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Abstract

In steam generators, the primary loop tubes ardeswgldl to fluid coupling forces and impacts.
Understanding the behavior of these tubes is drudian designing steam generators. In fact, masjeri
aforementioned could allow engineers to improvedbsign of these components optimizing the safety
factors and ameliorating the overall performancebthe average life of the structure.

The aim of our research is to provide a better tstdeding of the conjugate effects of impacts and
coupling with fluid-elastic forces on the systenstbility. Since fluid-elastic forces are difficuio
simulate and expensive to reproduce experimentiiyfluid coupling forces of our numerical modet a
represented using velocity dependent damping dffidests matrices, both for the fluid and the tube.

In this paper, first we present a hybrid approamtsisting on determining experimentally both thedaio
contribution of fluid-elastic forces and impactdes to feed our semi-analytical model. Then arvacti
vibration control approach is setup to reprodueertiodal contribution of fluid-elastic forces on tibe
taking in consideration the non-linearities du¢hi®impacts.

1 Introduction

Steam generators are heat exchangers used to tavater into steam from heat produced in a nuclear
reactor core. They are used in pressurized wastataoes between the primary and secondary coolant
loops.

When the steam generator is operating, water insdo®ndary loop partially changes to steam. When
rising up, this fluid interacts with the U-tubegy(fre 1), which are therefore subjected to flowitton.
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Figure 1: Steam generator

This excitation can be split into two kinds of fesc turbulence force®; which are independent of the
movement of the tube and the so-called fluid-etastiupling forcess_., depending on acceleration,

velocity, displacement and fluid reduced velodity [1], [2]. The total flow excitation can be finally
expressed as:

Fr+ Fr_e(3,9,9,Vr) = Fp — Mp.5 — Ce(VP).y — Kp(Vr).y (1)
V. =V/(Df)
Wherey,y andy are acceleration, velocity and displacement vecMf added masse(; added damping
and K¢ added stiffness. These last two coefficients asumed depending df}. Under some specific
conditions of fluid reduced velocity. [1], C; is negative enough to make the structure instaliies
phenomenon is called fluid-elastic instability ac@n damage the structure. The tubes are however
supported by plates (figure 1) which guide them kmat their vibration amplitude. In fact, the imgis

between the tubes and the plate tend to stabitieetubes. Thus, we can finally represent the whole
problem as below:

M-y+Cy+K-y=F+F_.0.9y.%h) +E (2)
WhereM, C andX are structural mass matrix, structural dampingrimaind structural stiffness matrix.
F, is the impact force.
Premultiplying the (Eqg.2) by modal badewe get a set of equations of motion in the modatdinates.
M G+Cmq+Kn q=fr+ fre(d.q,9V%)+f 3)

Whered, ¢, q are generalized acceleration, velocity and digptent vectors, andt,,, C,,, X, modal
mass, damping, stiffness diagonal matrices. Beddwese mechanisms are complex and difficult tazeal
in an experimental set up, the main aim of ourstigdo develop a hybrid control loop to simulabést
coupling effect in the frame of an experimentalreloterization test bench.



2 Structure & modal updating
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Figure 2: Gap supported tube

The studied structure (figure 2) is composed afleetattached to a slender plate clamped in rigadkol
At the middle height of the tube, two gap stopsated at 0.5mm create punctual impacts dependinigeon
tube vibration amplitude.

A finite element shell model was developed to geteethe mass, damping and stiffness matrices. This
model was updated in order to match the numeriehbbior with experimental one. Two criterions were
used to compare the numerical and experimental mblbelal Assurance Criterion (MAC) and frequency
error criterion. Figure 3 & Table 1 summarizes tbsults obtained for the 6 first modes.
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Figure 3: MAC

It can be observed that there is a good agreenatwebn the two models. The lowest value of MAC is
85% and the mean frequency error is lower than Béblé 1).



Modes Numerical modal Experimental Error %
frequency modal frequency

1 23.1 23 ~0

2 103 100 3

3 305 318 4

4 426 407 4.6

5 774 798 3

6 1300 1404 8
Mean 3.7

Table 1: Frequency error

3 Loads parameters identification

3.1 Impact stiffness

The only source of nonlinearity in our problem cenfijmm the impact forces locatedxat(middle height
of tube), which are computed in an explicit mareethe (Eq.4) shows.

F(®) = - 23 K (ye®l - 9) i v >g @

F(@)=0 if lyy®l<g

Whereg is a gap distance, is displacement at loose support &ds the impact stiffness. The value of
the parameteK,. is identified through experimental measuremergsefal impact tests were performed in
which the impact forces where measured by usingefsensor. Knowing the mass serder(26.5g) and
measuring the duration of the impdat, we can deduce an estimation of the impact s8ngsing the
following approximation:

(5)

Nomber of occurrency

Figure 4: Impact duration

Figure 4 presents a histogram of the obtained tedat 25 testsK. is estimated aB - 10*N/m on
average (fofl, = 2ms on average).



3.2 Turbulences excitations

The turbulence forces were modeled by a randonmaki@ince only the first mode is under fluid-elasti
coupling, the turbulence excitation was construttgdreating first a limited spectrum band to 40than
using the Inverse Fast Fourier Transform (IFFThtéc to get the temporal signal. The RMS amplitude
was fixed arbitrary to 1. This level will be muligd by different gains for each fluid velocity. &figure

5 presents a sample of the turbulence signal usexgeriments and simulations.
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Figure 5: Sample of turbulence forces
3.3  Fluid-elastic coupling coefficients

A significant research effort has been conducteat thve last four decades to model fluid-elasticdsr
These researches leaded to several theoreticallsndlfe can quote Tanaka [2], M.Paidoussis [3], or
Weaver & Lever [4] models etc. In our study we habhesen the CEA one [1] which is semi-analytical
model. In this approach, the coupling parametéisCys andK¢ are identified experimentally to feed the
numerical formula (Eq.1). In addition, it has bemonstrated thdhe first mode is predominant in the
tube response and the effects of higher modes lar@sanegligible, thus the fluid elastic forces wer
projected only on the first mode and the other made not influenced (Eq.6).

fre(d1,d1,q1) = —(meqy + cr (V) g1 + ke (V)q1) (6)

To achieve the fluid-elastic forces modeling, teeé coupling parameters were identified from ttoelah
characteristics of the structure for each fluidoedly. First we assume that the modal frequency thed
modal damping are known in the air, also we suppbsefluid-added massi is independent on fluid
velocity. With this last assumptiomy is identified through the first mode frequencytlie air and in the
stagnant waterk{ = 0) by using formula (Eq.7). Then for each fluid wety, the parameterk; and c¢
are inferred from the first modal frequency and ala@mping by using (Eq.7) and (Eq.8).

k1 +kr(Vy)
0D = [ty )

() = gt (8)

2w(mq+my)

The figure 7 presents the modal parameters of thupled system (tube-+fluid-elastic) for each fluid
velocity.
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Figure 6: First mode parameters depending on flaldcity
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Figure 7: Evolution of the first mode (pole) undleid-elastic forces

After characterizing all load parameters, the ragp is to perform a hybrid test to simulate thedaho
contribution of fluid-elastic forces on tube dynamby using active control vibration technics. Tinedal
parameters of figure 6, were reinterpreted in suai to facilitate the controller design. We havesdn
root-locus plot, in which we plot the evolution pbles (blue curve) under fluid-elastic effect byngs

pole equation definition (Eq.7):
pi = —Giw; + jw; /(1 -9 (7)

This plot (figure 7) emphasizes the vortex sheddind makes this phenomenon more visible than in
figure 6, also we notice that the system beconm&silite from a certain velocity when the real pathe
associated pole becomes positive.
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Figure 8: Control loop

In our study, the turbulence excitation is locastdhe end of slender plate, because the inflegfaime
firs mode principally appears at this plate andorthe tube. Concerning the control force, it'plagal at
the free end of tube, because at this locatiomtfaity of measurement over background noise idbéast
and the structure is flexible so the shaker doese&d lot of energy to impose the modal contrilutio
corresponding to the fluid-elastic force.

To reproduce the modal parameters of the couplstisy we built 2 controllers: the first one all@sathe
modal frequency and the second one the modal danagirshown in figure 7. Proceeding in this way, we
can cover all the area where ttiepble of the coupled system is located by justrtgrivo gains control.
The design of these controllers is based on vergfahidentification of each control loop component
(shaker, amplifier, conditioner, tube etc.) anadékes in consideration the spillover problem itigring

the excitation of higher modes. After numericaltdesve identified the gains associated to eachd flui
velocity in order to fit the modal parameters. Tigrire 8 displays the hybrid test and numericalepol
location in the s-plan. We notice a good agreentmtiveen experiments and simulations results, in
addition to the ability to reproduce the vortexdiiiag and fluid-elastic instability with the actigentrol
loop.
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Figure 9: Experimental (tube under active contu®) Numerical results (tube under fluid-elastic effe

Now that we are able to perform a hybrid test ideig fluid-elastic force effect in linear case, thext
step is to introduce a local non-linearity in otudy.

5 Non-linear hybrid test validation

We now address the final aspect of this work, whidmsists in comparing the experimental and
numerical tube dynamics under fluid-elastic effa@otl impacts. When including impacts in the problem,
the expression of the reduced fluid velocity in .decomes a little more complicated, since itetheis

on vibration quasi-instantaneous frequency of tube and not anymore on the first ahdcequency as
proposed Fricker [5] in his works.

There are different ways for estimating this guastantaneous frequency of the tube’s vibratiorthia
study we have chosen Rice frequency method [6]dy@tewhich is proportional to velocity RMS over
displacement RMS of the tube free end within stidsize windows (Eq.8).

falt ) =242 8)

2moy(tT)
Consequently, the new expressiorjoin non-linear study as from now is:

V. =V/(fr * D) 9)

The fluid elastic forces are then updated contistyodepending on reduced fluid velocity estimation.



5.1 Experimental setup

\

Figure 10: Experimental active control setup

Figure 10 shows the experimental setup of the tugker active control. Two shakers are used, finstie
used for turbulence excitation (fixed on flat band the second one is for the control (fixed onftee
end of tube), both actuators are oriented in td@gction (direction of interest). In the middleghiof the
tube are located two gap stops with an integrateckfsensor, in order to measure the impact foides.
acceleration sensor used for the control loop ¢sitked in the free-end of the tube in order to perfa
collocated control. The controller board, where tbatrollers are implemented, is provided by dSpace
This devise generates the signal command from megsweceleration and send it to the control actuato

5.2 Results analysis

The direct comparison of the detailed plots is netgvant and results should be compared in a titalis
sense, since turbulence forces are modeled by maedoitation. Figure 11 compares numerical regalts
experimental ones. On the left side, a detailed pfothe free end displacement for both numerical
simulation and experimental measurement are sh@mnthe right side, are plotted their associated
histograms.

Through the detailed plots we can highlight tha thisplacement is bounded by the double of the gap
distance (gap=0.5mm). This can be apprehended fhenfirst beam mode shape which is the mainly
responding under fluid-elastic forces. The histagwdistribution is centered on zero, namely theidhit
equilibrium position. Also we notice a good agreaha the time estimation between computational and
experimental responses.
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Figure 11: Tube displacement & histogram for V=1/§& Gain excitation=5 (Num VS EXxp)

The figure 12 compares the computed and measurgatinforces by using a convenient graph “whiskers
box”. The box depicts the data through their qlestithe extended line (whiskers) indicates valiigbi
outside the upper and lower quartiles. Finallylierg data are plotted as individual points andrtieslian
value is plotted as red line in the box.

Config: V:1.7 Gain: 5 J: 0.5mm

-

=
~
.

=
N
T

=
o
T

}7 |

Impact duration(ms)
2]

_

Config: V:1.7 Gain: 5 J: 0.5mm

Impact force (N)
N

+

+

¥
+
+ T

- 1

Num Exp

Figure 12: Impact durations and forces for V=1.7amd Gain excitation=5 (Num VS Exp)

As figure 12 shows for a first configuration (V=in/& and gain excitation =5), all quartiles of thgpact
durations and forces are well estimated. The mematidn is about 9.5ms and 9.7ms for numerical and
experimental data (Table 2). We have also counbedital18 impacts for numerical simulation against
119 impacts for experiment. Concerning the impactd maxima, we obtained 7.7N for numerical
simulation against 7.1N measured. The table 2, sanags the results and gives calculated relatikarr

(in percent) between the experimental and numengsallts.



Num Exp Err%

Fmax 7,7 7,1 9
Occurrence 118 119 0,8
Mean duration 9,49 9,7 2
(ms)

Table 2: Comparison between experimental and neadeesults (V=1.7m/s & Gain excitation=5)

Figure 13 & 14 displays results for the second igométion (V=2.5m/s and gain excitation =7). In the
detailed plot we still notice that the displacemisribounded at about double of the gap distande tee
first configuration. However, the histogram showsevere instability of the system with a far-from
Gaussian distribution as presented before. Deepitigis violent non-linear regime, computationaduks
fits well measured ones.
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Figure 13: Tube displacement and histogram for ¥2s and Gain excitation=7 (Num VS Exp)
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Figure 14: Impact durations and forces for V=2.5&/Sain excitation=7 (Num VS Exp)

The impact duration in figure 14 shows that the eroal results are little more scattered than the
experimental ones. These differences might be duleet conservative modeling of the gap stops (itnpac

damping was neglected in simulations). This aspea&ds more investigations, but globally a good
correlation between modeling and measurements ovensl f

Concerning the impact forces, we observe a gooeeagent of medians, the first and the third quartile
Even outliers are well located. Furthermore, thpdot force maxima and impact occurrences aregill
estimated as shown in the table 3.

Num Exp Err%
Fmax 18,67 18,8 0,7
Occurrences 1250 1323 55
Mean duration 12,9 13,8 6

(ms)

Table 3: Comparison between experimental and ngadeesults (V=2.5m/s for Gain excitation=7)
6 Conclusion

This paper presents a hybrid test method to simuls fluid-elastic effect on steam generator tubes
using active vibration control technics. This hgbapproach aims to reduce the cost of experimardsru
real conditions, which might be very expensive difficult to perform. Among several fluid-elastic
models, we have chosen Piteau et al [1] one, irchwthie fluid-elastic efforts are projected only the
first mode shape.

First, we created a model of the experimental séthpn we designed two controllers acting separatel
modal frequency and modal damping. Combining titesecontrollers allowed us reproducing the fluid
elastic modal effect on the tube, including vortdredding and fluid elastic instabilities. In thedewe
added gap stops to reproduce impacts and studyetfiett on tube dynamics.

This work also indicates that the impact forces dadation can be estimated numerically especially i
lower level of excitation. In cases of higher eatitin, the numerical modeling must be more preaist
deserves more investigations. However, it givesagstimation of the tube response.
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