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Fluidelastic effects which are responsible for fluidelastic instabilities may be indi-
rectly measured through the analysis of the vibrating motion of a system under Jlow,

In this paper, piezoelectric actuators are used 1o increase the vibratory level when
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buffeting forces which excite tube vibration are low, and 10 improve the measurement
of fluidelastic forces. The proposed method based on an added excitation allows the
study of the added mass and provides a better accuracy on the measurement of the
vibrating characteristics and, thereby, of the fluidelastic forces. This added excitation

method is compared with a standard indirect approach on a tube underwater cross-
flow. The influence of the level of piezoelectric excitation forces is discussed, as well
as the range of application of this technigue.

1 Introduction

Tube bundles are vsed in heat exchangers and may vibrate
as a consequence of the external cross-flow. The time-dependent
fluid forces acting on the tubes are commeonly divided into
random buffeting forces and motion-dependent fluid forces
(Chen, 1987; Pettigrew and Taylor, 1994). The latter, also
called fluidelastic forces, depend on the tube displacement, ve-
locity, and acceleration. Since thecretical and numerical predic-
tions of these unsteady fluid dynamic forces remain difficult,
experimental approaches have been developed.

Two approaches are currently used in order to measure
fluidelastic forces in tube bundles and are referred to as direct
and indirect methods. In the direct method ( Tanaka and Taka-
hara, 1981; Chen et al., 1996), the fluidelastic forces are
directly measured by the use of force cells when the tube is
artificially forced to vibrate. The main disadvantage of this
approach is its poor signal-to-noise ratio when other unsteady
fluid forces dominate (Hadj-Sadok et al.. 1995). In the indi-
rect method (Pettigrew et al., 1989; Granger et al., 1993),
the fow-induced displacement of a flexible tube is measured
and fluidelastic forces are indirectly derived from the evolu-
tions of the modal frequency and damping as the flow velocity
is varied. A most common technique is to use the vibrating
response to the buffeting forces. Provided these are suffi-
ciently broad-banded, accurate measurements of the modal
parameters. and thereby of the fluidelastic forces. may be
obtained (Pettigrew et al., 1989; Granger et al.. 1993). Yet,
the measurement of the fluidelastic forces becomes impossi-
ble when the structure reaches fluidelastic instability. thus
giving an upper limit to the range of application of the indi-
rect method. On the other hand. the signal-to-noise ratio is
poor at low flow velocities where butfeting forces are not
sufficient to make the tube vibrate significantly and to allow
a proper modal identification. This lower limit of application
is the concern of the present paper.

In the past ten years. piezoelectric actuators have been shown
to be efficient for in-situ applications of controlled forces in
vibrating systems (Baz and Ro. 1991: Kaneko and Hirota.

Contributed by the Pressure Vessels and Piping Division foc publication in the
JuuRNAL OF PRESSURE VESSEL TECHNOLOGY. Manuscript received by the PVP
Division, July 21, 1998; revised manuscript received December 23, 1998, Associ-
ate Technical Editor: S. 5. Chen.

232 / Vol. 121, MAY 1999

Copyright © 1999 by ASME

1992). We propose here to extend the indirect method to lower
values of flow velocities through the use of additional excitation
forces imposed by such piezoelectric acteators (Crawley and
De Luis, 1987; Preumont, 1997).

The additional excitation method presented here (referred to
as AEM) takes advantage of the use of additional forces gener-
ated by piezoelectric actuators in three ways:

(a) The vibratory level of the tube is artificially raised so
that the signal-to-noise ratio becomes acceptable, thus compen-
sating for the insufficient buffeting forces.

{(b)  As this added excitation is known, the modal parame-
ters of the system may be estimated based on the transfer func-
tion between the vibratory response and this excitation. This is
known to be more accurate than a modal identification on the
sole PSD of the response as in the standard indirect method.
As both unknown buffeting forces and known added forces
simultaneously excite the tube, a specific procedure involving a
coherence analysis is needed for the computation of the transfer
function,

(¢) The modal identification of this frequency response
function provides three coefficients: the modal frequency, the
reduced damping, and the modal participation coefficient. Thus,
the fluidelastic coeflicients corresponding to the added stiffness.
the added damping. and the added mass may be estimated. This
is not the case of the indirect method where only two fluidelastic
coefticients may be derived.

To evidence the necessity of specific procedures, experimen-
tal tests are performed with a flexible tube equipped with piezo-
electric actuators and inserted in a bundle under water cross-
Aow. At a given flow velocity. the level of the added excitation
is varied (o study its influence on the coherence functions. Then.
at the same flow velocity, the results obtained with the addi-
tional excitation methed are compared with those given by the
standard indirect method. Finally. measurements of fluidelastic
forces are investigated at low flow velocities using the addi-
tional excitation method. A comparison with the results obtained
using the standard indirect method for higher flow velocities is
made in order to display the complementarity of the two meth-
ods on a wide range of flow velocities. Comparison with experi-
mental data of Granger et al. (1993} shows the usefulness of
the method to derive accurate values of Auidelastic coefficients.
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Fig. 1 Multi-excitation diagram

2 Theoretical Background

In the indirect method, the characteristics of fluidelastic
forces are indirectly derived from the response of the structure
through a modal identification of the vibrating tube (Granger,

* 1990). Fluid forces acting on the structure are divided hete into
two groups (Chen, 1987), namely, buffeting forces (Fs) and
fluidelastic forces (Fs) which are motion-dependent. The dy-
namic equation of the vibrating system reads

Mgt + Cg(t) + Kq(t)
' = fo(1) + fie(4(2), (1), (1)) (1)

where M,, C,, and K are, respectively, the modal mass, damping
and stiffness matrices of the structure, ¢ are modal coordinates,
fa and fix being the modal projections of Fy and Fz. When
the modal fluidelastic forces are linearized in terms of modal
displacement, velocity, and acceleration, Eq. (1) becomes

(M, + Mg + (C + C)gn
+ (KI + Ku)q(!) :fﬁ(r) (2)

where M,, C., and K, are the modal added mass, damping, and
stiffness matrices. Buffeting forces are assumed to be broad-
banded random excitations such as those resulting from turbu-
lence (Axisa et al., 1990) or two-phase flow (Taylor et al.,
1996; de Langre and Villard, 1998). The modal frequency and
damping may then be derived from the tube response with
a PSD-fitting or other techniques (Granger, 1990). Thus, the
standard indirect method can provide only two fluidelastic coef-
ficients. Usually, the added mass is supposed to be constant
when flow velocity is varied and the measured frequency and
damping give the fluidelastic stiffness and damping coefficients
of Eq. (2) (Granger et al, 1993).

In the additional excitation method (AEM) presented here,
piezoelectric forces are added and Eq. (2) becomes

(M, + MG + (G + Cglr)
+ (K, + K)q(0) = folt) + (1) (3)

where f, are the modal piezoelectric forces. The piezoelectric
forces are added to raise the level of vibration in order to obtain
a good signal-to-noise ratio when the bufteting forces are low.
Finally. the system of Eq. (3) which is multi-excited can be
represented in a bloc diagram as in Fig. I. where the signals 8
and P are. respectively. the buffeting and piezoelectric excita-

Fig. 2 Response with output noise diagram

tion forces, Z the experimental displacement of the tube, and
Hy, Hp the corresponding transfer functions.

The piezoelectric excitation forces are not directly measured,
Only the voliage applied across the piezoelectric actuators may
be easily measured. Therefore, if the voltage-expansion relation-
ship of the actuators is supposed to be linear (Preumont, 1997),
the actuators input signal may be calibrated in terms of forces
acting on the structure. Then, as these piezoelectric excitation
forces may be measured, the modal estimation may be done on
the transfer function H,» between the response and the piezoelec-
tric excitation. This approach is more accurate than a fitting on
the PSD of the response when only buffeting forces are used,
because the random error of the estimates of frequency response
functions is smaller than the random error of the estimates of
auto-spectra (Bendat and Piersol, 1993).

The actual accuracy of the transfer function Hp depends
strongly on the treatment of the part of the response due to the
buffeting forces which remain unknown. If buffeting forces and
the piezoelectric excitation are uncorrelated, this part of the
response may be considered as an external noise V as pictured
in Fig. 2, and thus be eliminated by the use of adequate filtering.
A most commonly used filtering technique is that of the Hl-
estimate of the frequency response function (Bendat and Pier-
sol, 1993), which allows computing the transfer function as

hze(w)
hep(w)

where ¢ and @ are, respectively, the cross-spectrum between
the signals Z and P, and the auto-spectrum of the signal P. The
H1-estimate of the transfer function is commonly used in order
to eliminate noise of low level on the output signal. So, in order
to improve the measurements with the AEM, the part of the
response due to the additional forces needs to be higher in
comparison with the part of the response due to the buffeting
forces. As the causality between the excitation and the response
is measured by the coherence function, the foregoing hypothesis
may be checked in practice through a coherence analysis. The
coherence function between two signals P and Z is written as
{ Bendat and Piersol. 1993)

|d>zP(-')i:
bzl w (i)

When the measured coherence funclion g, is expressed as a
function of the auto-spectrum é. . the intfluence of the external
response N on the output signal Z may be estimated. Bendat

He(w) = (€]

(3)

yaelw) = with 0 = yzp = |

Nomenclature

C = damping matrix
D = diameter of tube
F = force

H = transfer function

QR G R ou
s ununnuh

Laplace’s variable

modal participation coefficient of H
strain gage deformation
auto/cross-spectrum

Subscripts
B = bufteting forces
FE = fluidelastic forces
N = noise

K = stiffness matrix ordinary coherence P = piezoelectric

M = mass matrix modal projection coefficient V = output signal without noise
U/ = pitch Aow velocity circular frequency 7 = responsebof strain gage

U, = reduced velocity standard deviation a = fAuidelastic coefﬁcii;n}

f = frequency reduced damping o = reference parameter

g = modal coordinates 5 = structure

Journal of Pressure Vessel Technology

MAY 1999, Vol. 121 / 233



rigid tubes
; flexible tube o O
/ OO
| w D O
j E SUainlgauge O O O
, e POOO)

Fig. 3 Experimental square array of tubes

and Piersol ( 1993) give the ordinary coherence yz» a8 a function
of the ordinary coherence vy, which is closed to one. between
the response without noise (noted Vin Fig. 2) and the piezoelec-
tric excitation

‘)’i,'P(w')
1+ dyv(w)
¢\'L’(w)

Equation (6) shows that the quality of the measured coher-
ence function yzp is decreased by the external response N. Thus,
the coherence function yzp may be an indirect indicator in order
to evaluate the accuracy of the measurements using the AEM:
when 7, is poor. the signal V, which is the part of the response
7 due to the additiona! excitation forces is small in comparison
with the signal N, which is the part of the response Z due to
the buffeting excitation forces.

The modal estimation of H, gives three modal coefficients
per mode which are the modal frequency f, the reduced damping
£. and a new result, the modal participation coefficient (Eq.
(14), Appendix). These coefficients may be associated with
the mass, damping, and stiffness of a studied mode of the fluid-
structure system by using

(6)

yiw) =

_ etz

m, + m, = ("N
ap
C, + = g Yotz (2zF)€ (8)
ap
K+ ke = 2222 (20p) 9)
op

where ¢, and iz, which may be derived from the modal base,
are, respectively, the modal projection coefficients of the added
excitation forces and of the response. Finally, the AEM provides
more information on the fluidelastic forces than the indirect
method. The AEM allows to check the hypothesis of the stan-
dard indirect method which assumes that the added mass is
constant.

3 Experimental Setup

We consider here a square bundle of tubes (Fig. 3), the
central tube of which is flexible. The array is similar to that
reported in Hadj-Sadok et al. (1995) and includes 15 stainless
steel cylinders (3 columns and 5 rows) and 10 half-cylinders
of diameter 30 mm with pitch-to-diameter ratio of 1.5. It is
confined in a 180 X 300 mm?® vertical channel. The pitch flow
velocity is varied from 0 up to 1.53 nv/s.

The flexible system (Fig. 4) is made of the tube under flow
attached to a flexible plate which allows vibration in the lift
direction only. Thus, the first bending mode in still water is
about 18.7 Hz. The displacement of the vibrating tube is derived
from a strain gage bonded at the base of the flexible plate.

Two PZT actuators (Physik Instrumente, PIC151, 0.25 x 22
% 50 mm?) are symmetricaily bonded on the plate (Figs. 4 and
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Fig. 4 Flexible tube with bonded piezoelectric actuators

5). The bond (Epoxy Technology. Epo-Tek417 Silver epoxy)
is electrically conductive and wutertightness is realized with a
joint (Le Joint Frangais. PR395P) around the flexible beam.
The tube is excited in open-loop by the two piezoelectric actua-
tors, which are supplied with power by two amplifiers (Physik
Instrumente, E507.00). The excitation signal is a gaussian white
noise delivered by a frequency analyzer HP3382 and the electric
field is applied across one piezoelectric actuator it one direction
and reversed on the second. If the actuators are perfectly bonded
on the beam, Crawley and De Luis (1987) show that the iwo
piezoelectric actuators deform the structure in pure bending,
and this bending is caused by 1wo moments acting at the ends
of the actuators. The projection of these moments on the modal
base allows to calibrate the excitation signal across the actuators
in terms of moments acting at the ends of the actuators. A finite
element analysis provides here the modal base of the tube. Then,
the calibration coefficient of the actuators is 103 x 107
Nm/V.

4 Measurements at a Given Flow Velocity

4.1 Influence of the Piezoelectric Excitation Level. At
a given flow velocity (U = 0.35 m/s). the piezoelectric excita-
tion level is now varied to evidence the necessity of a coherence
analysis. Two excitation levels are considered. where the stan-
dard deviations of the moments acting on the beam are, respec-
tively, 6, = 4 x 107* Nm and ¢, = 20 x 107" Nm. The
corresponding rms displacemems at the end of the tube are o,
= 6.9 ymand o, = 35.9 pm. The associated coherence functions
and frequency response functions shown in Figs. 6 and 7 are
calculated on 80 averages with a frequency resolution of 0.0488
Hz (as well as the following auto-spectra).

The coherence functions of both excitation levels shown in
Fig. 6 illustrate the importance of a coherence analysis as de-
scribed in Eq. (6). The coherence function for the second exci-
tation level {Fig, 6 ()} is higher than the coherence function
for the first excitation level (Fig. 6{a)). Thus. when the excita-
tion level is increased. the ordinary coherence around the first
bending mode at 18.7 Hz is improved. Both coherence functions

sctustor

Fig. 5 Flexible plate with bonded piezoetlectric actuators
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Fig. 8 GCoherence functions — U = 0.35 m/s; (a) o, = 4 X 1072 Nm, (b)
a, = 20 X 167 Nm

are closed to zero on the frequency range 0~ 10 Hz (this point
is analyzed in the Appendix). As this limit is always less than
the frequency of the first mode, we can always choose a valid
frequency range for the identification of the modal characteris-
tics. Finally, the coherence analysis has two objectives: first,
the coherence function must be high enough around the fre-
quency of the studied mode in order to validate the piezoelectric
excitation level chosen; and second. the coherence analysis
allows to choose the trequency range for the modal identifica-
tion. [n practice. the level of piezoelectric excitation is chosen
so that the coherence function is clesed to one in the range
of frequencies under consideration. Moreover. a high level of
coherence is a proof that the piezoelectric actuators behave as
linear systems { Bendat and Piersol, 1993).

The medal parameters such as frequency and damping are
derived from a time-domain Prony fitting (Granger. 1990) on
the frequency range 10-35 Hz. In the case of a single flexible
tube inserted in a rigid bundle, this was shown to lead to results
identical to that of a PSD-fitting ( Hadj-Sadck et al.. 1993}, The
comparison of the results given by the Prony fitting on both
frequency response functions (Fig. 7) shows a better fit for a
higher excitation level. The Prony fittings confirm the conctu-
sions of the coherence analysis on the added excitation level,

4.2 Comparison With the Indirect Method. With the
same tube. the standard indirect method is now used at the
previous pitch flow velocity (0.35 m/s) in order to evaluate
the improvements due to the additional excitation method, The
piczoelectric excitation level is set to zero (o, = 0), and the
structure is only excited by the buffeting forces. The standard
deviation of the response at the end of the tube is o, = 2.7 pm.
Therefore. the frequency response function Hpe, Eq. {4}, may
not be caiculated and only the auto-spectrum of the response
(Fig. 8) is available. The comparison with the auto-spectrum
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Fig. 7 Transfer functions - U = 0.35 m/s; (a} o, = 4 X 107 Nm, (b) &,
= 20 x 1073 Nm; ——: experiment, - - - : Prony fitting

of the response, when o, = 20 x 107 Nm (Fig. 9), shows the
increase of the vibratory level due to the added excitation.

The signal-to-noise ratio with the standard indirect method
is poor, as shown in Fig. 8, due to the low level of buffeting
forces. Moreover, two peaks appear at 17 and 25 Hz, which
may be identified as pump harmonic excitations. The peak cor-
responding to the first bending mode is affected by the noise
that distorts the estimation of its modal characteristics. By com-
paring Figs. 7(b) and 9, it is clearly shown that the use of the
transfer functions with the Hi-estimate of Eq. {4) eliminates the
external pumnp harmonic excitations. The differences obtained in
the estimations of the frequency and damping by the standard
indirect method and the AEM are shown in Table 1.

1e-14 . . .
purmp
1 mode
pump
i
32
31e-15%
3
=
N ‘
le-165 5 35 25 30
Frequency (Hz)

Fig. 8 Indirect method auto-spectrum - U = 0.35 m/s - &, = 0} —~—:
axperiment, - - - : Prony fitting
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5 Application of the AEM for Low Flow Velocities

A measurement in still fuid (I = 0) is done using the piezo-
electric actuators to excite the tube (Table 2). When the pitch
flow velocity is varied from .08 up to 0.66 m/s, measurements
of the modal characteristics (frequency, damping, and modal
participation coefficient) are done using the additional excita-
tion method (Table 2). For higher pitch flow velocities, from
0.69 up 1o 1.53 m/s, buffeting excitation forces are significant
and the classical indirect method may be used (Table 3) with
the same procedure as in Hadj-Sadok et al. (1995). In that case,
piezoelectric actuators are not supplied with power (o, = 0).
In Tables 2 and 3, the reduced velocity U, is given by U, =
U/(f.D). The results given in Table 2 when U = 0.36 m/s are
slightly different from those given in Table 1 by the AEM when
U = 0.35 m/s as the tube was dismounted between the two
series of tests. Figure 10 shows the complementarity of the two
methods to derive the modal frequency and damping when pitch
flow velocity is varied from 0 up to 1.53 m/s.

6 Discussion

With the same flexible tube equipped with piezoelectric actu-
ators, fluidelastic stiffness and damping forces may be measured

Table 1 Comparison between the indirect method and the AEM at U =
0.35 m/s
Method f £
(Hz) (%)
Indirect Method 18.64 1.57
AEM 18.70 1.45
Table 2 Results with the AEM
U Ur f 5 Xp
(m/s) {Hz) (%) (N"'m™.s?)
0 0 18.75 |.44 0.583
0.08 0.14 18.76 1.44 0.590
0.12 0.21 18.75 1.44 0.585
0.19 0.34 18.75 1.43 0.583
(.26 0.46 18.76 1.45 0.583
0.36 0.64 18.76 1.46 0.583
0.46 0.82 18.75 1.44 0.583
“0.54 0.96 18.73 1.49 0.587
0.66 1.17 18.74 1.56 0.587
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Table 3 Resulis with the standard indirect method

Y U, f S
{m/s) (Hz) (%)
0.69 1.23 18.69 1.67
0.90 1.62 18.49 2.18
0.97 1.76 18.35 2.03
105 1.91 18.32 1.16
1.25 2.27 18.38 1.75
1.38 2.52 18.28 2.48
1.53 2.81 18.11 3.04

using the additional excitation method and the standard indirect

method on a reduced velocity range that includes still fiuid.
Fluidelastic effects on damping may be represented by a

dimensionless coefficient (Chen et al., 1996; Granger et al.,

1993) defined as
_ 8mm, _ -f.‘i
“= oo, (5 5"f)

(10)

where m, is the equivalent mass per unit length, and £,. £,, the
reference frequency and damping in still water, In Fig. 11,
we compare the dimensionless fluidelastic damping coefficients
Cd .U, obtained in the present experiments with those of Granger
et al. (1993) on a similar tube bundle. A good similarity is
found between the two sets of experimental results, except for
a constant shift in value. This may be attributed, in the data of
Granger et al, {1993), to the use of two different methods to
derive modal parameters, namely, a free decay method for U,
= {, an auto-spectrum fitting for U, > 2. Our data show a
continuous evolution due to the use of the added excitation
method, Figure 10 illustrates that there is no discontinuity of

19 T

|
. U'<1 ; Ur>1 (a)
T(h et gy

186

f (Hz)

1821

1
|
|
18.4 :
|
]
I
|

18
0

0.5 1 15 2
U {mv/s)

(b)

0 0.5 1 15 2
U (nvs)

Fig. 10 Evolution of modal paramaeters with flow velocity; {a) frequency,

{b) damping; o: AEM (U = 0), x—x: AEM (U > 0}, +——+: indirect
method
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the frequency and the reduced damping between U = Gand U >
0 when the same experimental method is used. Discontinuities
between still fluid and low flow velocities of the damping may
only be a consequence of using two different experimental pro-
cedures.

As the modal participation coefficient a, is constant (Table
2}, the AEM proves that for low flow velocities, the fluidelastic
phenomena has no effect on the added mass. The use of both
AEM and standard indirect method allows to build the evolution
of tluidelastic effects with & good level of accuracy on a large
range of reduced velocities. It clearly appears on Fig. 10 that
the Auidelastic forces have some influence only for a reduced
velocity higher than one. This is fully consistent with previously
published models (Lever and Weaver, 1982; Price and
Paidoussis, 1984) where the fluidelastic mechanism is thought
to originate in a phase lag between the tube motion and the
reacting force by the Ruid. This phase lag was related to the
ratio between the time of tube oscillation and the time of fuid
convection. This ratio is identical to the reduced velocity
(THD.U) = Ul f.D) = U,). Therefore, U, = 1 is an order of
mugnitude of the onset of Auidelastic eftects,

7 Conclusions

1n this paper. we have shown that piezoelectric actuators may
be used to signiticantly improve the measurement of fuidelastic
chiects in the case of a Hexible wbe under water cross-flow.
These actuators provide an additional excitation which allows
to extend the standard indirect method 10 lower value of tlow
velucity, where buffeting torces are not sufficient 10 make the
tube vibrate, Moreover, as the content of additional excitation
is known, a spevilic procedure may be used to derive the transfer
function and use it for the modat identitication. which is more
accurate than a PSD-fitling, This procedure allows to caleulate
the effect of Mudelastic forces on the added mass which is not
the case of the standard indirect method. [t should be noted that
the proposed method is limited o a single degree of freedom
svstem and assumes that nonlinear effects are negligible in the
wbe behavior.

When this additivnal excitation method is used on a single
tube mock-up, it is tound that no Nuidelastic effect exists at the
transition between still fuid and very low fow velocities. The
fluidelastic effects remain negligible up to a reduced velocity
of about vne. The propused methodology is not restricted to
reduced velocities of less than one. For instance, in the case of
two-phase How, it is known that buffeting forces are signifi-
cantly lower than in single phase, though fuidelastic forces
exist {Pettigrew and Taylor, 1994; de Langre and Villard,
1998). Added excitation might be of a great use to improve
the accuraey on Nuidelastic coetticients even at higher Aow
velovilies.
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APPENDIX

On the frequency range 0-10 Hz. the ordinary coherence
functions of both excitation levels (Fig. 6) are closed o zero.
Measurement instruments are known to aftect coherence in low
frequency range. The present observation may also be explained
with an analysis on transfer functions forms. For the present
mock-up. the second-order torm of the transfer functions Ha
and Hs can be expressed in the Laplace domain. The classical
form of the transfer function Hy is

"

Hﬁ(j) = z

.
Xy

(- + 25uws + w))

(n

The frequency response function Hp may be identified in
three steps. First, the transfer tunction H, considering an infinity
of modes has the same form as Eq. (11). Second. as the bending
of the Rexible tube is caused by two moments acting at the ends
of the actuators {Crawley and De Luis. 1987). only the part
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deformed zone

F~ Moment strain

auge
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Fig. 12 Two piezoelectric moments acting in bending on a beam

of the tube under the actuators is deformed (Fig. 12). The
corresponding static deformation is not measured by the strain
gage. Thus, the transfer function H, is equal to zerc at 5 = 0

x

(12)

Finally, the transfer function H» may be written as

%

ab _ia’ﬁ»

H:(5) = = 13
vls) E (s? + 25 wis +wi) o wi (13
which reads
= i 2 LTy
He(s) = — 3 —2ele T 2nd) (14)

(st Wwis + wh’

Equation (14) shows that the frequency response function
Hp has the same form as a high-pass filler; thus, low frequencies
are filtered by H,. Furthermore, the transfer function Hg given
in Eq. (11) may be identified as a low-pass filter; therefore, Hy
is constant for low frequencies. Finatly, for low frequencies,
the response of the tube is mainly due to the buffeting excitation.
Thus, considering frequencies under 10 Hz, the ordinary coher-
ence yz» is closed to zero as shown in Fig. 6 and the piezoelec-
tric excitation cannot improve the quality of the coherence func-
tion on this frequency range. One solution to avoid this problem
at low frequencies may be the use of a piezoelectric film sensor.
such as PVDF polymer, collocated with the actuators (Preu-
mont, 1997).
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