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a b s t r a c t

This paper presents the experimental study of the flow instabilities in the first rows of tube banks. The
study is performed using hot wire anemometry technique in an aerodynamic channel as well as flow
visualizations in a water channel. In the wind channel three tube banks with square arrangement and
pitch to diameter ratios P/D = 1.26, 1.4 and 1.6 were studied. The Reynolds number range for the velocities
measurements, computed with the tube diameter and the flow velocity in the narrow gap between
tubes was 7 × 104–8 × 104. Continuous and discrete wavelets were applied to decompose the velocity
results, thus allowing the analysis of phenomena in time–frequency domain. Visualizations in a water
channel complemented the analysis of the hot wire results. For this purpose, dye was injected in the

flow in the water channel with a tube bank with P/D = 1.26. The range of the Reynolds number of the
experiments was 3 × 104–4 × 104. The main results show the presence of instabilities, generated after
the second row of the tube bank, which propagates to the interior of the bank. In the resulting flow,
the three orthogonal components are equally significant. The three-dimensional behavior of the flow is
responsible for a mass redistribution inside the bank that leads to velocity values not expected for the
studied geometry, according to the known literature. The resulting flow process can be interpreted as a

hara
secondary flow which is c

. Introduction

Banks of tubes or rods are the most common approach to the
tudy of the flow in shell-and-tube heat exchangers, found in
uclear and process industries. Attempts to increase heat exchange
atios in heat transfer equipments do not consider, as a priority of
roject criteria, structural effects caused by the turbulent fluid flow,
nless failures occur (Païdoussis, 1982). By attempting to improve
he heat transfer process, dynamic loads are increased and may
roduce vibration of the structures, leading, generally, to fatigue
racks and fretting-wear damage of the components, which are one
f the failure sources affecting nuclear power plant performance

Pettigrew et al., 1998).

The concern about the integrity of heat transfer equipments is,
herefore, due to the close relationship between fluid flow around a
olid surface and the vibrations induced by the flow in the structure
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cteristic of tube banks.
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by wall pressure fluctuations. Ziada (2006) makes a comprehensive
analysis using spectral tools and visualizations for several tube bank
geometries where the classical results are summarized. For in-line
tube arrays, he concludes that this geometry is dominated by sym-
metric instability of the jets issuing between the tube columns. This
mode of vortex shedding persists on the whole depth of interme-
diate tube arrays. As the tube spacing is reduced, the jet instability
and the spatial correlations are weakened.

By means of hot wire and pressure transducer measurements
and Fourier analysis, Endres and Möller (2001), made a compre-
hensive study of velocity and pressure fluctuations in triangular and
square arrangements. The results of spectra of velocity fluctuations
in both tube banks with P/D = 1.60 show the presence of small peaks
at Str = 0.21, which coincide with the value expected for vortex shed-
ding in the case of a single cylinder. The peak is pronounced only in
the tube bank with triangular arrangement. By reducing the P/D-
ratio, the turbulence structure is reduced. In the range of 1.60–1.16,
the energy of velocity fluctuations with small scales (large Strouhal

numbers) is increased as P/D is reduced, while the highest values of
cross-correlations between velocity and pressure fluctuations were
found at P/D = 1.26.

The Fourier analysis employed in the above studies gives infor-
mation about the frequencies involved and the interdependence

http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:svmoller@ufrgs.br
dx.doi.org/10.1016/j.nucengdes.2009.05.017
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Nomenclature

a, b wavelet parameters
c(J, k) wavelet series of approximation coefficients
d(j, k) wavelet series of detail coefficients
D diameter (m)
f frequency (Hz)
Fs sampling frequency (Hz)
j, k indexes
J index of the last decomposition of a wavelet
P pitch (m)
Pxx(a, b) wavelet spectrum (m2/s2)
Re Reynolds number (UgapD/�)
Str Strouhal number (fD/Ugap)
t time (s)
Uref reference velocity (m/s)
Ugap gap velocity (m/s)
x(t) generic function in time domain
X̃(a, b) generic function in wavelet domain (continuous)
�(t) generic scale function
� (t) generic wavelet function
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values.
CWT continuous wavelet transform
DWT discrete wavelet transform

f simultaneous phenomena like velocity and pressure fluctua-
ions. In this case, the flow must be in steady state. In time varying
eries, Fourier analysis cannot be used. Furthermore, many pro-
esses of interest in fluid dynamics are not stationary. Indrusiak et
l. (2005) explored the use of wavelets in the study of accelerat-
ng and decelerating flows through tube banks. In that study, hot

ire measurements of flow velocities in two different gaps after one
ube of the third row of the bank showed an intermittent behavior
imilar to bistable mode found for tubes placed side-by-side.

Olinto et al. (2006) compare the results obtained with hot
ire measurements in a tube bank with square arrangement and

/D = 1.26 to the bistable flow from two cylinders side-by-side. The
esults show that, the highly disordered flow after the second and
hird rows influences the flopping process. In some configurations,
he flopping does not allow the observation of a characteristic fre-
uency, although evidencing the presence of vortex shedding. If the
ake interaction occurs, as for two tubes placed side-by-side, the
opping is strongly influenced by the presence of the tubes of the
ext row. However, there is no space for the flopping formation as

n the wake of two tubes or a single row of tubes. The consequence
s that the flopped flow will be directed up or downwards, parallel

o the tubes axes, giving a strong three-dimensional characteristic
o the flow through tube banks.

The purpose of this paper is to deepen the study about the
onstationary wakes in the flow perpendicular to tube banks and

Fig. 1. Bistability flow modes after two cylinders side-
nd Design 239 (2009) 2022–2034 2023

discuss its relation with the bistable flow that occurs in some cir-
cular cylinder arrays, like side-by-side arrangements. With this
purpose, wavelet analysis of velocity time series obtained through
hot wire and flow visualizations are used to investigate the presence
of a velocity component parallel to the tube axes.

2. Background

2.1. The bistable phenomenon

The bistable phenomenon occurs when a cross-steady flow
impinges on a circular cylinders array with certain characteristics
(Sumner et al., 1999). The circular cylinders should be side-by-side
and the transversal pitch to diameter ratio (P/D) must be between
1.2 and 2.0. In this case, the flow is characterized by the presence
of a narrow near-wake behind one of the cylinders and a wide
near-wake behind the other, which generate two dominant vortex-
shedding frequencies: the higher associated with the narrow wake
and the lower with the wide wake. The gap flow deviates towards
the cylinder with the narrow wake. In some cases, when the bistable
phenomenon is present, the biased gap flow switches from one
side to the other at irregular intervals of time. This pattern is inde-
pendent of the Reynolds number, and it is not caused by cylinder
misalignment or another external factor, but is an actual feature of
the flow. Fig. 1 shows schemes of the bistable flow modes after two
cylinders side-by-side and the effect on the velocity values due to
the changing of flow modes.

According to Kim and Durbin (1988) the transition between the
two asymmetric states is completely random and it is not associ-
ated with a natural frequency. The mean time interval between the
transitions decreases as the Reynolds number increases.

Guillaume and LaRue (1999) classified the bistable regime
according to its behavior:

- Quasi-stable behavior: different modes do not wary with time
unless a large perturbation causes the change. The new situation
is also stable.

- Spontaneous flopping: the average values alternate over the time
between relatively high and low values.

- Forced flopping: the initially stable wakes exhibit flopping as a
result of a large, one-time perturbation. After that, there is no
difference between forced and spontaneous flopping.

Zdravkovich (1977) studied the side-by-side tubes geometry and
found that, associated to the wakes, there are two different drag
coefficients and the base pressure switches between two extreme
Zdravkovich and Stonebanks (2000) studied the wake behind
a tube row and concluded that it is formed by coalescent jet cells
that suddenly change their pattern. This state, which they defined
as metastable, can be due to the rearrangement of the cell pattern

by-side (a and b) and velocities at the wake (c).
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Fig. 2. Schematic view of the aerodynamic channel. D

ehind the row and is dependent on the number of tubes in the
ow.

Le Gal et al. (1996) also studied the flow through a tube row. For
/D values greater than 2, they found an identical and anti-phase
ortex shedding. Conversely, when the P/D-ratio is less than 2, the
ets between the tubes are deviated and the wake merges to form
lusters. If the flow velocity is increased quickly from rest, several
ifferent patterns can be formed.

Alam et al. (2003) investigated experimentally the flow through
wo cylinders placed side-by-side for Re = 5.5 × 104. They found, for
ntermediate P/D-ratios (1.2–2.2), the biased bistable regime. Using
avelet transforms, they showed that, when a mode switch occurs,

n intermediate frequency might be present.

.2. Fourier and wavelet transforms

The Fourier transform of a discrete time series gives the energy
istribution of the signal in the frequency domain evaluated over
he entire time interval.

While the Fourier transform uses trigonometric functions as
asis, the bases of wavelet transforms are functions named
avelets, with finite energy and zero average that generates a set
f wavelet basis.

The continuous wavelet transform of a function x(t) is given by:

˜ (a, b) =
∞∫

−∞

x(t) a,b(t) dt (1)

here  is the wavelet function and the parameters a and b are
espectively scale and position coefficients (a, b ∈ �) and a > 0.

The respective wavelet spectrum is defined as:

xx(a, b) =
∣∣X̃(a, b)

∣∣2
(2)

In the wavelet spectrum, Eq. (5), the energy is related to each

ime and scale (or frequency) (Daubechies, 1992). This characteris-
ic allows the representation of the distribution of the energy of the
ignal over time and frequency domains, called spectrogram.

The discrete wavelet transform (DWT) is a judicious sub-
ampling of the continuous wavelet transform (CWT), dealing with
tube bank with representation of flow velocity angle.

dyadic scales, and given by Percival and Walden (2000):

d(j, k) =
∑
t

x(t) j,k(t) (3)

where the scale and position coefficients (j, k ∈ I) are dyadic sub-
samples of (a, b).

Any discrete time series with sampling frequency Fs can be rep-
resented by:

x(t) =
∑
k

c(J, k)�J,k(t) +
∑
j≤J

∑
k

d(j, k) j,k(t) (4)

where the first term is the approximation of the signal at the scale
J, which corresponds to the frequency interval [0, Fs/2J+1] and the
inner summation of the second term are details of the signal at the
scales j (1 ≤ j ≤ J), which corresponds to frequency intervals [Fs/2j+1,
Fs/2j].

The velocity signals were analyzed using wavelet transforms
to obtain the energy distribution of the turbulent flow over
time–frequency domain. The continuous wavelet spectrum was
obtained through continuous wavelet transform. The discrete
wavelet transform was used to decompose the measured signal in
wavelet approximations divided in frequency bands (Indrusiak et
al., 2005). Mathematical tools were developed using the Matlab®

software.

3. Experimental technique

3.1. Aerodynamic channel

The test section is the same used in Endres and Möller (2001),
being a 2320 mm long rectangular channel, with 146 mm height and
a maximal width of 193 mm, Fig. 2. Air, at room temperature, is the
working fluid, driven by a centrifugal blower, passed by a diffuser
and a set of honeycombs and screens, before reaching measurement
location with about 1% turbulence intensity. After the screens, a
Pitot tube was placed at a fixed position to measure the reference
velocity for the experiments, used also for the calculation of the

gap velocity for the determination of the Reynolds number of the
experiments.

Measurements of velocity and velocity fluctuations were per-
formed using a DANTEC StreamLine constant temperature hot wire
anemometer. Single and double hot wire probes were used. Single
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Fig. 3. Scheme of the tube b

robes had one wire perpendicular to the main flow. The dou-
le wire probe had one wire perpendicular to the main flow and
second wire inclined 45◦ to the main flow to allow simultane-

us measurement of two components of the velocity and velocity
uctuations. The angle (˛) between velocity vector and main flow
irection in a plane parallel to tube axes was also determined
Fig. 2). To determine the measurement location, the probes were
nserted in the bank and located in the center of the wide region
etween third and fourth rows, as shown schematically in Fig. 3,
hen slightly tilted in the direction of the central tube line. With the
elp of an oscilloscope, the raise in the amplitudes of the measured
elocity characterizing the edge of the wake was determined.

The tube banks investigated had square arrangement and three
ifferent pitch-to-diameter ratios (P/D): 1.26, 1.4 and 1.6. The tubes
ad a diameter of 32 mm. They were rigidly mounted inside the
hannel. The flow was perpendicular to the tube axes. Data acquisi-
ion of instantaneous velocity was performed with a 12-bit Keithley
AS-58 A/D-converter board. The sample frequency was 3 kHz and
low pass filter set at 1 kHz was used.

.2. Water channel and visualization technique

Several flow visualization techniques have being used for the
urbulent flow study on tube banks. Sumner et al. (1999) used the
article Image Velocimetry (PIV) technique and dye injection in
rder to visualize the flow through two and three tube arrange-
ents. Williamson (1985) employed the smoke injection inside a
ind channel to visualize the generation modes and vortex shed-
ing on a bluff body pair for several Reynolds numbers. Le Gal et
l. (1996) employed hydroxyl smoke, to visualize the flow, down-
tream to the wakes of a tube row. Guillaume and LaRue (1999)
sed smoke injection, lightened by a laser plane to visualize the
istable regime in tube arrangements with two or three tubes.
his technique was also used by Zhang and Zhou (2001) to study
he unlike spacing effect on the vortex shedding in arrangements
ith three cylinders placed side-by-side, and by Xu et al. (2003)

o study the Reynolds number effect on the flow structure behind
wo side-by-side tubes. Hiramoto and Higuchi (2003) employed the
ydrogen bubble technique to visualize the flow and Digital Parti-
le Image Velocimetry (DPIV) to make measurements of the velocity

eld in the vortex shedding behind a pair of cylinders. Alam et al.
2003) also employed the hydrogen bubbles technique to study the
ow through tube arrangements. Dye was employed by Ziada et
l. (1989), Ziada and Oengören (1992, 1993), Oengören and Ziada
1992, 1998) and Ziada (2000).
ith hot wire probe location.

In this work, the visualization experiments were performed
in a water channel facility of the Hydraulic Research Institute -
IPH/UFRGS. The water channel has a settling chamber with a hon-
eycomb which acts as a flow straightener, a nozzle, a 30 m long open
channel (10 m upstream, 20 m downstream the test section) with
0.5 m × 0.6 m rectangular cross-section, a vertical gage to control
the water level, and a discharge tank with the return pipe to close
the circuit. The flow rate is read by an electromagnetic flowme-
ter and can vary from 0.0006 to 0.22 m3/s, resulting in velocities
from 3 × 10−3 to 1.1 m/s. The maximum flow depth is 0.5 m which
is controlled through the flow rate, by a set of valves in the feeding
pipeline, and by the vertical gage placed in the discharge.

The tube bank used for the visualizations had a square arrange-
ment, being a 2.34:1 scale model of the bank with same P/D = 1.26
studied in the aerodynamic channel. The bank was made from com-
mercial PVC tubes with diameter of 75 mm, with exception of the
central tube, which was made using a translucent acrylic glass tube.
A mirror was fixed inside this tube at the mid-height of the channel,
inclined 45◦ with the tube axis direction to allow the visualization
of a dye thread injected from a hole on the wall of the neighboring
tube. The tubes were fixed vertically in a translucent acrylic glass
test section. The water level was maintained about 60 mm above
the test section upper wall, to avoid the effect of the gravitational
waves at the free surface of the water.

Dye was injected by three procedures (labeled 1, 2 and 3 in
Fig. 4): in the first one, four needles injected the dye aligned with the
longitudinal gap between two tube lines, 60 mm below the top wall
of the test section. In the second procedure, the dye was injected
through a hole on the wall of the tube adjacent to the acrylic glass
tube in the same row and is visualized through the mirror. This
arrangement allows the viewing of the flow inside the tube bank,
especially at the vertical plane. A detail of the tube with the inclined
mirror and the location of the ink tap, procedure #2, is shown in
Fig. 5, for a single tube row. In the third procedure, dye injection
through a needle located upstream the tube bank, 60 mm above
the bottom, enabled the visualization of the flow in the horizontal
plan near the bottom of the test section. In all procedures, dye was
gravity forced.

4. Results
4.1. Velocity measurements

Fig. 6 shows plots of velocity modulus and the angle formed by
the velocity vector and the channel axis (˛) measured at a loca-
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Fig. 4. Dimensional scheme of the test s

ion behind the center tube of the third row in the tube bank with
/D = 1.26. The Reynolds number, calculated with the gap velocity
nd the tube diameter was 8.4 × 104. The angle is measured in a ver-
ical plane, considering positive values when the incident velocity
n the probe is upwards. A detail from the time interval from 3 to
s, Fig. 7, allows the identification of some patterns in the signals,

ot visible in Fig. 6, that occur and remain during some time, then
hanging to a new pattern. In the quoted case, from 4.15 to 4.3 s and
.4 to 4.55 s a reduction in the velocity fluctuation occurs while the
ean velocity value stays about 30 m/s. In the same time interval,

he fluctuation of the incident angle decreases and the mean value is

Fig. 5. Detail of the central tube with the mirror (a) and the central tube in a tube ro
for the flow visualization experiments.

about 20◦. The same pattern occurs from 3.2 to 3.3 s and other inter-
vals less clearly. At the interval between 3.5 and 3.8 s, the behavior
is opposite, the velocity fluctuates around 10 m/s while the incident
angle has large range of fluctuation.

For a better observation of this process, the wavelet discrete
transform can decompose velocity and angle signals in frequency

bands, Fig. 8. The mean value of the velocity is given by the
first approximation, from 0 to 2.9 Hz. In the interval between 4.2
and 4.6 s, the mean velocity stays around 25 m/s, modulated by a
frequency between 2.9 and 5.8 Hz that causes the fall in the instan-
taneous velocity at the time location 4.5 s, shown in Fig. 7. At the

w—arrow shows location of ink injection tap on the neighboring tube wall (b).
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Fig. 6. Velocity and incident angle measured

nterval between 3.5 and 3.8 s, the velocity has values about 15 m/s.
hen the velocity values increase, the higher frequency bands have

ower amplitude. Conversely, when the velocity values decrease, the
igher frequencies bands have higher amplitude.

The incident angle changes associated with the velocity values.

hen the velocity has a high value, the incident angle is low, and

he velocity vector aligned with the channel axis. For the lowest
elocities, the angle fluctuations are the largest for all frequency
ands.

Fig. 7. Detail of velocity and incident angle measured behind the ce
the center tube of the third row (P/D = 1.26).

Fig. 9a and b presents the spectrograms of the signals from Fig. 8a
and b, respectively. In Fig. 9a, the spectrogram of the velocity signal
shows that, when the velocity fluctuates around the higher values,
there is an energy concentration on the lower frequencies (3–3.3 s
and 4.2–4.6 s). On the other hand, in the interval where the veloc-

ity fluctuates around the lowest velocity values, there is an energy
spread on several frequencies (3.4–4.2 s).

The incident angle spectrogram (Fig. 9b) presents a similar
behavior. For the higher velocity values, the incident angle has the

nter tube of the third row from 3 to 5 s (P/D = 1.26). See Fig. 7.
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higher values (∼28 m/s), the fluctuation amplitude, for all frequency
bands, have the lower values. On the other hand, when the velocity
fluctuates around the lower values (∼17 m/s), the larger frequency
fluctuations are present. In the incident angle decomposition, a sim-
Fig. 8. Velocity (a) and incident angle (b) decomposition in frequency bands, usi

ower fluctuation energy for all frequency bands (4.2–4.6 s). It can
lso be observed in this diagram that, when the velocity is low, the
nergy is scattered for all frequencies (3.4–4.2 s).

The second tube bank investigated in the aerodynamic channel
ad P/D = 1.4. The Reynolds number was 7.4 × 104. The characteris-
ics of instantaneous velocity and incident angle signals in this case
re similar to those found for the tube bank with P/D = 1.26, associ-
ting an increase in the velocity to a decrease of the incident angle
uctuations (e.g. 6.5–8 s and 12–13 s), Fig. 10.

The decomposition in frequency bands, likewise the tube bank
ith P/D = 1.26, demonstrated that, when the velocity increases (e.g.

rom 6.5 to 8 s and from 12 to 13 s), the velocity fluctuation in higher
requency bands decreases. Besides, when the velocity remains at
igher values, the values of the incident angle are low, with low
uctuations. In this geometry, the shift between the flow modes
oes not occur in characteristic time intervals.

The next experiment was made using the tube bank with
/D = 1.6 and the velocity and incident angle series obtained behind
he third row. The Reynolds number was 7.4 × 104. The simultane-
us signals are shown in Fig. 11.

Fig. 12a and b shows velocity and incident angle decomposi-

ion in frequency bands. In this series, it is possible to identify the
resence of two different flow modes in the instantaneous velocity
nd incident angle signals. The shifts between these modes occur
even times during the time interval. In the velocity signal decom-
osition, associated to the interval where the velocity remains at
crete wavelet transform of signals presented in Fig. 7. Tube bank with P/D = 1.26.
Fig. 9. Spectrogram of velocity (a) and velocity incident angle (b) for the signal
presented in Fig. 7 (bar indicates the arbitrary energy scale used).
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Fig. 10. Velocity and incident angle measured

lar behavior is found. During the time intervals where the mean
ngle tends to stabilize around 11◦, there is a reduction in the fluc-
uation amplitude, for all frequency bands, especially for higher
requencies.
Fig. 13 presents the spectrogram obtained with the continuous
avelet transform for the interval from 44 to 76 s. In this time inter-

al, the flow mode shift occurs at about 60 s. Before 60 s, the energy
s scattered over all frequencies presented. After this time, the spec-

Fig. 11. Velocity and incident angle measured behi
d the central tube at the third row (P/D = 1.4).

trogram presents low energy values for all frequencies, confirming
the lower fluctuations at the highest velocities.

These results are rather inconclusive. It is clear that the chang-
ing phenomena, alternating high velocity values accompanied

by low values of the incident angle and low velocity values
with high fluctuations of the incident angle, cannot be explained
directly from the measurements. A three-dimensional character-
istic of the flow is expected, but the flow features were not

nd the third row for tube bank with P/D = 1.6.
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the bistability, characterized by the flow mode change is present,
while in the water channel, once a flow configuration is estab-
lished it does not change, unless the flow is completely stopped
and restarted again.
Fig. 12. Velocity (a) and incident angle (b) decomposition of signal in Fig. 1

btained from the analysis of velocity and incident angle. Flow
isualizations can contribute for the interpretation of the results
bove.

.2. Flow visualizations

In the water channel, dye was injected 270 mm upstream of the
rst row and from a hole on the wall of the central tube at the third
ow, as indicated in Figs. 4 and 5.

Fig. 14 shows the visualization of the flow impinging on two
ylinders side-by-side and on a single row of cylinders. In the row

f cylinders the wide wake spreads to both sides, while in the case of
wo cylinders it is directed by the main flow to the rear of the neigh-
oring cylinder. Concerning to Fig. 14a, it corresponds to the results
resented in Fig. 1. The main difference between results from the
erodynamic channel and the water channel is that in the former
equency bands, using wavelet discrete transform. Tube bank with P/D = 1.6.
Fig. 13. Spectrogram of part of velocity signal—between 44 and 76 s (P/D = 1.6).
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Fig. 14. Visualization of the flow on two cylinders side-by-side (a) and on a single row of cylinders (b). Flow direction from right to left.
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ig. 15. Flow visualization in the tube bank with P/D = 1.26. Re = 3.07 × 104. (a) Inje
ndicate direction of the deviation). Central tube: mirror shows flow deviation dow

In the experiment shown in Fig. 15, the flow close to the upper
all of the test section undergoes a deviation to the left, when

iewed from upstream to downstream (Fig. 15a). Close to the bot-
om, the flow deviates to the right (Fig. 15b).

In a subsequent experiment, Fig. 16, an opposite flow pattern is
resent: the flow near the upper wall deviates to the right, whereas
he flow near the bottom deviates to the left (when viewed from
pstream to downstream).

In Figs. 15 and 16, the cases a and b correspond respectively to

he dye injection points #1 and #3, shown in Fig. 4.

Fig. 17a and b shows details of the observations through the mir-
or in the experiments of Figs. 15 and 16, respectively. When the
ow near the upper wall is deviated to the left (Fig. 15), the dye

ig. 16. Flow visualization in the tube bank with P/D = 1.26. Re = 3.18 × 104. (a) Injection
ndicate direction of the deviation). Central tube: mirror shows flow deviation upwards. M
at 60 mm below upper wall and (b) injection at 60 mm above the bottom (arrows
s. Main flow is from right to left.

thread is deviated downwards, showing that the flow inside the
bank is deviated downwards, Fig. 17a. In Fig. 17b, the flow is devi-
ated upwards, corresponding to the case of Fig. 16, where the flow
near the upper wall deviates to the right.

The results shown in Figs. 15–17 do not have differences in their
experimental conditions. They just result from experiments made
at different times.

In general, it was observed that the dye thread travels aligned
with the channel axes until it reaches the bank, where it deviates

strongly to one side (left or right), traveling and spreading in diag-
onal direction. The side of the deviation is constant for each run
of the experiment but changes randomly from one run to another.
This is different from the flow in the air channel, were the devia-

at 60 mm below upper wall and (b) injection at 60 mm above the bottom (arrows
ain flow is from right to left.
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ig. 17. Visualization of the dye flow on the tube surface through the mirror inside
ig. 16.

ion, observed by velocity changes in the hot wire signal, occurred
andomly along time, during the measurements.

The visualizations described above evidence that in the study
f turbulent flows through tube banks the three orthogonal flow
omponents must be considered. They also confirm the behavior
f the velocity vector measured after the third row, explaining the
wo modes described in the previous section.

. Discussions and conclusions

In this work, an experimental study of the cross-flow in the first
ows of tube banks with square arrangement is presented. In order
o detect the instabilities generated in these first rows, velocity

easurements were performed in an aerodynamic channel. The
ube banks used had square arrangement and pitch to diameter
atios of 1.26, 1.4 and 1.6. Additionally, flow visualizations in a water
hannel in a tube bank with P/D = 1.26 allowed the interpretation
f the experimental results obtained with hot wire anemometry.

A phenomenon of random change in the flow mode was identi-
ed, characterized by the presence of transversal components to the
ain flow that leads to the generation of three-dimensional behav-

or with the same scale to that of the channel. The occurrence of such
henomenon can become an important origin of dynamic instabili-
ies, since it can alternate the lift and drag coefficients on the tubes,

odifying the dynamic response of the involved structures.
The identified phenomenon is similar to the bistable flow that

ccurs in the flow on two tubes located side-by-side. Similar phe-
omenon also occurs in the flow on a tube row, where the wakes
merging from the narrow gap between the tubes, are turned aside
o form unstable sets that can randomly change of configuration.
he interaction of two or more wakes deflects the flow to one side
r to the other, being able to remain in this position for some time
nd later reassuming its random behavior. This phenomenon has
ts origin in the velocity and neighboring wake fluctuations. In the
eginning of the process, it is expected that the wakes are gener-
ted independently in the back side of each tube in the bank. If
he neighboring vortices have the same phase, the fluctuation will
ause the growth of the wake. If the P/D-ratio is sufficiently small to
uarantee the interaction between the wakes of the adjacent tubes,
he resulting wake will not behave like the one from a single bluff

ody, but rather is influenced by the flow through the gap between
he tubes. Since there is no room for the formation of the wake,
ue to the presence of the tubes of the following row, a transver-
al component of the flow is generated and, at the same time that
he flow is directed toward the next gap, it is directed up or down-
crylic glass tube: (a) downward flow-detail of Fig. 15 and (b) upward flow-detail of

wards. From this process, a strong three-dimensional characteristic
for the flow through the bank will result, as shown in Fig. 18, where
a scheme of the flow visualization of Fig. 15 is presented. This flow
process occurs in the plane formed by the axis of the tubes and the
direction of the main flow causing a mass redistribution that gener-
ates a velocity component transversal to both the channel and tube
axes. The scheme in Fig. 18 explains also the vertical flow compo-
nent that is observed through the mirror in the acrylic tube (Fig. 17).
The resulting flow will remain deviated behind the tube row, until
a new disturbance breaks the stability and the process starts again.

Fig. 18 explains also the relation between velocity value and flow
angle. When the angle between velocity vector and main channel
axis is low, the velocity is high, that means that the main flow is
parallel to the channel axis. When the angle is high (positive or
negative), the flow in measurement location is deviated down or
upwards. This is accompanied by a deviation to the left or right
near the upper and lower walls. The resulting flow process can
be interpreted as a secondary flow which is characteristic of tube
banks.

However, in the water channel, once the flow is deviated to a
certain direction it will remain unchanged along time. To obtain
another flow configuration it is necessary to restart the process from
the beginning.

Therefore, following Guillaume and LaRue (1999), the bistable
process in tube banks can be classified as ‘spontaneous flopping’ in
air and ‘quasi-stable’ in water.

Due to the changes in the flow direction, the resulting velocity
inside of the several gaps of the tube bank is not homogeneously
distributed. This velocity difference can cause vortex shedding in
different frequencies throughout the bank.

The velocity measurements, performed in the three geometries
of tube banks, resulted in different permanence times for each
mode, depending on the pitch to diameter ratio. For the tube bank
with P/D = 1.26, the time of permanence in each mode was of the
order of 0.5 s. For the bank with P/D = 1.4 the mode changed within
the range of 1–2 s and, for the bank with P/D = 1.6, it was around
10 s. This leads to conclude that the time duration of a certain flow
mode is associated with the geometry of the tube bank. The larger
the P/D-ratio, the longer will be the time of permanence in each
flow mode.
The visualization experiments allowed the recognition that the
beginning of this transversal flow occurs at the second row of the
tube bank. In the experiments where air was the working fluid,
the change in the flow mode occurred spontaneously, following a
random characteristic. In the experiments of visualization in water
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ig. 18. Schematic representation of bistability process of Fig. 15: (a) near the up
imensional effect of the flow.

hannel, this spontaneous mode change did not occur. The changes
n the flow mode occurred only by stopping and then restarting the
ater circulation system. Similar fact was also cited by Sumner et

l. (1999), where the bistable nature of the deviated flow was not
etected in water channel. They attributed it to the combination
f a small degree of misalignment of the cylinders and to experi-
ental effects from the aspect and blockage ratios. Sumner et al.

1999) consider also the fact that previous experiments, in which
he bistable flow pattern was reported, had been performed only
n wind tunnels. This process, therefore, seems to be associated
o the characteristics of the fluid and the channel geometric rela-
ions used in the studies. Future work will verify, through similarity
tudy, if the classic dimensionless groups are able to capture all the
haracteristics of the studied flows.

The performed study, that allowed the identification of the
hree-dimensional effect generated in the first rows of tube banks,
trengthens the idea that the two-dimensionality hypothesis used
n some situations as a simplification in the analysis of tube banks,
annot consider important characteristics of the flow.
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