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Experimental Study of the Bistable
Flow in Tube Arrays

Flow through circular cylinder arrays are commonly found in several engineering
application as offshore structures, heat exchangers, transmission lines and chimneys,
therefore the understanding of the several phenomena that occur due the interaction
between flowing fluid and these structures is very important. This work analyzes
experimentally the presence of phenomenon called bistable or biased flow, which isableto
cause alternations on the flow modes in cylinder arrays. For the experimental work, two
cylinders are placed side-by-side, or forming a tube bank with in line arrangement. The
first arrangement corresponds to the case where the phenomenon is easily detected, and in
line tube bank, the phenomenon has been also found. The experiments were performed in a
wind channel using hot wire anemometry additionally to the classical statistic and spectral
tools, wavelet transforms are used. The bistable flow can be an important generator of
dynamic instabilities, since it alternates the lift and drag coefficients, thus alternating the
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structure dynamic response.
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Introduction

Tube banks are usually found in the nuclear andcga®
industries, being the most common geometry of brahangers. In
experimental studies, tube banks are usually repted by arrays
of cylinders. Several engineering applications, . eaffshore
structures, heat exchangers, transmission lineschimdneys, also
use circular cylinders placed as close arrays.

Studies about the flow dynamic through circularircyérs
placed side by side have shown a flopping phenomethat
produces random changes in the flow mode. Simif@mpmenon
has also been found in some tube banks. Therelwy, stedies
should be made to improve the understanding atowt ihduced
vibration and fluid-structure interaction for thendigurations where
this phenomenon is present.

According to Zdravkovich e Stonebanks (1988) thadileg
feature of flow-induced vibration in tube bankshe randomness of
dynamic responses of tubes. In spite of the faait tthe tubes are all
of equal size, have the same dynamic characteyistie arranged in
regular equidistant rows and are subjected to dioramand steady
flow, the dynamic response is non-uniform and ramdo such an
extent, that the vibration of tubes resembles tteBian motion of
molecules.

Behind a tube row several wake sizes can be premett
consequently, several Strouhal numbers are expethedefore, the
designers should be aware that a range of Stromtmabers is
relevant for any tube and not only two or a setvafues as
commonly used. Attention should be given also f@& fact that a
change between two different modes of flow can beadditional
excitation mechanism on the tubes.

Nomenclature

D = cilinder diameter, mm

f = frequency, Hz

fs = sampling frequency, kHz

p = pressure, Pa

Re = Reynolds number

S = Strouhal number (St=fD/V)
P = Transversal pitch, mm

P/D = pitch to diameter ratio
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V = Velocity, m/s
x = longitudinal distance, mm

Literature Review

Sumner et al. (1999) studied the flow fields footand three
cylinders placed side-by-side for P/D-ratios betw&end 6 and for
Reynolds number varying between 500 and 3000. Tiekyot find
the bistable phenomenon presence and the flow nemhaleflected
consistently towards the same cylinder. The flovwgaoization
pattern was synchronized in anti-phase vortex ftionalnside the
biased flow range two frequency peaks were detecidey
attributed this behavior without bistable phenonmenm the
experimental apparatus characteristics.

According to their study, the cross steady flowotlgh equal
diameter (D) circular cylinders placed side-by-gmtesents a wake
with different modes depending on the distance betwthe centers
of the cylinders (P). For cylinders in contact (B1) a bluff body
behavior is found and the shedding frequency istaan that of a
single cylinder, because of the increase of thtadée between the
free shear layers from both sides of the cylinders.

At small pitch ratios (1,0 < P/D < 1.2) the blufddy behavior
still occurs, but the higher-momentum fluid, whiehters through
the gap between cylinders, increases the baseupeeand reduces
the drag of both cylinders. The vortex-sheddingtiency, however,
tends to remain close to that observed for P/D Eutthermore, a
single vortex street is still observed in the camebli wake of the two
cylinders, and shedding occurs only from the oetsidear layers.

At large pitch ratios (P/D > 2.2) the biased flasvriot present
and the flow through the side-by-side circular mgérs behaves as
the flow through isolated bluff bodies. Howevenrsointeraction or
synchronization occurs between the two cylindersgpminantly as
anti-phase vortex formation.

At intermediate pitch ratios (1.2 < P/D <2.0) thiew is
characterized as a narrow near-wake behind a @riadd a wide
near-wake behind the other, which generate two dantivortex-
shedding frequencies - the higher associated Wwithntarrow wake
and the lower with the wide wake. The gap flow déss towards
the cylinder with the narrow wake. In some casks, liased gap
flow is bistable and switches from one side to dlteer at irregular
intervals of time. According previous studies, thattern is
independent from Reynolds number, and is not cabgecylinder
misalignment or another external influence, butnsactual feature
of the flow. Peschard & Le Gal (1996) suggested Mistable
behavior could be caused by turbulent perturbatifsosn flow
entrance.
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According to Kim and Durbim (1988) the transitioetlveen
two asymmetric states is completely random ansl iitat associated
with a natural frequency. The mean time intervatween the
transitions is on the order of %Qimes longer than the vortex
shedding period. Studying the dimensionless meae intervals
between the switches, they observed that the tieceedses as the
Reynolds number increases. This is in accordantte Williamson
(1985), who found a steady mean flow at Re = 2@0th#& Strouhal
numbers are relatively independent from the Reysalgmber, they
concluded that there is no correlation betweenvtireex shedding
and the bistable process.

Guillaume and LaRue (1999) classified the bistat#gime
according to its behavior:

- Quasi-stable behavior, the switches in the floadmdo not
vary over the time. A large amplitude perturbatman cause the
changing on average values, but the new valuesimaimél another
large perturbation is applied.

- Spontaneous flopping, the average values areyalabserved
to alternate over the time between relatively hégid low values,
even when no large perturbation is applied to liwe field.

- Forced flopping, after the initial large pertutiba is applied
and flopping occurs, there is no observable diffeee between
forced and spontaneous flopping.

The authors found also that the wake fluctuatidtepa depends
on the tubes supports, tunnel
interferences (probe supports).

Zdravkovich (1977) studied the two side-by-sidesgigeometry
and found that, associated to the wakes, therenar@ifferent drag
coefficients and the base pressure switches betweenextreme
values. According to his observations, there aldst® a resultant
force acting perpendicular to the streamwise dimactwhich he
called a lift force. The drag force acting on thdirglers is also
different for each one, because of the differeseljaressures. It was
verified that de sum of high and low drag forcedistable regime
is always less than twice the drag of a singlencig.

In addition, Williamson (1985) concluded that, whte wake
inclines towards to higher frequency side, thendér of this side
experiments a larger drag force. He also inclutietl the near-wake
structure is confused for this asymmetric flow negi His
visualizations show that the inner vortices shegdiiom the gap are
squeezed, distorted and amalgamated with the dominater
vortices. Thus, at a certain distance from thencidrs, only the
vortices generated at the outer surfaces of thes péicylinders are
visualized.

Zdravkovich e Stonebanks (1988) studied the wakwndea
tube row subjected to a perpendicular flow and kated that it is
formed by coalescent jet cells that suddenly chahge pattern.
This state, which he defined as metastable, carduee to the
rearrangement of the cell pattern behind the rod @nstrongly
dependent upon the number of tubes in the row.

For arrangements of two rows, the authors conclutiat the
biased gap flow disappears in the first row anceéstablished after
the second row. They argued that it should be &dydeature
behind any last row.

Le Gal et al. (1996) also studied the flow throwgkube row.
When the distance between the cylinder axes isetatigan two
cylinder diameters, they found an identical andi-phése vortex
shedding. Conversely, when this distance is leas tiwvo cylinder
diameters, the jets between the tubes are devieatedthe wake
merges to form clusters. The cell sizes depend han initial
conditions. If the flow velocity is increased quickfrom rest,
several different patterns can be formed. Regiorith wake
oscillations can also appear.

According to Guillaume et al. (1999), who studidtk tflow
through four and three in line tubes, in the intedmate wake three
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mean vortex-shedding frequencies may occur, thesowassociated
to the wide wake, a second one with higher valogesponding to
the narrow wake and the highest, due the interadtietween the
lower and the second (intermediate) frequency. Tisy found that
the wake fluctuation pattern depends on the tulppats, tunnel
geometry and the downstream interference, pregehiio peaks in
the velocity spectra. Near the tubes (x/D = 2, wheis the distance
between the tube center line and the probe poyitibe peaks
corresponds to St = 0.354 e 0.344. These peaksekted to the
narrow wake. For larger distances, the peaks are &iL099 and
0.1143 and are related to the wide wake.

Zhou et al. (2002) studied velocity and temperafiglels in the
turbulent wake of two tubes placed side by sideyTéxperimented
arrays with P/D = 1.5 and 3.0 and compared thelteesith that of
single tube wake. They calculated the vortex coteecvelocity
through the maximum phase-average vorticity. In #pectral
analysis they found a single frequency peak at .St=@or P/D =
1.5. For P/D = 3.0 and single tube, they foundnralsi frequency
peak at St = 0.21, instead of two frequenciespasad by previous
authors. According to their results, the vortexeagation in the gap
region is essential to form two vortex streets. &raw gap can
inhibit the internal vortex generation and thus wytinders behave
as a single structure generating just one vorteest

Alam et al. (2003) investigated experimentally flosv through

geometry and dovamstre two cylinders placed side-by-side for Re = 5.5%there the acting

forces are insensible to the Reynolds number. Tioeyd, for

intermediate P/D-ratios (1.2 to 2.2), the biasestahile regime and
studied the fluctuating and steady forces charaties. For P/D
varying in the range 1 to 2.5, two values for dcagfficients are
found. They concluded that the decreasing of theewgidth makes
the drag coefficient to increase, and this is dased with the
increasing of the gap velocity.

In the range P/D=1.1 to 2.5, they found two lifteffients
always generating forces which tend to separate cjimders
(repulsion). Thus, they concluded that the narr@kenvincreases the
drag force and decreases the lift force, whilst tide wake
decreases the drag force and increases lift. Thefolice is in
repulsion form for P/D>1.2. For P/D=1.1, the cykmdvith narrow
wake presents an attraction lift coefficient.

Alam et al. also demonstrate, using wavelet transfothe
velocity energy spectra for two tubes with P/D=Aiid concluded
that, when a mode switch occur, an intermediatguacy may be
present.

Indrusiak et al. (2003) studied transient flowsotlgh tube
banks, using wavelet transforms, and found betiedthird row a
behavior with random change between the mean vgloalues for
both transient and steady flows. This intermitteigesimilar to
bistable mode found for tubes placed side-by-side.

Objectives

The purpose of this paper is to describe the biasedbistable
flow mode for two tubes placed side-by-side perpandrly to an
impinging flow and to show the relation betweensth@henomena
and the intermittence found inside the tube bank.

Experimental Technique

The test section, shown schematically in Fig.1 re@angular
channel, with 146 mm height and a width of 195 m#fir was the
working fluid, driven by a centrifugal blower thrgln a set of
honeycombs and screens, before reaching the tubwvitb about 1
% turbulence intensity.

Before the tube row, a Pitot tube was placed ateafposition,
to measure the reference velocity for the experimérhe Reynolds
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number, calculated with the tube diameter (32.1 nanyl the

transient flows. Wavelets can localise bistablenpingena in time

entrance (reference) velocity is Re = 3 &, %6r two tubes and Re = and frequency domain. The continuous and discretvelet

1.5 x 1d, for the tube bank.
Velocity and velocity fluctuations were measurednbyans of a

transforms are described in Indrusiak and Mollep0£L The
mathematical analysis was made with Matlab 5.3\s0f.

DANTEC SreanlLine constant temperature hot-wire anemometer.

Pressure was measured by an ENDEVCO piezo-resiptizgsure
transducer, mounted inside one of the tubes ofrdhe Figure 2a
shows the probe position for the experiments with tubes side by
side and Fig. 2b shows the location of the measemémprobes in
the tube bank, where 1 and 2 are the hot wire graobeasuring
respectively velocities named V1 and V2 and 3 is firessure
transducer.

Data acquisitions of pressure and velocity fludhret were
performed simultaneously by a Keithley DAS-58 A/bnwerter
board controlled by a personal computer.

The tube bank was mounted with 25 tubes having.a Bfn
diameter placed vertically and distributed at 5 sowith 5 tubes
each one. The pitch to diameter ratio it was P/R&1The tube
length was 146 mm and they were in close contaitt dth upper
and lower horizontal walls. The tubes were rigid ant heated.

Mathematical Tools

To characterize the flows studied, the probabildgnsity
function and four moments for the acquired timeieserare

Results

Two Tubes Placed Side-by-Side

The biased flow effects and the bistable phenomenere
studied from time series obtained in the wind clehnifable 1
presents three acquisitions at distinct distances fthe tubes
centreline using two probes positioned as showrFigt2, for
simultaneous acquisitions. The reference velocityrindy the
experiments was 13.8 m/s, corresponding to a valuiex 10 for
the Reynolds number.

The hot wire velocity signals, obtained immediatefyer the
tubes, Fig. 3 (signal 1), show the presence of Higable
phenomenon and the two flow modes just by visugpéetion. It
can be viewed that about 15 mode switches occumgltite interval
of 130 seconds of the signal.

Table 1. Characteristics of the acquired signals.

calculated, respectively: mean value, standardatievi, skewness signal | x(mm) XD | fs(kHz)]  t(s)
and kurtosis. Auto and cross correlation functioakng with 1 20 0.62 1 131
spectral analysis were also applied. The wavetetsform do not 2 30 0.93 8 8.2
require the ergodic hypothesis and is used for shgly of the 3 70 2.18 1 65.5
pitot tube probe
O / |
i j J 146 mm
= /
blower screens and J[ g
honeycombs test section
Figure 1. Schematic view of the wind tunnel.
P Square array

probe 2

probe 1

dhidh
AN N

a)

Figure 2. Tube arrays and measurement probes location.
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Figure 3. Instantaneous Velocities - signal 1; (a) V1; (b) V2.

The signal 2, Fig.4, allows the viewing of the tflmny modes
present in the bistable flow, by means of the imstacous velocity
values. In Fig. 4-a, the measured signals from ggcb and 2 are
presented. After 5 seconds a switch on the flow encdn be
observed. This switch is better viewed after apyivavelet filter

for a band of frequencies 0-3.9 Hz, Fig. 4-b.
Yelocities
40 : . . . : : : :
— W1
Ell — V2 |
Ezu | | | .
1 ” ]
10 ’
. : : ! , ; :
0 1 2 3 4 g B 7 5 g
termpo (s)
(a)

Aproximation - 3.9 Hz

ternpo (s)
(b)

Figura 4. Characteristics of the signal 2 signal and corresponding discrete
wavelet transforms. (a) measured signals; (b) Wavelet filtered signals (low
pass filter, 3,9Hz).

Figure 5 shows the continuous wavelet spectrum,clwhi
represents the energy distribution of the velogitie time and
frequency domain simultaneously. Figure 5-a shdws the higher
peaks occur between 20 and 100 Hz, and that trewassociated
with the higher velocities values during the fistseconds in
velocity V1. For velocity V2, Fig. 5-b shows lowenergy values
for the first 3.5 seconds. This is associated it lower velocity
values. After this time the energy in the spectagrincreases,

236 / Vol. XXVIII, No. 2, April-June 2006

Claudio R. Olinto et al

meanly, between 20 and 100 Hz, and stay in thisenuodil the end

of the record. For velocity V2, the energy levatrgases before of
the change of the mode. This occurs because ofuthp in the

velocity V2, at about 4 seconds (see Fig.4).

Energy (arbitrary scale)

x10°

05

Energy {arbitrary scale)

on o

100

Wi
“fs) &K
(b)

Figure 5. Velocity signal Spectrograms - signal 2: (a) V1, (b) V2.

For the study of the flow behavior, the signalsafd V2 were
separated in two clusters: the first one named herde A and the
second one, mode B. The first cluster is composedhb values
measured from zero to 4.1 s, corresponding to &¢fé€ments. The
second one has 16,384 elements, from 5.5 to 78smg this
separation, the statistical functions were caleddbr each one, as
given in Table 2. It can be observed that the $witg between the
velocities obtained from the probe 1 and the prabearries the

statistical characteristics from each mode. Thishab®r is
associated to the switching in the gap flow dicti
Table 2. Statistical characteristics of the signal 2.
mode A mode B
Vi V2 V1 V2
Mean Velocity 28.39 3.59 4.37 22.28
Standard deviation 5.48 2.43 2.62 3.70
Skewness -1.57 3.60 3.02 -1.83
Kurtosis 5.33 20.40 16.71 6.71
ABCM
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The velocity spectra, shown at Fig.6, calculated tfee two
signals at each mode, allow identifying the present a mean
frequency about 70 Hz for the mode A, and abouH&Ofor the
mode B. These frequencies correspond to Strouhrabaeu of 0.16
and 0.14, respectively, calculated with referengleaity. For mode
B it is possible to identify another frequency @yepeak at 180 Hz
for velocity V2, which corresponds to St=0.42. mgar frequency
would be expected for the mode A, at velocity ViolRably it was
not identified due to the probe location. Therefaye can conclude
that the velocity V1 in mode A and velocity V2 inode B are
related with the narrow wake whilst the velocity W2mode A and
velocity V1 in mode B are related with the wide wak

The values found do not agree with those presenyetilam et
al., 2003. This can be produced by the high bloekaio of the
tunnel in the present experiments. Nevertheless,tiwlo expected
bistable mode shedding frequencies were found.

The signal 3 obtained with the probes positioned rith
downstream the tubes centerline does not show ititable effect,
characterizing, therefore, the single wake flow.isThehavior is
confirmed using the wavelet discrete transformfigt7 b, and by
continuous wavelet spectra (Fig.8), where the
characteristic behavior is not observed for theht=ignals. Thus,
one can consider that the two probes are meastiimgrelocity
inside the same wake. The statistical analysis made without
dividing the signal in its two characteristic modescause it was
only possible to measure velocities in the wide evakie to the
biased gap flow, at this probe location.

From Tab. 3 one can verify that the measured vaiudsoth
probes have characteristics related to those ofambe wakes. At
this distance the narrow wake characteristic igaaly vanished.
Figure 9 shows the energy spectrum, where the 7pddk, related
to the wide wake, is confirmed.

A Power Spectral Density
10 T T

1t
Freguency (Hz)

Figure 6. Power spectral densities of the velocity fluctuation.

Table 3. Statistical characteristics of the signal 3.

V1 V2
Mean velocity 7.65 6.10
Standard deviation 3.84 3.52
Skewness 1.40 1.81
Kurtosis 6.23 7.32
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Figure 7. Characteristics of the signal 3 and corresponding discrete
wavelet transforms. (a) Measured signals; (b) Wavelet filtered signals (low
pass filter, 0.48 Hz and 0.98 Hz).

Tube Bank

To study the bistable phenomenon inside tube bardscity
time series behind the center tube of the third vesve obtained,
according to Fig. 3-b. The first one, acquired dgr21s with an
sampling frequency of 25 kHz during a starting $iant, is shown
in Fig. 10-a. The respective wavelet filtered slgritow pass filter,
12.2 Hz) were shown at Fig. 10-b. The switchingueenn the two
modes, characterized by the mean velocity variatimimpossible
to be identified in Fig. 10-a, but is clearly vigbin Fig. 10-b.
Figure 11 shows the spectrograms for the first Gosés of the
velocity signals, corresponding to the transientt.pén these
spectrograms the switches shown in Fig. 10-b @wed as changes
in the energy level. Between 2.5 and 3.5 secoralsdlocity V1 has
a high energy level (Fig. 10-b) whilst the velock2 keeps its
original value, lower than V1. In the spectrograincan be seen that
during this time interval, for V1 the energy haw lealues whilst for
V2 there are several peaks, meanly, in the rarage 110 to 100 Hz.
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Figure 8. Spectrograms of the velocities - signal 3: (a) V1, (b) V2.

An acquisition where the bistable phenomenon isqrewas
selected for the study of the mode characterigfdg. 12). In the
wavelet discrete transform, it is possible to itfgnthe moment
when the mean velocity V2 changes. It is also sdb identify
that this change is associated with a positivesumesjump at the
same time location. This occurs for all cases,uidiclg two tubes
side-by-side.

Figure 13 shows the spectrograms generated neatirttee
location where the flow mode switch occurs. Whie ¥elocity V1
an almost uniform behavior is observed, since ngniitant
variation on the velocity behavior is observed (Fig). For the
velocity V2, the spectrogram shows a variation ba énergy, at
19 s, where the velocity jump occurs
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Figure 9. Fourier spectra of the signal 3.
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Figure 10. (a) Instantaneous velocities inside the tube bank and (b)
corresponding wavelet discrete transform - first acquisition.
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Figure 11. Spectrograms for the first 5 seconds of the velocity plots of Fig.
10: (a) V1, (b) V2.
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Figure 12. Tube bank, second acquisition: (a) instantaneous velocities and
pressure, (b) corresponding wavelet discrete transform.
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Figure 13. Tube bank, second acquisition - spectrograms of velocities: (a)
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Table 3. Statistical characteristics of the second acquisition for tube bank - mode A and B.

mode A mode B
V1 V2 p V1 V2 p
Mean velocity 19.22 18.28 -16.46 20.36 28.02 -29.02
Standard deviaton 8.76 9.81 108.84 8.12 8.53 113.80
Skewness 0.48 0.65 0.28 0.39 -0.43 0.14
Kurtosis 2.49 2.64 3.25 2.73 2.73 3.19
WA, Y24, P Y1-B V2. p-B
800 800 300 800 800 250
500 £00 500 500 2l
200 150
400 400 400 400
- 100
200 200 200 200 -
] 0 i 0 ] 0
0 ] 50 A0 ] 50 -1000 i 1000 &0 ] 50 A0 ] 50 -1000 ] 1000

Figure 14. Probability density functions of the velocity and pressure signals for second acquisition.

In order to characterize the two-mode flow, theadyepart of
the signal was divided into two groups: the firseawill be called
here mode A, from 8 s to 16.2 s, and the secondaoatied mode B,

from 22 to 30.2 s. Their statistical charactersstice shown at Tab.

3 and Fig. 14 shows the probability density funtsioThe reference
velocity measured upstream with the Pitot tube Wwag m/s.

In contrast to the side-by-side tube array, thassizal features
do not change between the two modes. The most tengiochange
is the mean velocity jump at velocity V2. The meaglocity
variation is associated to local pressure variatithus drag
coefficient variations are expected. This is resjiue for the
dynamic response on the tubes.

No important peaks can be observed in the velaaity pressure
spectra shown in Fig. 15. This is the behavior etgzkinside in line
tube banks, especially after the third row, aceagdo the results by
Ziada et al., 1989.

Additional data acquisitions were made inside thiget bank,
changing the initial conditions and introducing#ldisturbances. In
some cases, new flow modes were generated, in oHwms, the
original flow mode did not change. In all the casesestigated, a
rigorous evaluation was performed to identify theesence of
instabilities.

Discussion and Conclusions

In this paper, the experimental study of the mdsaracteristics
of the phenomenon named bistable flow is presentEuis
phenomenon has been found in the flow on two sidside
cylinders, being characterized by the flopping oé tvake to the
back side of one of the cylinders, which movesh® back of the
second cylinder in a random way, after assuming stable
condition. More recently, it was found evidencestsfpresence in
aligned tube banks. This phenomenon can becomemportant
source of dynamic instabilities, since it altersatiee lift and drag
coefficients, alternating the structure dynamipozse.

These two kinds of arrays were experimented inralwhannel,
using hot wires as experimental technique and aedlpy means of
statistical, spectral and wavelet tools.

The features of the hot wire signals measuredversé regions
of the wake of two tubes confirm the results frdme titerature of
the randomness of the flopping process. The origin this
phenomenon, however, is not completely understdbdas its
origins in the velocity, and thus in the vorticifjyctuations of the
neighboring wakes. It is expected that, in the mheigig of the
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process, the wakes are generated independently demim other. If
the neighboring vortices have the same phase,ldictuétion will

make the wake grow. If the P/D-ratio is greaterntlane, the
resulting wake will not behave as on a single bhdfly due to the
flow through the gap between the tubes, ratheiilitramain in the
back side of one tube until a new disturbance td&tes the wake
and the process starts again.

In tube banks, the flopping is influenced by theghty
disordered flow after the second and third rowsjctvhin some
geometries do not allow the observation of a charestic
frequency. However, the vortex shedding procedisostiurs. If the
wake interaction, as described for two tubes pleside by side,
occurs, the flopping will be strongly influenced the presence of
the tubes of the next row, so that there is noespacthe flopping
formation as in the wake of two or more tubes. Tbesequence is
that the flopped flow will be directed up or dowmds, that means
to a direction parallel to the tubes axes, givingsteong three
dimensional characteristic to the flow through tblaeks.

An additional question may arise when the tube biok is
studied with a view to the heat exchangers analyligs being
about the possibility of the flopping becomes haurdind therefore
must be avoided or, at least controlled or if iffe@s can be
profitable by, for instance, enhancing the heatdfer process.

Nevertheless, by observing the experimental resiilleecomes
evident that special care should be taken for theual number
range where these instabilities can occur. Thesefoew studies,
including flow visualizations, are necessary to amde the
understanding of the bistable phenomenon inside hamks, mainly
on the first rows.

The observation and identification of the instaigi by using
hot wire technigue was only possible by means efapplication of
the wavelet transforms, since the Fourier spearalysis is not
appropriate for identifying phenomena where intéienit processes
are present. Therefore, wavelet transforms, eittwrtinuous or
discrete, are very suitable tools for the analysfisthe studied
problem
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Figura 15. Fourier spectra of velocity and pressure signals, modes A and

B.
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