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1 Introduction the case of two-phase flow where the modal characteristics of the

fluid-structure system in a still two-phase mixture may not be

Heat exchanger tubes may exhibit, under particular conditior}%\easured. A method is described here to derive the damping

large amplitude vibrations, which may lead to failures. One of t}«l?rought by the controller as a function of the characteristics of the

origins of these vibrations has been identified as fluidelastic dy- ntrol-loop in the case of a two-phase flow. Experimental tests
namic instability, a subject of intensive research over the p e performed with a flexible tube equipped with piezoelectric

thirty years[1-3]. At a critical value of flow velocity, a sudden . 2i0rs and inserted in a tube bundle. Several critical velocities
increase of vibration amplitude that is caused by a fall toward ze,

X : . 16 fluidelastic instability are measured using vibration control on
of the damping of the fluid-structure syst¢#] may be displayed. ¢, 'omogeneous void fractions. The results are compared with a
This instability is observed in wholly flexible arrays but also at

. . esign guide-line using the mass-damping parameter and the re-
different threshold when all tubes are fixed except one and gn 9 9 ping p

h A . - duced velocity[1].
lowed to move in the lift directiofi5,6]. In that case, the instabil- il
ity has been attributed to a velocity dependent force rather than a .
displacement dependent force. In this paper, we shall only cof- Active Control Measurement Method
sider one flexible tube. Since theoretical and numerical predic-2 1 Calibration Necessity. Active vibration control allows
tions of the fluidelastic instability remain difficul6—8], experi- o 'modal damping of a flexible structure to vary. Damping may
mer!tal appr_oaches have_ been de_\{eloped. T_hus, studies have IB)Peeglrtificially added or subtracted to the initial damping. The main
carried out in order to dls_play crltlc_al velocme_s when the arra bjective of the present active control method is to set the modal
characteristics and the flwd properties are varied. .It has t_;een % mping of the fluid-structure system to a required value for the
_served _that tu_be damping, which depen_ds on void fract_lon alfeasurement of fluidelastic effects. Active vibration control is
interactions with the supports, he_ld a crucial effect on the instab hysically based on a control-loop, which may be represented in a
|tydthre§ho!q. Al\n a;pp_roach t? th's. pro?lem hgs beer_l to lmap Bfoc diagram as in Fig. 1. The mechanical system, here the fluid-
reduced critical velocity as a function of a nondimensional paranig,cyyre system, and the controller are res ecti\;el represented
eter such as the mass-damping paramterTo build up such a Y ; P y rep

map, each point requires the use of a given mechanical systﬁﬁ the transfer functiondl(s) andG(s) whereG(s)=gD(s) and
{0

with its frequency and its damping, which is tested up to fluidela: ﬁetrh ?SS\(/::Il'igdga-ll—r;].u\é\/h:gg:\s/e\:‘]ar;%%,etdhed;m;liﬁrg]cyw?]fiéﬂerﬁg;-be
tic instability. : ' ;

I ositive or negative, corresponds to a given scalar ggaiNo
On the other hand, vibration control has been shown t0 g ,in s added to the structure when this last gain is set to zero.
efficient for in situ applications of controlled forces in vibrating

system under fluid flon[9,10. We propose here a method to 2.2 Experimental Calibration. To calibrate the control-
derive several values of the critical velocity corresponding to seleop, the added damping for a given scalar gain may be derived
eral values of damping, which is varied by the mean of actiieom two tests. In a first test, the modal damping of the system
vibration control[11]. This allows to build the instability chart in with no control may be measured through a modal analysis. A
a systematic way. Meskell and Fitzpatri€k?] also varied the second test with a given scalar gain provides the effective damp-
damping of a single flexible tube in an array under air cross-floing of the system under control. The added damping correspond-
using an electromagnetic shaker connected to an electrical regigr to the given scalar gain is thus obtained from the difference
tance. The proposed method was based on passive cdbifol between the two measured damping values. To calibrate the con-
which only dissipates mechanical energy. This passive contitobl loop, the second test needs to be repeated for each scalar gain
mechanism can only add damping to the structure under control.

This is not the case of active control where damping may be

added or subtracted.

The actual damping brought by the active control may be mea- 4®—«> H(s) G(s)
sured, but may also be estimated from the characteristics of the
active control-lood11]. The latter approach is in fact necessary in [

Contributed by the Technical Committee on Vibration and Sound for publication
in the DURNAL OF VIBRATION AND ACOUSTICS Manuscript received March 1999;
revised March 2000. Associate Technical Editor: B. Yang. Fig. 1 Block diagram of the closed-loop
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because the correspondence between the scalar gain and the attdait components of the control-loop which may include filters
damping is generally not linear on a large scalar gain ratge are not explicitly described in E¢3) but are taken into account in

2.3 Numerical Calibration. A SISO control-loop(Single the fit of the frequency response function.

Input, Single Outpytconsists of a sensor which provides the in- .(b) Computation of the modal parameters in a still two-phase

put information on the movement of the structure, and an actuafgP¥ture; the modal characteristics, which may not be measured in
which exerts the output effort of control on the structure. The still tvyo-p_hase mixture, a_re_hel_'e de_nved from the experlmental
frequency response function between the sensor and the actudfoi!ts in still gas and in still liquid using the homogeneous equi-
called frequency response function in open-lébp, may be mea- !1Prium model[15]. The frequency in a still two-phase mixtufg,
sured. The structure is then directly excited by the actuator of tﬁéay be estimated from the frequencies in gaand in liquid f,
control-loop.H, may be defined as y

4

fp=——r— 4
Ho=H(s)G(s) () P (1) + 125, “)
wheree g is the homogeneous void fraction. Similarly, the modal

'I_'he modal characteristics of the structure with no controlyass in a two phase mixtuM,, is expressed as a function of the
which are the poles dfi(s), may be derived from the frequency ,qdal masses in gad , and in liquidM, by

response function in open-lodi,(s) as shown in Eq(1). _ B
On the other hand, when the structure is under control, the . Mtp Mgng_rM'_(l 89_) ) ®)
transfer function in closed-loopl, may be defined as a function The modal participatiog,, , which is equivalent to the inverse of

of H, [11]. It reads a modal mass, Ed3), is estimated using the modal participations
in gasBy and in liquid 8, by
~ Ho(s)  H(9)G(s) o= Bgbi ©)
¢ 1+Hy(s) 1+H(s)G(s) ) P By(l-eg)t+Bieg

The total fluid damping is calculated using state of the art models

From Eq.(2), if the transfer function in open-loof, is mea- [3]- Finally, the transfer function in open-loop in a two-phase
sured, the transfer function in closed-lobz may be estimated Mixture is built up again using the modal characteristics calcu-
without any other specific measurement. The calibration of thated above.
control-loop is here made using the frequency response functionc) Numerical simulation of the control in still fluid; this simu-
in open-loopH, which is experimentally estimated. The modalation allows to derive the modal parameters in closed-loop for a
characteristics under control, namely the poles of the transfgiven scalar gain from the modal characteristics in open-loop.
function in closed-loofH ., are calculated for a given scalar gain
g by finding the roots of its determinant. From E8g), the equa- 3
tion (1+Hy(s)=0) is solved to find the poles of the system under
control. By doing so, the numerical calibration needs only one 3.1 Experimental Setup. We consider here a square bundle
experiment in open-loop to characterize the control-loop on ¢ tubes(Fig. 2), the central tube of which is flexible. The array,
large scalar gain range. similar to that reported if14,16—18, includes 15 stainless steel
cylinders(3 columns and 5 rowsand 10 half cylinders of diam-

2.4 Case of Two-Phase Flow. In a two-phase flow, the ; . ; "
modal characteristics in still fluid may not be measured due to thLer 30 mm with pl_tc_h-to-dlameter ratio of 1.5. Th? Iowe_st nat_ural
féequency of the rigid tubes is about 900 Hz. It is confined in a

unstable state of a gas-liquid mixture. The calibration of th . ; ) ;
control-loop described above needs to be numerical. We propd&P< 300 mnf vertical channel. The flexible systetf¥ig. 3 is

below a procedure based on the measurements of the tranﬁfﬁde of the tube under flow attached to a flexible plate, which
functions in open-loop in still gas and in still liquid separately?' ows vibration in the lift direction only. Thus, the first bending
which constitutes the first step of the required calibration. The

structure is excited by the actuator of the control-loop. Second, the

Experimental Application

transfer function in open-loop in two-phase mixtittg is derived - rigid tubesw
from both transfer functions previously estimated. In a third ste 7 ’\® O O
the poles of the frequency response function in closed-tbopre flexible tube

calculated from the frequency response function in open-tbgp }Qﬁ% O

2.5 Calibration Procedure in Two-Phase Flow. The cali- Ly =/ O
bration procedure of the control-loop in a two-phase mixture mg 42

o

be detailed in three steps: strain‘gauge O O O
(a) Experiments in open-loop; The structure is excited by th piezoelectric O,0,0
actuators separately in still gas and in still liquid, using for in actuator 4 *ﬂovt {

stance a white-noise excitation signal. Thus, the frequency re-
sponse function in open-loop between the response of the sensor Fig. 2 Experimental square array of tubes
and the excitation due to the actuator is measured respectively in
gas and in liquid. The modal parameters in still gas and in still
liquid, such as frequencies, dampings and modal participatior< tube : 300 mm o flexible plate : 100 mm
may then be estimated using a Prony fittid] or a frequency - T ol
fitting including the truncated transfer function foifri¥] i i
" I
o= S AE 20 @ | i :
© & +20wst o’ b - i =
I s |

where the modal participatioB; includes the ratio between the ST Lo - - ezbeloctri
modal projection coefficients of the sensor response and the Sccelerometor joint T Getuators.  straingauge

tuator force with the modal mass. The modal participation ex-
presses the efficiency of the control-loop. Note that all the elec- Fig. 3 Flexible tube with bonded piezoelectric actuators
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Table 2 Calculated modal parameters in still two-phase

mixture
£ Mode fi & g
(%) (Hz) (%) (m.s2v
1 19.67 3.22 -0.0092
15 2 235.7 0.72 -0.0097
3 872.4 0.65 0.151
1 20.32 "4.00 -0.0098
25 2 241.9 0.72 -0.0102
3 899.3 0.65 0.157
1 21.04 6.00 -0.0105
35 2 248.7 0.72 -0.0108
3 928.8 0.65 0.164
1 22.74 7.52 -0.0123
55 2 264.1 0.72 -0.0121
3 997.9 0.65 0.179

Fig. 4 Flexible plate equipped with piezoelectric actuators

scalar gains are chosen. When the scalar gain is about

%300 V.s.m! and near the critical velocity, the voltage across
P : : . the piezoelectric actuators is about 400 V which is close to the

Yﬁzrﬁgr;?bfgbﬁ ;tsedenved from a strain gauge bonded at the balsemgximum of voltage acceptable by the actuators. Winel®, the

Two PZT actuators(Physik Instrumente, PIC151 material controller has no effect on the structure, the modal characteristics

0.25x 22X 50 mn?) are symmetrically bonded on the plafegs. In closed-loop are the same as in open-lgdpble 2.

3 and 4. The bond(Epoxy Technology, Epo-Tek417 Silver ep- 3.3 Fluidelastic Instability. The critical velocities of the
oxy) is electrically conductive and watertightness is realized witbtructure are investigated with four homogeneous void fractions
a joint (Le Joint Franais, PR395Paround the flexible beam. The (15-25-35-55 perceptin air-water cross-flow when the damping
tube may be excited in open-loop or controlled in closed-loopf this tube is varied using vibration control. The vibration re-
using both piezoelectric actuators, which are supplied with powsponse curves are plotted on Fig. 5 for each void fraction. The
by two amplifiers (Physik Instrumente, E507.00The electric flow velocity U is defined using the homogeneous equilibrium
field is applied across one piezoelectric actuator in one directiomdel[15].

and reversed on the second. Thus, the two PZT actuators are as$n practice, the definition of the critical velocity for fluidelastic
sumed to act in pure bending on the structur@]. The sensor of instability in a test in two-phase flow is a complex problem, which
the control-loop is an accelerometer Endevco 2222C bondedhais been addressed by Pettigrew ef Hb]. Following these au-
the end of the tube. The acceleration signal is integrated usinghars, we shall use a criterion on a critical RMS vibratory level of
charge amplifier Brel & Kjaer 2635 in order to obtain a direct 1 mm at the end of the tub@able 4. The stability threshold are
velocity feedback law[11]. The scalar gairg is set using an shown in Fig. 6 as a function of the mass-damping paraméters
amplifier Gearing & Watson. We can note that in the range @ind the reduced velocitidd, of Eq. (7).

scalar gain used, we did not observe any instability of the struc-
ture due to the controller, though the direct velocity feedback :27”‘”19g :i @
technique is known to potentially bring instabilitig3). r ptpD2 © f,D

mode in still water is about 18.7 Hz. The displacement of th

3.2 Calibration of the Control-Loop. The procedure de- wheremy, is the equivalent mass per unit length in two-phase
scribed in section 2 is now applied. mixture.

First, the frequency response functions in still air and in still . . .
water are estimated in open-loop using a frequency fitting on the3-4 Discussion. The influence of the controller on the fre-

first three modegTable 1. It is shown that three modes are sufduencies is quite limited as the frequencies remain constant when

ficient to estimate the modal parameters in closed-loop for othe scalar gain is varied in Table 3. The direct velocity feedback is
problem.

Second, the modal characteristiGequency, damping and _ _ _ _
modal participationin air-water mixture are calculated from theTable 3 Frequencies and dampings of the first bending mode

models described above for each void fractiFable 2. in closed-loop
Third, for a given scalar gain and for a given void fraction, thi 8 ) f &
new frequency and damping of t_he first_ bending_modﬂ at0 are (,%) Vsm' (Hz) (%)
calculated Table 3. For each void fraction, positive and negative 300 19.78 22
15 0 19.67 32
Table 1 Results of the experiments in open-loop +300 1955 4.2
-300 20.43 3.0
Fluid Mode fi & B; 25 0 20.32 4.0
(Hz) (%) (ms>vh +300 20.20 5.0
1 28.87 1.0 -0.020 -300 21.15 49
AIR 2 312.8 0.61 -0.017 35 0 21.04 6.0
3 1235 0.41 0.225 +300 20.92 7.1
1 18.80 1.42 -0.0083 -200 22.82 6.7
. WATER 2 227.2 0.72 -0.0092 55 0 22.74 7.5
3 836.2 0.65 0.143 +300 22.61 8.7
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Fig. 5 Vibratory levels for the void fractions 15-25-35-55 percent

known to modify only the damping of the structur&l] which
was the initial objective in the design of the control-loop.

particularly at high void fractions.

other criteria would slightly shift our points in Fig. 6, without
altering our conclusions.
In the map of Fig. 6, the results obtained may be compared with

25 3 35 4
U(ms™)
% E=67%
e =55% O E=75%
g A E=87%
3 4 5 6
U(ms™

ommendation for the design of tube bundle of pitch-to-diameter
ratio between 1.4 and 1.5. The critical reduced velocities mea-

The possibility of slip of the gas phase in vertical up-flow willsured as the mass-damping parameter is artificially varied using
result in overly high estimates of void fraction by the homogevibration control are in agreement with this guide-line. The re-
neous equilibrium model. This would make the two-phase addéddced critical velocities obtained are over the design guide-line
mass estimation too low and the frequency estimate too hidiecause a single flexible tube is more stable than a wholly flexible
tube bundld5].

The critical velocities are estimated using the criterion on vi- For the four void fractions considered here, the reduced damp-
bration amplitude proposed by Pettigrew et(aP89. The use of ing of the first bending mode is varied approximately of 0.02

the general instability criterion given byl,.=3A%°. This crite- 10

rion, proposed by Pettigrew and Tay|&], is a conservative rec- g
7 "
6
Table 4 Critical velocities and nondimensional parameters 5 /e/
gg g Ur Ar Ur(‘ ./éa/.
(%) WVsmh) (s 4
-300 2.30 0.25 4.10 39 3
15 0 2.41 0.36 4.30
+300 2.45 0.47 4.37
-300 2.69 0.36 4.42 5 i
25 0 2.82 0.48 4.63 *
+300 2.93 0.60 4.81 ’
-300 3.30 0.63 5.19 o -0
35 0 3.44 0.76 5.41 . 9=
+300 3.65 0.89 5.74 107 :
- 0.2 03 04 05 0
200 4.88 1.05 7.70 10 A 10
55 0 5.07 1.18 7.35 ‘
+300 5.24 1.36 7.60 Fig. 6 Stability map
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(Table 3 which is significant. Nevertheless, the range of applic&Bubscripts
tion of the method is here limited by the power of the piezoelec- ¢ = closed-loop
tric actuators. Note that the efficiency of our test facility in terms

of added damping, in two-phase flow, is equivalent to that of ? z ﬁlgjid
Meskell and Fitzpatrick12], in air flow. o = open-loop

4 Conclusion
The active vibration control method proposed in this paper References
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