembled using four grids located such that the resulting spans are of uneven lengths. The test
rig was subjected to axial flow with an average velocity of 5 m/s. The experimental data consists of
transverse velocity responses measured at seven locations along the instrumented rod, using a two-channel
laser vibrometer. Due to the considerable stiffness of the system, the measured RMS amplitudes were found
to be quite low, in the range 1~3 microns, leading to noisy experimental data. Further difficulties of these
experiments include nonlinear contact/friction effects at the supporting grids, as well as a strong coupling
between the two orthogonal motion directions, while most measurement locations only allowed for a single
measurement direction. As a result, the experimental data collected posed considerable difficulties for the
source identification tasks.

Here, a pragmatic strategy is developed to tackle this challenge, for problematic, yet actual, vibration data.
First, the modal response spectra and modeshape amplitudes are extracted from the physical response
matrix, enabling identification of the system modal parameters from the modal responses. Then, the
physical excitation spectra at various regions along the rod are identified and the reduced excitation
spectrum and flow velocity profile are estimated. The system identification tasks closely follow the general
framework proposed by Antunes et al. (2013a, 2013b and 2014). However, in order to deal with the present
data, the excitation identification tasks implement here a less general but more robust strategy, based on a
constrained optimization scheme, for extracting the crucial excitation features.

Actually, we have found that, for the identification of modal responses and modal parameters, the Second-
Order Blind Identification (SOBI) technique could deal effectively with the experimental data. However,
in order to proceed, our general identification methodology had to be modified by constraining the
investigated excitation spectra to be of exponential shape, hence reducing the identification problem to an
optimal fit of the reduced spectrum amplitude and slope. The identification results thus obtained appear
realistic and, most importantly, in a companion paper (Part 2 - Biscay et al., 2017) we present further
measurements and computations which validate the source identification results obtained.

FLOW-EXCITED VIBRATION EXPERIMENTS

Experimental setup

Test rig and instrumentation: The experiment is performed in the MERCURE facility located at CEA
Cadarache, France. It consists of a primary hydraulic loop, a secondary cooling loop and a test section. The
thermal-hydraulic conditions in the main loop are in the following range:
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- flow rate between 1 and 200 m3.h*,
- pressure between 1 and 16 bars,
- temperature between 50°C and 80°C.

For the proposed measurements, the test section implements 2 reduced scale fuel assembly mock-ups (5x5
rod bundles with 1.3 m length and 10 mm rod diameter, one central guide tube and 4 grids, see Figure 1-a
for the axial location of the grids) separated by a central wall, yielding two cavities with 67 mm x 67 mm
section. One rod is instrumented for vibratory measures in one of the bundles (see Figure 1-b). The global
conditions for the tests are given in Table 1, where two configurations are considered with different fluid
velocities inside the bundles.
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Figure 1. Test setup.

Table 1: Thermal-hydraulic test conditions.

Configuration 1 Configuration 2
Vi=5ms? V;=7ms?
Average flow rate per assembly 489 m3/h+2% 68.5m3/h+2%
Pressure at the entry of the test section 6.0 = 1 bar 7.5+ 1 bar
Temperature at the entry of the test section 50+ 2°C 50+ 2°C

Laser vibrometers are used for contactless vibration measurements. Such devices are particularly suited for
determining vibration velocity and displacement at fixed points. As detailed in Figure 2, the technology is
based on the Doppler-effect, sensing the frequency shift of back scattered light from a moving surface. It is
a relative velocity sensor consisting of a monochromatic light source (He-Ne laser A=633 nm) and an
interferometer. In our case, for more accessibility, we used laser fibber-optic vibrometers equipped with a
mini-lens and a focusing system.
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Figure 2. Contactless vibration measurements using a laser vibrometer.

Experimental protocol: The selected rod is equipped with small targets with comparatively negligible
mass (=1g, see Figure 1-b). These targets are mounted on the rod at different elevations and orientations
during the bundle handling. The vibration measurements on the rod, under axial flow rate (5 m/s), are
performed using the two-channel laser vibrometer through the windows of the test section. The velocity of
the rod is measured in the direction normal to the main test section window for PtO to Pt6 and also in the
orthogonal direction for Pt4a, Pt5a and Pt6a (see Figure 1-a), using additional lateral windows. Data
acquisition is performed at a sampling frequency of 1000 Hz during 600 s, for successive pairs of adjacent
locations. The digitalized signals coming from the measurements carried out with the laser vibrometer were
then processed through specifically developed Matlab software.
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Figure 3. Example of vibratory measurements performed at V=5 m/s.

Vibratory measurements

A typical vibratory measurement is given in Figure 3, showing the actual acquired velocity and the
computed spectra for both velocity and displacement, based on time integration of the velocity. The
effective (RMS) value of the displacement displayed is based on the integrated spectrum in the 25-400 Hz
frequency range. The effective displacement levels under flow conditions are particularly small, in the range
1~3 microns, making measurements sensitive to experimental noise, which must be carefully taken into
consideration for an identification process based on these data.
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MODELLING TURBULENCE-EXCITED VIBRATIONS

Figure 4 shows a generic system consisting on a beam-like structure with length L and diameter D
subjected to a flow excitation with density p and velocity profile V(x) =Vu(x) , the normalized flow

profile u(x) being referred to the average velocity:
— L
V= (L) [V 0o]ex (1)
V(x)

% () Y (1) Y.(1) Y, (1)

Figure 4. Multi-supported tube subjected to a flow with generic velocity profile V(x).

It can then be shown, see Axisa et al. (1990) and Antunes et al. (2012), that under linear conditions the
cross-spectra of the random physical responses at generic locations X; and X; are given as:

N N
(1) =S 05,6, 1) = T 3 gn(4) 6 ()80 () 111 =2.20 R @

where ¢,,(x) and ¢,(x) are the modeshapes and Sama, () are the modal response cross-spectra, for

m,n=12,---,N . Formulations similar to (2) can be established to relate the physical and modal velocities,
as well as the physical and modal accelerations. The modal responses are formulated as:

Sqq. (F)=H,()H, (f)jj¢<xl>¢<x)s¢(x1, X, f)dxdx, (3)
where Hn(f):[élﬁzmn(fn —f2+2iff ¢ )] ", with the modal parameters m_, f . £ and ¢ (x) of the
flow-subjected tube, while S (Xl, " ) is the cross-spectral function of the turbulence field, given as:

FF (Xl’ 27 ):[(DFF (Xl’ f)q)FF(XZ’ f)]m]/(xﬂ 2’ f) (4)

where }/(Xl, - ) is the space-coherence function of the turbulence eddies and the local excitation

spectrum may, in dimensionless form, be approximated as:

D (%, ) z(%pvz [ue) T D)ZVEGBFF (f.) : T =I,TD )
Then, we may write (3) as:
Sguan (1) = Ho (F)H () Se ¢ () (6)
where the cross-spectra of modal forces:
SFnFm(f):CDFF(f)Lim(f) (7)
depend on the following joint-acceptance and cross-acceptance correlation integrals:
LL
() = [ [ 6,00 6, 06) [UOUOR) 7 (%, %, T ) dxa, ®)
00

Now, for near-homogeneous turbulence the space-coherence may be approximated by exponential
functions, using Corcos (1964) model. For transverse (T) and axial (A) excitations, this leads to:

[ —x[) . _ [ =] %X 9
7 (%, ,z,f)—ep( ) X, f)=exp| - 260 )P\ T2 ®
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where A (f) is a correlation length and V_(f) the convection velocity for the turbulence fluctuations.

Then, under the physically plausible hypothesis of small correlation length, A_(f)/L <1, it can be shown

from (5)-(9) that both cases can be approximated by a common formulation, see Axisa et al. (1990) and
Antunes et al. (2012):

2
1 - D - fD 2
SFnFm(f)z(EpVTZ,ADj ﬁCDTEQA; (ﬁ}cnm (10)

with the "Equivalent Reference" transverse or axial flow turbulence excitation spectra, which are related to
the corresponding local excitation spectra through (where L, is a postulated reference length):

_ _ _ 271
Ol | 2 |-, | DNAUDND g [ g | DAATDINVI | [y ¢ AMDVI YT (1)
V. V. L Y Y L V,(fD/V,)

T T R A A R

and the simplified correlation integrals:
L
Con =2[ 4,004, ()[U(] dx (12)
0

When the simplified formulation (10)-(12) is adopted, both transverse and axial excitations may be dealt
using a common theoretical framework, which is clearly advantageous from both the modelling and
identification points of view.

IDENTIFICATION OF THE FLOW EXCITATION FEATURES
Identification strategy

A pragmatic strategy is developed in the following to tackle problematic experimental vibration data. The
source identification is performed from a set of measured vibratory responses, following the four steps
which will be now detailed: (1) The modal response spectra and modeshape amplitudes at the measurement
locations are extracted through a blind decomposition of the physical response matrix; (2) The system
modal parameters are identified from the modal responses using a simple SDOF identification algorithm;
(3) Identification of the physical excitation spectra is performed using a constrained optimization scheme;
(4) Finally, the reduced spectrum and flow velocity profile are estimated from the physical excitation
spectra. Due to space reasons, only the results pertaining to flow velocity V,=5 m/s will be presented in the
following.

(1) Identification of the modal responses

Given a number of modal auto-spectral response velocities éqnqn(f) ,N=L12,---,N (where N is the
number of system modes significantly excited), formulation (2) shows how these can be directly related to

a set of vibratory measurements S;(f) =S, (x,x;, f),1,j=12,---,R. In matrix notation:

[ S (F)]=[@][Se(D)][@] (13)

where the modal matrix is [®]=[{g} {4} {4, }], with modal vectors {g}={¢ (x). ¢ ()} ,

n=12,---,N. On the other hand, for reasonably well separated modal frequencies, the modal response
velocities are nearly decoupled and equation (2) can be approximated as:

N
2 .
Sij(f)znzl[yﬁn(xi)] Sgnan (F) + 1i=12-R (14)
therefore, in practice, the matrix of modal responses [Sqq (f)] in (13) is diagonal. Then, as discussed by

Antunes et al. (2013), an effective and robust technique for extraction of the modal responses, with no a
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priori information on the system modal properties, belongs to the class of Blind Source Separation (BSS)
methods, a research area which is fast spreading into many fields, such as signal or image processing and
system identification, for medical, engineering and science applications, see Cardoso (1998). The response

equation (13) encapsulates an instantaneous mixture of the "source" vector of modal responses {Q(t)}

through modal matrix [®], leading to the vector of physical measurements:

Y =[o){Q)} (15)
Here, due to the nature of the excitation and the assumed linearity of the system, both {Q(t)} and {Y (t)}

will be Gaussian, therefore higher-order statistics do not apply to our problem. On the other hand, as
mentioned before, matrix [Sqq (f )] is in practice near-diagonal, which implies second order independence

of the modal components of {Q(t)} . For such problem, the SOBI (Second Order Blind Identification)

methods appear well suited, see Belouchrani et al. (1997). This technique exploits the correlation
information contained in the measured response signals, being effective for separating sources with distinct
power spectra, which is the case of modal responses for systems with non-degenerate modes. The SOBI
method works in the time domain, using the correlation matrix of the physical responses, which is related

to the spectral matrix through the Fourier transform [S,, (f)] = F([R (¢)]), hence:

.

[Rv @ ]=[®][Ryg(@)][] (16)
Because in practice only the cross-spectra between adjacent transducers could be measured, the original
data matrix [S,, (f)] is tri-diagonal and all the remaining unknown cross-spectra S;(f) were estimated

from the measured S, ,,(f) using the iterative reconstruction technique developed by Antunes et al.
(2016), based on a truncated SVD of the response matrix:

. . . . H

[SY-Y- (f)} ~ 6, (F){U (N)}{Vi(F)} (17)
After performing the SOBI identification of the modal response spectra Sqnqn (f) and of the unscaled
mixing matrix [(i)u] at the response locations, we estimated the corresponding continuous modeshapes

&# (x) along the tube by performing a spline interpolation through the values {¢Z# } of each modal column
of the mixing matrix [Cf)u J .
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Figure 5. Identified auto-spectra of the modal responses Sqnqn (f) from the measured response matrix:
Green = SOBI-extracted modal responses; Red = SDOF-fitted modal oscillators.
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The results obtained are illustrated in Figures 5 and 6, for the first 3 identified modal responses and
modeshapes of the rod, emphasizing the difficulties posed by the experimental data. In particular,
interference from nonlinear and extraneous dynamics, as well as high noise levels, are responsible for a
less-than-perfect separation of the modal responses. Even so, the experimentally identified modeshapes are
in agreement with those obtained from a finite element model of the rod and supporting grids.

(2) Identification of the modal parameters

Before tackling the problem of identifying the modal excitations S (f) from the modal responses
Sqq (f), one must identify the modal parameters m,, f, and £, from the modal responses. Actually,
only the estimates of the modal masses M, depend on the quality of the estimates of the interpolated
modeshapes qgn(x) already obtained, shown in Figure 6. Indeed, the modal masses M, are estimated by

assuming that the mass distribution (including the fluid added mass) m (x) is known a priori. Then:

M jmo(x)[&n(x)]2 dx ~ moj (4,007 ox

Once modal separation is achieved, it becomes easy to identify the other modal parameters by fitting to
each modal response curve (either in the frequency-domain or in the time-domain) a SDOF identification
algorithm. In the present study we decided to apply a modal identification technique in the frequency-
domain, by minimizing the error:
f
Al ~ . 2 . 2 -1
2(Cy £1.¢,) = [ [Sua (D] - C, [HFO ()] ‘df with [HE(F)] = fz[(fn2 ~7) +(2gnfnf)2} (19)
fl
Table 2 shows the modal parameters thus identified, which again reflect the results obtained by a finite
element model of the system. Also notice that the identified modal damping values are significant.

(18)

Table 2: Modal parameters identified after the SOBI modal extraction.

Mode 1 2 3

f, (Hz) 69.8 104.7 | 140.6
¢, (%) 3.3 8.4 6.2
m, (Kg) | 0.18 0.13 0.12
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(3) Identification of the physical excitations

The excitation identification techniques proposed by Antunes et al. (2013, 2014) were found to be
insufficiently robust to deal with the present difficult data. Therefore, we devised a constrained
identification approach that, although lacking the generality of the mentioned efforts, proved robust enough
for providing usable results. Following known results from a large corpus of experiments, we postulate that
the investigated turbulence excitations will be of exponential spectral shape. For the case of a single slope,
the reduced spectrum reads:

O (f)=ALS 5 f=DN (20)
with, if a two-slope spectrum is hypothesized:
fo<f
A:{A_ , ﬂ:{ﬁL R RC (21)
A—( ﬂH fR > fRC

where the cut-off reduced frequency f.. lays at the junction between the low-frequency (L) and high-

frequency (H) spectrum sides, f.. =(A /A, )ﬁ P+ With the constrained spectrum (20), the identification

problem amounts to an optimal fit of the amplitude and slope spectral parameters to experimental data.
Now, segmenting the rod length into P < N space regions (N is the number of identified modes and
modal responses), from equations (2), (6), (10), (12), (19) and (20) the following formulation is obtained:

Su() Su(B) o Sy ()] [ R0 Rl o e ]
Sute (1) Suq, (B - Sqq, () | _JHE(R) [HE(H) MR o
P () B (6 S L e Eef Rl
LG I A G B R
o (C;2)2 (szz)2 (Czpz)2 a2f1ﬁ azfzﬁ aszﬁ
_(Cr{lN )2 (C;N )2 (CEN )2_ aP flﬁ aP fzﬂ aP fKﬁ

where all the identified modes n=1,2,---,N are incorporated. The frequency dependent matrices are
defined at all discretized frequencies f, = f,, f,,---, f, within the identified modal response peaks, which

carry the relevant dynamical information. Also, beyond the already defined symbols, © stands for the

Hadamard term-by-term product of two matrices, the correlation integrals pertaining to the various modes
and rod segments are:

(e =2 lawFen . {7707 @

and the amplitude coefficients « are given by:
a,=025p’AD*/V>7 | p=12P (24)
where \7p =\7<up(x)> are the space-averaged physical flow velocities within the p=1,2,---,P rod

segments. Notice that (24) implies the physical non-negativity constraints:
a,>0 , p=12--P (25)
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The unknowns in equation (22) are the P +1 parameters [al,az,m,ap;ﬂ] in the case of a single-slope

reduced excitation spectrum, or the 2P +2 parameters [c,,, &y, @ys Gyt Aips G Bs By | in the case

of a two-slope spectrum. Identification of these parameters is a nonlinear problem, which can be formulated
through a constrained minimization of the error function:

[g(ap,ﬂ)]=minH[sqnqn(fk)]—DHn(fk)ﬂ@([(cfﬂ)2][F(ap,ﬁ; fk)])ka subjectto a, 20 (26)

where we have expressed formulation (22) in compact notation. Several standard iterative schemes can be
used effectively for such purpose.

(4) Identification of the reduced spectrum and velocity profile

After solving (26), one can recognize the difficulty of separating the spectral amplitude A from the flow
velocity terms \7p encapsulated in the solution coefficients a,, see expression (24). This indeterminacy

will be circumvented by referring the segment velocities \7p to a reference mean velocity. As a practical
approximation we will use the axial flow velocity in the test, so that:

1
V, = EvaLp (27)
p=1

and such an assumption allows for the determination of A and the U, :\7p IV, . In the present work, we

have segmented the rod in P =N =3 regions. Because only three identified modes are used and their
reduced modal frequencies encompass a somewhat limited frequency range, a single slope is assumed for
the reduced excitation spectrum, as shown in Figure 7, which presents the equivalent reference turbulence
excitation spectrum @_. (f,) thus identified. On the other hand, the identified normalized effective

velocity profile u, is shown in Figure 8. A few comments on these plots are in order:

1) Firstly, it appears that the identified reduced spectrum of the turbulence field generated by the axial flow
and turbulence-generating grids is 2~3 orders of magnitude lower than the excitation spectrum of turbulence
excitation from transverse flows, typified in Figure 7 by the reference excitation spectrum recommended
by Axisa et al (1990).

2) This result is consistent with the usual practice when performing predictive vibration analysis of tube
bundles subjected to axial flows. The typical excitation spectra used lay in the blue region of Figure 7.

3) Also notice that the single slope of the identified excitation spectrum in the present experiments seems
compatible with the two-slope spectrum obtained by Axisa et al. (1990) for transverse flows.

4) Concerning the normalized velocity profile, one can notice that the flow velocity is maximal near the
first grid, located at the flow entrance.

5) Finally notice that, from the theoretical rationale used for identification expressed in equations (11) and
(12), both the identified excitation spectrum and flow velocity profile reflect turbulence excitation from the
combined actions of axial and transverse flow components.

CONCLUSION

In this paper we developed a pragmatic strategy for identifying, from vibration responses, the main relevant
features of turbulent excitations acting on tubular bundles. The identification approach is based on
constraining the shape of the excitation spectrum to decrease exponentially as frequency increases - an
assumption well rooted in many experimental and theoretical studies on turbulence. The constrained
identification enables problematic vibration data to be exploited effectively, in particular when
environmental noise and/or nonlinear effects are unavoidable. We thus were able to identify an equivalent
reference turbulence excitation spectrum and an effective flow velocity profile which appear credible. In a
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companion paper (Part 2 - Biscay et al., 2017) we present further measurements and computations which
validate the source identification results obtained under such difficult conditions.
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Figure 7. Identified equivalent reference turbulence excitation spectrum.
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